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Abstract

Matrix metalloproteinase-7 (MMP-7) is a secreted endopeptidase that degrades a broad range of 

substrates. Recent studies have identified MMP-7 as an early biomarker to predict severe acute 

kidney injury (AKI) and poor outcomes after cardiac surgery; however, the role of MMP-7 in the 

pathogenesis of AKI is unknown. In this study, we investigated the expression of MMP-7 and the 

impact of MMP-7 deficiency in several models of AKI. MMP-7 was induced in renal tubules 

following ischemia/reperfusion injury or cisplatin administration, and in folic acid-induced AKI. 

MMP-7 knockout mice experienced higher mortality, elevated serum creatinine, and more severe 

histologic lesions after ischemic or toxic insults. Tubular apoptosis and interstitial inflammation 

were more prominent in MMP-7 knockout kidneys. These histologic changes were accompanied 

by increased expression of FasL and other components of the extrinsic apoptotic pathway, as well 

as increased expression of pro-inflammatory chemokines. In a rescue experiment, exogenous 

MMP-7 ameliorated kidney injury in MMP-7 knockout mice after ischemia/reperfusion. In vitro, 

MMP-7 protected tubular epithelial cells against apoptosis by directly degrading FasL. In isolated 

tubules ex vivo, MMP-7 promoted cell proliferation by degrading E-cadherin and thereby 

liberating β-catenin, priming renal tubules for regeneration. Taken together, these results suggest 

that induction of MMP-7 is protective in AKI by degrading FasL and mobilizing β-catenin, 

thereby priming kidney tubules for survival and regeneration.
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INTRODUCTION

AKI is a clinical condition characterized by an abrupt decrease in kidney function, and it is 

associated with high morbidity and mortality.1 AKI is highly prevalent, particularly among 

hospitalized patients and those undergoing major surgery.2–4 Current treatment for AKI is 

mainly supportive in nature, and there is no therapeutic modality with proven efficacy thus 

far.5 In this context, an early detection for AKI is paramount for eventually developing an 

effective intervention, as current diagnostic criteria including serum creatinine and urine 

output are the late manifestations of the condition.6

Over the past decades, nephrology community has made great efforts to discover and 

validate biomarkers for monitoring kidney injury in the early phase of AKI. Several 

biomarkers such as kidney injury molecule-1 (Kim-1), neutrophil gelatinase-associated 

lipocalin (NGAL), and tissue inhibitor of metalloproteinase-2/IGF-binding protein-7 

(TIMP-2/IGFBP7) have been identified, and some of them are successfully applied in the 

clinic.6–11 Recently, we reported that urinary matrix metalloproteinase-7 (uMMP-7) is an 

early and noninvasive biomarker that predicts severe AKI in patients after cardiac surgery.12 

In two cohorts of 721 patients, uMMP-7 outperforms all other biomarkers tested, suggesting 

that it is a potentially better predictor for AKI.12

MMP-7 is a secreted zinc- and calcium-dependent endopeptidase.13 Structurally, MMP-7 is 

one of the smallest MMPs, and it is synthesized as an inactive zymogen.14 Upon activation, 

the N-terminal proregion is removed through proteolysis, which results in the final active 

enzyme.15 In general, the primary function of MMP-7 is to breakdown extracellular matrix 

by digesting casein, gelatins, fibronectin, and proteoglycan. MMP-7 is also capable of 

cleaving other substrates and plays a role in E-cadherin ectodomain shedding,15 tumor 

necrosis factor-α (TNF-α) release, and activation of other proteinases.16, 17 Such an ability 

of MMP-7 acting on a broad spectrum of substrates renders it a potential player in 
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controlling wide-ranging biologic processes such as tissue remodeling, apoptosis and 

inflammation.13, 18–20 Several MMPs such as MMP-2, MMP-8 and MMP-9 have been 

implicated in regulating kidney injury and recovery after AKI.21–24 However, the role of 

MMP-7 in the pathogenesis of AKI is completely unknown.

