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Abstract 

Matrix metalloproteinases (MMPs) are large family of proteinases which remodel 

extracellular matrix (ECM) components and cleave a number of cell surface proteins.  MMP 

activity is regulated via a number of mechanisms, including inhibition by tissue inhibitors of 

metalloproteinases (TIMPs).  Originally thought to cleave only ECM proteins, MMP substrates 

are now known to include signaling molecules (growth factor receptors) and cell adhesion 

molecules.   Recent data suggest a role for MMPs in a number of renal pathophysiologies, both 

acute and chronic.  This review will focus on the expression and localization of MMPs and 

TIMPs in the kidney, as well as summarizing the current information linking these proteins to 

acute kidney injury, glomerulosclerosis/tubulointerstitial fibrosis, chronic allograft nephropathy, 

diabetic nephropathy, polycystic kidney disease and renal cell carcinoma. 
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Matrix Metalloproteinases 

Matrix metalloproteinases (MMPs) are zinc-containing endopeptidases that are involved in 

remodeling the extracellular matrix (ECM) and are crucial for tissue development and 

homeostasis.  All MMPs are multidomain enzymes, generally consisting of a prodomain, a 

catalytic domain, a hinge region, and a hemopexin-like domain.  Most MMPs are secreted as 

proMMPs; activation usually requires cleavage of the prodomain by plasmin or other MMPs 

(88).  The propeptide sequence contains a conserved cysteine switch (PRCGXPD) to stabilize 

and inhibit the catalytic zinc ion, which is bound in a conserved HEXGHXXGXXH motif (53).  

The hemopexin-like domain is characterized by a “propeller” of four twisted beta-sheets, which 

are thought to confer substrate recognition (53).  Together, the hinge region and the hemopexin-

like domain unravel complex substrate proteins for subsequent degradation.  Originally thought 

to cleave only ECM proteins, this family of enzymes is now known to cleave a number of non-

ECM substrates as well.  For example, cell adhesion molecules (cadherins and integrins) and 

both growth factors and their receptors (TGF-β, FGF-R1) are targeted by MMPs (74).  

Tissue inhibitors of metalloproteinases (TIMPs) are endogenous, specific inhibitors that bind 

and inhibit MMPs.  Four TIMPs (TIMP-1-4) have been identified in vertebrates; these proteins 

share a similar structure which fits into the active site of the MMP catalytic domain.  TIMPs 

inhibit all MMPs, except TIMP-1, which does not inhibit MMP-14, -16 or -24 (88).  A number of 

other MMP inhibitors have been identified, including RECK (81), α2-macroglobulin (4), and 

tissue factor pathway inhibitor-2 (33).  

MMPs are classified into six groups based upon substrate and sequence homology: 

collagenases, gelatinases, stromelysins, matrilysins, membrane-type matrix metalloproteinases 

and “other MMPs” (FIGURE 1).  Collagenases [MMP-1, -8 (neutrophil collagenase), -13 and -18 

(Xenopus collagenase)] cleave collagens I, II, and III at a specific site, generating two 

fragments.  Gelatinases [MMP-2 (gelatinase A) and -9 (gelatinase B)], cleave the denatured 

collagens (gelatins) and laminin, as well as some chemokines.  MMP-2 can also activate 

MMP-1 and MMP-9 by cleaving their prodomains (85).  Stromelysins [MMP-3 (stromelysin-1) 

and -10 (stromelysin-2)], degrade a variety of substrates—including collagen, fibronectin, 

laminin, gelatin, and casein—and can cleave the prodomain of a number of other MMPs (57).  

Matrilysins [MMP-7 (matrilysin-1) and -26 (matrilysin-2)] are characterized by the lack of a 

hemopexin domain (24).  MMP-7 degrades not only ECM components, but also a large number 

of cell-surface molecules, such as E-cadherin and pro-α-defensin (69).  MMP-26 contains a 

cysteine switch that is unique among MMPs; this protein digests a number of ECM proteins, and 

has a role in the activation of MMP-9 (91).  Membrane-type MMPs (MT-MMPs; MMP-14, -15, 
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-16, -17, -24, and -25, also called MT1-, MT2-, MT3-, MT4-, MT5-, and MT6-MMP, respectively) 