In normal adult kidneys, MMP-7 expression is barely detectable. However, it is markedly 

induced in renal tubular epithelium after injury.12, 15 MMP-7 is transcriptionally regulated 

by β-catenin, the intracellular effector of canonic Wnt signaling.17, 18 Previous studies show 

that MMP-7 is induced in CKD and functions as a biomarker and pathogenic mediator of 

kidney fibrosis.15, 25, 26 Genetic ablation of MMP-7 in vivo mitigates fibrotic lesions by 

preserving epithelial cell integrity.15

In this study, we examined MMP-7 expression in multiple models of AKI. Using MMP-7−/− 

null mice, we demonstrate that endogenous MMP-7 protects against AKI by cleaving Fas 

ligand (FasL) and mobilizing β-catenin. Our studies illustrate that the induction of MMP-7 

in AKI is renal protective by priming tubular cells for survival and regeneration.

RESULTS

Induction of MMP-7 is a common finding in various models of AKI

To investigate the regulation of MMP-7 in AKI, we used both ischemic and nephrotoxic 

models induced by ischemia/reperfusion (IR) and cisplatin, which represent distinct 

etiologies leading to AKI in clinical setting.27, 28 As shown in Figure 1a, quantitative real-

time RT-PCR (qRT-PCR) revealed that MMP-7 mRNA was markedly induced in the kidneys 

at different time points after IR. Comparable MMP-7 induction was found at 1 day after IR 

and 3 days after cisplatin (Figure 1b). Renal MMP-7 protein was also induced after IR or 

cisplatin, as shown by Western blot analyses (Figure 1, c and d). We further examined 

MMP-7 protein in the kidneys by immunohistochemical staining. As illustrated in Figure 1e, 

MMP-7 protein was barely detectable in control kidney, but induced in the injured kidneys 

after IR or cisplatin. Similar induction of MMP-7 was observed in AKI induced by folic acid 

(Supplementary Figure S1).

MMP-7 was predominantly localized in renal tubular epithelium (Figure 1e, arrows), 

whereas interstitial cells were mostly negative. To further confirm this, we performed 

double-immunostaining for MMP-7 and laminin. As shown in Figure 1f, MMP-7 was 

predominantly localized in renal tubular compartment at 1 day after IR. Co-staining for 

MMP-7 and aquaporin 1 (AQP1) or CD10 revealed that MMP-7 was mainly induced in the 

proximal tubules, particularly in the S3 segment, of the kidneys in this model (Figure 1f).

Deletion of endogenous MMP-7 aggravates ischemic AKI

We next investigated the role of endogenous MMP-7 in the pathogenesis of AKI. To this 

end, we utilized MMP-7−/− null mice in which MMP-7 gene is globally knocked out. 

MMP-7−/− mice were phenotypically normal, without overt physical or morphological 

abnormalities.15 Age- and sex-matched wild-type (WT) and MMP-7 knockout (KO) mice in 

the same genetic background were subjected to IR injury (IRI) for 1 day. As shown in Figure 

2a, serum creatinine level in MMP-7 KO mice at 1 day after IRI was higher than that in WT 

Fu et al. Page 3

Kidney Int. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



controls. MMP-7−/− kidneys exhibited more severe morphological injury, particularly in the 

outer stripe of out medulla region, characterized by loss of brush border, tubular cell death 

and cast formation (Figure 2b, asterisks). Quantitative assessment of kidney injury between 

WT and KO mice was presented in Figure 2c. Meanwhile, ablation of MMP-7 caused 

marked upregulation of renal NGAL, a biomarker of tubular injury,29 as illustrated in Figure 

2 (d through f).

Ablation of MMP-7 promotes tubular cell apoptosis after AKI

To explore the mechanism underlying renal protection of MMP-7 in AKI, we examined cell 

apoptosis in WT and KO kidneys. As shown in Figure 2g, terminal deoxynucleotidyl 

transferase-mediated dUTP nick end labeling (TUNEL) staining revealed more apoptotic 

cells in KO kidneys at 1 day after IRI, compared to WT controls. Most of these apoptotic 

cells appeared to be at proximal tubule, as shown by co-immunostaining with AQP1 (Figure 

2g). Quantitative data on apoptotic cells were presented in Figure 2h.

We further investigated the mechanism of apoptosis by dissecting both intrinsic and extrinsic 

pathways. As shown in Figure 2, i and j, FasL, a type-II transmembrane protein that belongs 

to the TNF family,30 was induced in KO mice at 1 day after IRI, compared with WT 

controls. The Fas-associated protein with death domain (FADD) was also induced (Figure 2, 

i and k), although Fas itself exhibited little change (Figure 2, i and m). Activation of the 

extrinsic pathway consequentially caused an increased cleaved caspase 7 in MMP-7−/− 

kidneys (Figure 2, i and l). However, renal expression of Bax, a proapoptotic member of 

Bcl-2 family playing a central role in mediating intrinsic pathway,31 was not significantly 

different between WT and KO mice ( Figure 2, i and n). Therefore, deletion of MMP-7 

promotes tubular cell apoptosis mainly via activation of the FasL-mediated extrinsic 

pathway.

Ablation of MMP-7 augments renal inflammation after AKI

We also studied the role of MMP-7 in renal inflammation after AKI. As shown in Figure 3, a 

through d, major proinflammatory cytokines such as monocyte chemoattractant protein-1 

(MCP-1), regulated on activation normal T cell expressed and secreted (RANTES) and 

TNF-α were induced in MMP-7−/− kidneys at 1 day after IRI, compared with WT controls. 

Immunostaining also revealed a marked induction of MCP-1 and TNF-α in MMP-7−/− 

kidneys, which predominantly localized in renal tubules (Figure 3e). Of note, MCP-1 was 

undetectable in the kidneys of WT and KO mice under normal conditions (Supplementary 

Figure S2).

Consistent with the induction of various cytokines, increased numbers of CD3+ T cells and 

CD45+ leukocytes were observed in the interstitium of MMP-7−/− kidneys, comparing to 

WT controls (Figure 3, f through h). Similarly, more prominent infiltration of the F4/80+ 

macrophages was found in the interstitium of MMP-7−/− kidneys (Figure 3i). We further 

investigated the potential effects of MMP-7 on macrophage polarization in vitro. As 

presented in Supplementary Figure S3, MMP-7 clearly promoted macrophage M2 

polarization, while it had no effect on Ml activation and polarization. Furthermore, ablation 
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of MMP-7 also enhanced renal infiltration of the Ly6G+ cells which include neutrophils, 

monocytes and granulocytes at 1 day after IRI (Supplementary Figure S3).

Loss of MMP-7 worsens AKI induced by cisplatin

To assess a broad implication of MMP-7 in AKI, we next tested whether MMP-7 also plays 

a role in ameliorating nephrotoxic AKI induced by cisplatin. As shown in Figure 4a, a 

dramatic difference in mortality rate was observed between WT and KO mice after cisplatin. 

Within 3 days after cisplatin, 21 out of 29 MMP-7 KO mice died (72.4% mortality rate), 

whereas only 4 out of 20 WT mice deceased (20%) in the same period. Among the survived 

mice, serum creatinine level at 3 days after cisplatin was elevated in MMP-7−/− mice, 

compared to WT controls (Figure 4b). Both renal NGAL mRNA and protein levels were 

also induced in the survived MMP-7−/− mice after cisplatin, compared to WT controls 

(Figure 4, c, h and i). Consistently, MMP-7−/− kidneys also displayed more severe 

morphological injury, characterized by tubular cell dropout and loss of brush borders (Figure 

4, d and e).

We further examined apoptosis in WT and KO kidneys at 3 days after cisplatin. As shown in 

Figure 4, f and g, TUNEL staining revealed more apoptotic cells in MMP-7 KO kidneys 

after cisplatin, compared to WT controls. Furthermore, expression of FasL, FADD and 

cleaved caspase-7 were upregulated in MMP-7−/− kidneys (Figure 4, h through l). In 

addition, multiple pro-inflammatory cytokines including MCP-1, RANTES and TNF-α were 

induced in KO kidneys at 3 days after cisplatin, compared to WT controls (Figure 4, h, m, n 

and o). In short, loss of MMP-7 exacerbates cisplatin-induced AKI as well.

MMP-7 protects tubular cells against apoptosis in vitro

We next investigated the role of exogenous MMP-7 in regulating tubular cell survival after 

injury by using in vitro system. As shown in Figure 5, a and b, substantial apoptosis was 

detected in human proximal tubular epithelial cells (HKC-8) after incubation with 

staurosporine (STS), a potent apoptosis inducer.32, 33 However, incubation with human 

recombinant MMP-7 largely protected HKC-8 cells from STS-induced apoptosis (Figure 5, 

a and b). Western blot analyses demonstrated that STS induced FasL and FADD, which was 

prevented by MMP-7 (Figure 5c). Immunostaining also confirmed that MMP-7 largely 

prevented STS-induced caspase-3 activation in vitro, which was abolished by MMP inhibitor 

II, a MMP-7 selective inhibitor (Figure 5, d and e). To model IRI in vivo, we treated HKC-8 

cells with hypoxia/reoxygenation (H/R) injury in the absence or presence of MMP-7. As 

shown in Figure 5f, H/R caused FasL and FADD upregulation and MMP-7 abolished their 

induction. Similar results were obtained when HKC-8 cells were treated with cisplatin 

(Figure 5g).