are structurally similar to the other classes of MMPs, but are anchored to the exterior of the cell 

membrane by one of two mechanisms.  MMP-14, -15, -16, and -24 contain a transmembrane 

domain and a short cytoplasmic tail, while MMP-17 and -25 are anchored to the cell membrane 

by a glycosylphosphatidylinositol residue (34).  Unlike the soluble MMPs, MT-MMPs exhibit 

significant differences in inhibition by tissue inhibitors of metalloproteinases; TIMP-1 does not 

inhibit MMP-14, -16, and -24 (9, 93).  The remaining MMPs, which do not easily fit into any of 

the above categories, are typically expressed in a single tissue- or cell-type, or are expressed 

only during specific events (48, 88).  This group, often referred to as “other MMPs”, includes 

MMP-11, -12, -19, -20, -21, -22, -23a, -23b, and -28.  

 

Renal MMPs 

 The spatial expression of MMPs and TIMPs in the kidney is complex, and has not been 

completely characterized.  However, MMP-2, -3, -9, -13, -14, -24, -25, -27, -28 and TIMP-1, -2, 

and -3 are all expressed in the kidney (FIGURE 2).  MMP-2 is expressed in the collecting duct in 

the rabbit (62), the glomerulus and proximal tubules of rats (39, 71, 84) and in the proximal and 

distal tubules in the monkey (60).  MMP-3 is not detected in the proximal tubules of rats (71), 

but is expressed in the proximal and distal tubules of the monkey (60), as well as in the 

glomerulus and some tubular epithelial cells in humans (79).  The expression of MMP-9 appears 

to be mainly confined to the glomerulus (39, 46, 55, 71), although there are reports of 

expression in the proximal and distal tubules of the monkey (60) and in the rabbit collecting duct 

(62).  MMP-13 and -14 are localized in the glomerulus in rats (84); however, these studies 

investigated mRNA expression in isolated glomeruli, and did not investigate expression along 

the entire nephron.  MMP-14 is also expressed in distal tubules in a mouse model of polycystic 

kidney disease (59).  MMP-7 is not detected in normal human renal tubular epithelium, but is 

significantly upregulated in distal tubules in a number of pathologic states in mice and humans 

(77).  MMP-24 is also expressed in tubular epithelial cells along the nephron of human kidney 

(49, 68).   Messenger RNA for MMP-24, -25, -27 and -28 has also been detected in the rat 

kidney (7).  In mouse kidney, TIMP-1 is expressed at low levels, TIMPs-2 and -3 at high levels, 

and TIMP-4 is not expressed (28).  TIMP-1 is expressed in the glomerulus in rats (84) and 

humans (79, 80).  In addition, TIMP-3 is detected in the rat kidney (89), and human glomeruli 

express TIMP-1 and -2 mRNA (15).  Taken together, MMP and TIMP expression in the kidney is 

complex and may be species-dependent; importantly, the localization of these proteins has not 

yet been completely elucidated.   
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MMPs in Acute Kidney Injury 

 Over a decade ago, Bonventre (11) postulated a role for proteolysis of tubular cells during 

acute ischemia/reperfusion injury in the kidney.  Although a detailed analysis of proteinases 

during acute kidney injury is rather limited, a role for MMPs is emerging, particularly in 

ischemia/reperfusion injury (FIGURE 3).  Although 30 mg/kg of BB-94, a broad spectrum MMP 

inhibitor, did not attenuate increased serum creatinine associated with ischemia/reperfusion 

injury (92), the same dose significantly attenuated proteinuria in an experimental model of acute 

kidney allograft rejection (29).  MMP-9 levels increased during rejection, while MMP-2 levels 

decreased (29); this is similar to other reports of increased proMMP-2 but decreased active 

MMP-2 during rejection (47).  Interestingly, increased proMMP-1 was seen in a study of 30 

human patients with acute transplant rejection (65).  A role for MMPs in ischemia-reperfusion 

injury is supported by several studies, including the finding that MMP-2 and -9 were increased in 

renal tubules and the interstitium after 1 – 3 days of reperfusion following 52 min of ischemia in 

rats (5).  In rats, 30 min of ischemia and 60 min of reperfusion was associated with increased 

expression of MMP-2 and -9 and TIMP-2 in glomeruli, and a decrease in TIMP-1 (17).  