We then explored whether MMP-7 can directly digest FasL by its proteolytic activity. To this 

end, full-length FasL protein was incubated with MMP-7 in an acellular test tube. As shown 

in Figure 5h, MMP-7 was clearly able to cleave FasL, resulting in a smaller fragment with 

molecular weight of 18 kDa. Western blot analyses gave similar results (Figure 5i). In 

addition, MMP inhibitor II prevented MMP-7-mediated FasL degradation (Figure 5i).
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Exogenous MMP-7 restores renal protection after AKI

To further confirm the role of MMP-7 in AKI, we carried out a rescue experiment by 

injecting exogenous MMP-7 to KO mice. As depicted in Figure 6a, WT and KO mice were 

subjected to IRI. At 4 hours after IRI, MMP-7 KO mice were injected with MMP-7 at 0.2 or 

0.4 mg/kg body weight, respectively. At 1 day after IRI, serum creatinine level elevated in 

MMP-7−/− mice, compared to WT controls (Figure 6b). Interestingly, renal function was 

largely preserved in MMP-7−/− mice after injection of MMP-7 (Figure 6b), suggesting that 

exogenous MMP-7 is able to restore renal protection in vivo. The kidneys from MMP-7−/− 

mice received exogenous MMP-7 exhibited less morphological injury, compared to vehicle 

controls (Figure 6c, asterisks). Quantitative assessment of kidney histologic injury is 

presented in Figure 6d. Meanwhile, qRT-PCR revealed that exogenous MMP-7 at 0.4 mg/kg 

suppressed renal NGAL expression in MMP-7−/− mice (Figure 6, e through g). Of note, 

injection of MMP-7 to WT mice at 0.4 mg/kg did not exhibit any appreciable effect on 

kidney morphology and function (Supplementary Figure S4).

We further examined the effects of exogenous MMP-7 on apoptosis and inflammation in 

MMP-7 KO mice. As illustrated in Figure 7, a and b, apoptotic cells were reduced in the 

kidneys of KO mice injected with MMP-7, compared vehicle controls. Meanwhile, a 

decreased mRNA expression of MCP-1 and RANTES was evident in KO kidneys received 

exogenous MMP-7, compared to vehicle controls (Figure 7, c and d). There was a tendency 

of reduced renal TNF-α and IL-6 mRNA in KO mice received MMP-7 as well, although not 

statistically significant (Figure 7, e and f). Consistently, significant inhibition of several key 

apoptosis- and inflammation-regulatory proteins, including FasL, FADD, cleaved caspase-7, 

MCP-1, RANTES and TNF-α, was detected in KO kidneys after MMP-7 injection (Figure 

7, g and h).

MMP-7 primes renal tubules to regeneration in vivo and ex vivo

We finally investigated the effect of MMP-7 on tubular cell proliferation, a crucial event 

leading to kidney regeneration after AKI.34 As shown in Figure 8, a and b, the proliferating 

cell nuclear antigen (PCNA)+ cells were reduced in renal tubules of MMP-7 KO kidneys at 1 

day after IRI, compared to WT controls. However, the numbers of tubular PCNA+ cells were 

largely restored in MMP-7−/− kidneys received exogenous MMP-7 (Figure 8, a and b), 

suggesting that MMP-7 promotes tubular cell proliferation.

To elucidate how MMP-7 promotes tubular cell proliferation, we isolated renal tubules from 

mouse kidneys. Isolated tubules were incubated with MMP-7 in the medium with or without 

20% serum (Figure 8c). As shown in Figure 8d, MMP-7 degraded E-cadherin in isolated 

tubules in the absence or presence of serum. Accordingly, MMP-7 promoted β-catenin 

activation in renal tubules ex vivo (Figure 8d). This is largely due to the release and 

activation of E-cadherin-bound β-catenin, because total β-catenin level was unaltered 

(Figure 8d). MMP-7 itself did not significantly induce cell proliferation in isolated tubules, 

as little expression of proliferation-related proteins such as c-fos and PCNA was observed 

(Figure 8d). However, MMP-7 augmented c-fos and PCNA expression induced by mitogens-

rich serum in renal tubules ex vivo (Figure 8d). These results suggest that MMP-7, via 
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promoting the liberation of E-cadherin-bound β-catenin, primes renal tubules to proliferation 

by providing a permissive setting for mitogens to function.

DISCUSSION

In this study, using MMP-7−/− null mice in vivo, tubular cells in vitro and isolated tubules 

ex vivo, we demonstrate that MMP-7 is renal protective by preventing tubular cell apoptosis 

and promoting tubular regeneration. As summarized in Figure 8e, MMP-7 directly degrades 

FasL, thereby protecting tubular cells from death induced by extrinsic apoptotic pathway. 

Meanwhile, MMP-7 can degrade E-cadherin via its ectodomain shedding, which leads to the 

liberation and release of E-cadherin-bound β-catenin,15 thereby priming renal tubules for 

responding to mitogenic signals. These studies illustrate that the induction of MMP-7 in 

renal tubules after AKI is an early attempt for the kidney to alleviate injury and promote 

regeneration.

Consistent with an elevation of MMP-7 in the urine of AKI patients,12 renal MMP-7 

expression is markedly induced in three models of AKI induced by IRI, cisplatin and folic 

acid (Figures 1 and S1). MMP-7 protein is predominantly localized in the injured proximal 

tubules, particularly in the S3 segment after IRI (Figure 1). These results suggest that urinary 

MMP-7 in AKI patients is most likely to be released by the injured tubules. Although the 

mechanism of MMP-7 induction is not interrogated in the present study, it is known that 

MMP-7 is transcriptionally controlled by Wnt/β-catenin.17 In this context, it is conceivable 

to speculate that Wnt/β-catenin activation after AKI triggers MMP-7 expression, which is 

then secreted into tubular lumen and urine. In line with this view, Wnt/β-catenin is activated 

in both ischemic and nephrotoxic AKI and tubule-specific deletion of β-catenin aggravates 

kidney injury,32 whereas Wnt agonist reduces tissue damage and improves renal function 

after IRI.35

AKI is characterized by tubular cell apoptosis and renal inflammation, followed by the 

proliferation of the survived tubular cells, leading to repair and recovery.34, 36, 37 Cell 

apoptosis is regulated by two distinct pathways: the extrinsic, death receptor-dependent and 

intrinsic, mitochondria-dependent routes.38, 39 In both IRI- and cisplatin-induced AKI, 

ablation of MMP-7 induces FasL, suggesting that MMP-7 suppresses the death receptor-

mediated, extrinsic apoptotic pathway. This conclusion is supported by several lines of 

evidence. First, loss of MMP-7 also increases FADD and promotes caspase 7 activation, 

thereby activating the downstream cascade of the extrinsic apoptotic pathway. Second, 

MMP-7 can directly cleave purified FasL protein in an acellular system (Figure 5), 

confirming its ability to destroy FasL via its proteolytic degradation. Third, rescue 

experiments validate that MMP-7 mitigates apoptosis after IRI by repressing FasL/FADD/

caspase-7 activation in MMP-7 null mice (Figure 7). It remains unclear, however, whether 

additional MMP-7 can ameliorate ischemic or nephrotoxic AKI in wild-type mice. 

Nevertheless, our studies suggest that intrinsic MMP-7 plays an important role in 

maintaining resistance to AKI. Notably, some studies suggest that MMP-7 may also degrade 

Fas receptor itself, which contributes to an apoptosis-resistant phenotype in tumor cells.40 

However, we found no difference in renal Fas expression in WT and KO mice after IRI 

(Figure 2), suggesting that Fas is not a primary target of MMP-7 in AKI. Furthermore, Bax 
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expression is not changed in MMP-7 KO kidney after IRI (Figure 2), arguing for that 

MMP-7 has little effect on the activity of intrinsic, mitochondria-dependent apoptotic 

pathway.