Degradation of the tight junction protein ZO-1 in the glomerulus was linked to the increased 

activity of MMP-9.  In an in vitro model of ischemic injury, our laboratory has shown that 

cadherin cleavage in tubular epithelial cells is mediated by MMPs (21), specifically MMP-14 

(22).  

 Recent data also suggest a role for MMPs in endothelial injury during ischemia-reperfusion 

injury.  Following ischemia-reperfusion, increased MMP-9 activity was associated with 

degradation of occludin in endothelial cells, which was postulated to increase vascular 

permeability (16).  This hypothesis is supported by the finding that minocycline, a tetracycline 

MMP inhibitor, and ABT-518, a specific inhibitor of MMP-2 and -9, attenuated increased 

microvascular permeability following ischemia-reperfusion (78).  Taken together, these data 

support the hypothesis that MMPs mediate acute kidney injury and are involved in changes in 

the vascular endothelium, glomeruli, and tubular epithelial cells.  Cell adhesion molecules have 

been identified as critical targets of MMP in several of these studies, consistent with the 

increased vascular and tubular permeability characteristic of acute kidney injury. 

 

MMPs in Chronic Kidney Disease 

Glomerulosclerosis/Tubulointerstitial Fibrosis 

 The unilateral ureteral obstruction model has provided insight into the molecular 

mechanism(s) involved in the development of renal fibrosis, including the role of MMPs and 
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TIMPs (FIGURE 3).  In this model, there is an early increase in MMP-2 expression and activity 

(37, 72) and decreased MMP-1 and -9 activity (31).  In addition, the model is characterized by 

an increase in TIMP expression (72), specifically TIMP-1 (26).  Interestingly, TIMP-1-/- mice are 

not more susceptible to the development of fibrosis following unilateral ureteral obstruction, 

possibly due to a compensatory increase in TIMP-3 (43).  A role for MMPs in glomerulosclerosis 

and tubulointerstitial fibrosis is also demonstrated in several other experimental models.  

Decreased MMP-9 expression was correlated with the development of tubulointerstitial fibrosis 

and glomerulosclerosis in rats (10, 52) and mice (86, 87).  Eight weeks after 

ischemia/reperfusion injury in the rat, MMP-2 gene levels were increased, but fell at 16 and 24 

weeks, when increased TIMP-1 expression was observed (40).  Increased TIMP-1 expression 

following ischemia/reperfusion injury was also observed by Basile et al. (6).  These results 

suggest increased ECM turnover following injury, but reduced degradation favoring the 

development of tubulointerstitial fibrosis at later timepoints.  In spontaneously hypertensive rats, 

levels of cortical MMP-2 and MMP-9 are decreased, while the activity of medullary MMP-7 and -

9 are increased, suggesting a role for MMPs in hypertensive nephropathy (13).  An exciting 

recent development is the production of a transgenic model in which renal proximal tubular cells 

overexpress MMP-2.  These mice recapitulate human chronic kidney disease (CKD), including 

tubular atrophy, glomerulosclerosis, and tubulointerstitial fibrosis, providing compelling evidence 

for a role of MMP-2 in CKD (19).  These data are interesting as most work on CKD has focused 

on the relation ship between decreased MMP activity and increased ECM deposition, however 

these data suggest that overexpression of single MMP may be a critical mediator of CKD, 

however the critical targets of MMP-2 mediating these effects remain undefined.   The 

relationship between MMP activity and inflammation remains an important component of CKD 

that remains to be addressed.  

 Over a decade ago, increased TIMP-1 and -2 expression was found to be associated with 

glomerulosclerosis in humans (15).  Urinary levels of TIMP-1 were increased in patients with 

CKD (n = 54) versus controls (n = 176) (36).  The expression of MMP-13 and -14 is elevated in 

chronic renal inflammation and/or fibrosis in the human kidney (32).  Plasma samples from 60 

CKD patients had elevated MMP-2 and decreased MMP-9 activity as compared to 40 controls; 

increased serum creatinine concentrations correlated with MMP-2 expression and inversely 

correlated with MMP-9 expression (18).  The relative contribution of the kidney, as well as other 

cellular/organ systems, to the altered MMP expression patterns in both the plasma and urine is, 

at this time, unclear.  
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