It is worthwhile to stress that the impact of MMP-7 on apoptosis could be context-

dependent. While MMP-7-mediated cleavage of FasL may protect tumor cells from 

chemotherapeutic drug cytotoxicity,41, 42 at least one study suggests that MMP-7 generates 

active soluble FasL that potentiates epithelial cell apoptosis.43 In the setting of AKI, 

MMP-7-mediated cleavage of FasL clearly leads to its inactivation, thereby protecting 

tubular cells from apoptotic death. Notably, MMP-7 has been shown to promote renal 

interstitial fibroblast apoptosis by inducing FasL expression.44 Therefore, induction of 

MMP-7 in AKI may have dual functions in different tissue compartments. On one hand, it 

protects tubular cells from apoptosis by inactivating FasL during the initial injury phase. On 

the other hand, it could play a role in the resolution of fibroblasts by promoting their 

apoptosis via FasL induction in the repair phase.44

One novel finding in the present study is that MMP-7 primes renal tubules to regenerate by 

preparing a permissive environment for cell proliferation (Figure 8e). Tubular epithelium 

usually harbors tight and cohesive cell-cell adhesion, and displays ‘contact inhibition’ that 

curtails cell proliferation in normal conditions. By degrading E-cadherin (Figure 8e), 

MMP-7 would enable renal tubules to loosen the cell-cell contact, and get ready for 

proliferation in response to mitogens. In agreement with this notion, loss of MMP-7 in vivo 
blunts renal PCNA expression after IRI (Figure 8). Conversely, injections of exogenous 

MMP-7 in KO mice restore PCNA expression in tubular epithelium (Figure 8), which is 

accompanied by an improved renal function and histology (Figure 6). Using an ex vivo 
approach, we show that MMP-7 effectively degrades E-cadherin in cultured renal tubules, 

which leads to the liberation of β-catenin and potentiates mitogen-mediated cell proliferation 

in cultured renal tubules (Figure 8). Based on these observations, it is plausible to propose 

that MMP-7-mediated cleavage of E-cadherin creates a permissive setting, which enables 

tubular cells to dissociate with their neighbors and proliferate in response to mitogens.

Loss of MMP-7 is also associated with an increased expression of several pro-inflammatory 

cytokines such as MCP-1, TNF-α, and RANTES in AKI (Figure 3), which regulate various 

aspects of inflammation and immunity.45, 46 Not surprisingly, induction of inflammatory 

cytokines is associated with an increased renal infiltration of CD3+ T cells, CD45+ 

leukocytes and F4/80+ macrophages (Figure 3). The mechanism by which MMP-7 inhibits 

inflammation remains to be elucidated, but it could be related to the degradation of FasL as 

well, because FasL also participates in the regulation of inflammation by an apoptosis-

independent mechanism.47, 48 Furthermore, MMP-7 appears to promote anti-inflammatory 

M2 macrophage polarization, while it has no effect on pro-inflammatory Ml macrophage 

activation (Supplementary Figure S3). This could be another mechanism by which MMP-7 

elicits its anti-inflammatory action. Given that inflammation is a major component that 

incites renal injury in AKI,1, 37 these results suggest that MMP-7 may also ameliorate AKI 

by mitigating renal inflammation.
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The present study has some limitations and pitfalls. For examples, the activity of MMP-7 in 

AKI in vivo is not explicitly examined, despite the clear upregulation of its mRNA and 

protein. Another pitfall is that serum creatinine levels are determined by using colorimetric 

Jaffe method, but not a HPLC-based assay. However, a direct comparison has confirmed a 

good agreement between HPLC and colorimetric methods in mice.49 Finally, while PCNA is 

used as a marker of cell cycle progression (Figure 8), recent studies suggest that such 

markers including PCNA and Ki-67 do not reliably indicate cell proliferation in AKI,50 and 

therefore more studies are needed to clarify these issues. It should be noted that the renal 

protective effects of MMP-7 are probably limited to the early phase of AKI. Similar to Wnt/

β-catenin,51 exaggerated or sustained MMP-7 upregulation after AKI could elicit 

detrimental actions in the long run, leading to CKD progression. In this regard, we 

previously show that MMP-7 is a pathogenic mediator of renal fibrosis.15

In summary, we herein report that MMP-7, a secreted endopeptidase recently identified as a 

valuable biomarker for AKI,12 is induced in kidney tubular epithelium after IRI, cisplatin or 

folic acid. We show that MMP-7 is renal protective by alleviating apoptosis via degrading 

FasL and promoting tubular regeneration via digesting E-cadherin. Therefore, the early 

induction of MMP-7 after AKI is necessary for the kidneys to prime renal tubules for 

survival and regeneration. These studies provide novel insights into the role and mechanism 

of MMP-7 in protecting renal tubules after AKI.

METHODS

Animals and AKI models

MMP-7 knockout mice with C57BL/6J genetic background were obtained from the Jackson 

Laboratory. Age- and sex-matched C57BL/6J mice were used as WT controls. IRI was 

performed by using an established protocol, as described elsewhere.32 Cisplatin was 

administered by the single intraperitoneal injection at a dose of 30 mg/kg as described 

elsewhere.52 Folic acid was injected intraperitoneally at a dose of 250 mg/kg, as described 

previously.32

In MMP-7 rescue experiment, five groups of mice were used: 1) sham control in WT mice 

(n=3); 2) IRI and injected with vehicle in WT mice (n=6); 3) IRI and injected with vehicle in 

MMP-7 KO mice (n=5); 4) IRI and injected with MMP-7 recombinant protein in KO mice 

(low dose, n=5); 5) IRI and injected with MMP-7 recombinant protein in KO mice (high 

dose, n=4). Mice were injected through tail vein with vehicle or MMP-7 recombinant 

protein (#444270; EMD Chemicals) at 0.2 and 0.4 mg/kg body weight, respectively. 

Additional groups of WT mice were injected with exogenous MMP-7 or vehicle as well. All 

animal studies were performed by use of the procedures approved by the Animal Ethic 

Committee at Nanfang Hospital and the Institutional Animal Care and Use Committee at the 

University of Pittsburgh.
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Determination of serum creatinine

Serum creatinine level was determined by use of the QuantiChrom creatinine assay kit, 

protocols specified by the manufacturer (BioAssay Systems, Hayward, CA). The level 

creatinine was expressed as milligrams per 100 ml (dl).

Real-time RT-PCR

Total RNA isolation and qRT-PCR was performed on an ABI PRISM 7000 sequence 

detection system as described previously.53 The sequences of primer pairs for different 

genes were shown in Supplementary Table 1.

Western blot analysis

Protein expression was analyzed by Western blot analysis. The primary antibodies used were 

described in the Detail Methods published online.

Histology and immunohistochemical staining

Paraffin-embedded mouse kidney sections were prepared by a routine procedure. The 

sections were stained with Periodic acid-Schiff (PAS) staining reagents by standard protocol. 

Immunohistochemical staining was performed according to the established protocol as 

described previously.53

Immunofluorescence staining

Kidney cryosections were co-immunostained with antibodies described in the Detail 

Methods published online.

Detection of apoptotic cells

Apoptotic cell death was determined by using TUNEL staining with Dead End Fluorometric 

Apoptosis Detection System, as described previously.32 For some kidney sections, co-

staining after TUNEL with anti-AQP-1 antibody was performed to characterize the identity 

of apoptotic cells.

Cell culture

Human proximal tubular epithelial cell line (HKC-8) was maintained as described 

previously.15 HKC-8 cells were incubated with human MMP-7 recombinant protein at 25 

nM in the absence or presence of MMP inhibitor II, followed by treating with 0.1 μM 

staurosporine for various periods of time as indicated to induce apoptosis, and then subjected 

to TUNEL staining and western blot analyses, respectively. HKC-8 cells were also treated 

with cisplatin at 25 μg/ml in the absence or presence of human MMP-7 at the concentration 

of 25 nM. For imitating IRI, we used cellular model of hypoxia/reoxygenation (H/R) injury. 

Briefly, HKC-8 cells were cultured in glucose-free medium in a tri-gas incubator (94% N2, 

5% CO2 and 1.0% O2) for 6 hours in the absence or presence of MMP-7 (25 nM), followed 

by incubating in complete medium under normal conditions for 2 hours reoxygenation. Cell 

lysates were then analyzed by western blotting.
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Mouse macrophage cell line (RAW264.7) was obtained from American Type Culture 

Collection (ATCC, Manassas, VA). RAW264.7 cells were incubated with LPS (5 ng/ml) and 

IFN-γ (20 ng/ml) or IL-4 (20 ng/ml) in the absence or presence of MMP-7 (25 nM) for 24 

hours to induce M1 or M2 polarization, respectively. Cell lysates were then analyzed by 

western blotting for M1 and M2 macrophage markers.

Ex vivo tubule culture

Mouse kidney was minced and digested with the pre-warmed solution of collagenase IV in 

the Hank’s balanced salt solution. Kidney tubules were separated on a density gradient by 

ultracentrifugation and the band containing predominantly proximal tubules was collected. 

Suspended tubules were cultured in mediums in the absence or presence of MMP-7, 

respectively.

Statistical analyses

All data were expressed as mean ± SEM. Statistical analysis of the data was performed using 

SigmaStat software (Jandel Scientific Software, San Rafael, CA). Comparison between 

groups was made using one-way ANOVA, followed by the Student-Newman-Keuls test. 

Animal survival rate was analyzed by Log-rank (Mantel-Cox) Test. P< 0.05 was considered 

significant.
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Refer to Web version on PubMed Central for supplementary material.
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Translational Statement

Matrix metalloproteinase-7 (MMP-7) is an early and valuable biomarker for predicting 

severe AKI and poor outcomes in patients after cardiac surgery. The present study 

indicates that induction of endogenous MMP-7 is renal protective in AKI by priming 

kidney tubules to survival and regeneration. These results suggest that some urinary 

biomarkers in patents manifest an initial attempt of the kidney to protect against injury 

and to promote repair after AKI. Whether infusion of exogenous MMP-7 can protect 

kidneys against AKI in patients warrants further investigation.
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Figure 1. 
Induction of MMP-7 is a common finding in various AKI. (a) Time-dependent induction of 

MMP-7 in mouse kidneys after IRI. Total RNA was isolated from control kidney and injured 

kidneys at different time points after IRI as indicated. Relative abundance of renal MMP-7 

mRNA was assessed by qRT-PCR, and fold induction over the controls was reported. 

**P<0.01, *P<0.05 versus sham controls (n=4). (b) Both ischemic and toxic AKI induces 

renal MMP-7 mRNA expression. Relative level of renal MMP-7 mRNA was assessed by 

qRT-PCR at different time points after IRI (1 day) and cisplatin (3 days), respectively. **P< 

0.01 vs sham controls (n=4-5). (c, d) Western blot analyses of renal expression of MMP-7 

protein in injured kidneys after AKI induced by IRI and cisplatin. Representative western 

blot (c) and quantitative data (d) were presented. Numbers (1-2) indicate each individual 

animal in a given group. *P< 0.05 vs sham controls. (e) Representative micrographs show 

MMP-7 protein expression and localization in control and injured kidneys at 1 day after IRI 

or 3 days after cisplatin. Arrows indicate positive staining. Scale bar, 60 μm. (f) Co-

immunostaining shows tubular localization of MMP-7 after IRI. Cryosections from the 

kidney at 1 day after IRI were double-stained with antibodies against MMP-7 (red) or 

different markers (green) including laminin, AQP1 and CD10, respectively. Arrows indicate 

positive staining. Scale bar, 50 μm.
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Figure 2. 
Deletion of endogenous MMP-7 aggravates ischemic AKI in mice. (a) Serum creatinine 

level in MMP-7+/+ wild-type and MMP-7−/− null mice at 1 day after IRI. *P< 0.05 (n=6-7). 

(b) Representative micrographs show kidney morphology in MMP-7+/+ and MMP-7−/− 

mice at 1 day after IRI. Asterisks in the enlarged boxed areas indicate injured tubules. 

Dashed lines show renal corticomedullary junction area. Scale bar, 50 μm. (c) Semi-

quantitative assessment of kidney injury (percentage of injured tubules) at 1 day after IRI. 

*P< 0.05 (n=6-7). (d) qRT-PCR analyses show an increased NGAL mRNA expression in the 
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injured kidneys of MMP-7−/− mice at 1 day after IRI, compared with MMP-7+/+ controls. 

*P< 0.05 (n=6-7). (e, f) Western blot analyses of renal NGAL protein in MMP-7+/+ and 

MMP-7−/− mice at 1 day after IRI. Representative western blot (e) and quantitative data (f) 

are presented. *P < 0.05 (n=6-7). Numbers (1-3) indicate each individual animal in a given 

group. (g) Representative micrographs show apoptotic proximal tubular cells detected by co-

staining of TUNEL (green) and AQP1 (red) in MMP-7+/+ and MMP-7−/− mice. Arrows 

indicate apoptotic cells. Scale bar, 100 pm. (h) Quantitative determination of apoptotic cells 

at 1 day after IRI. Data are presented as numbers of apoptotic cells per high power field 

(HPF). *P< 0.05 (n=6-7). (i) Representative western blotting show the protein levels of renal 

FasL, FADD, cleaved caspase-7, Fas and Bax. Numbers (1-4) indicate each individual 

animal in a given group. (j-n) Quantitative determination of renal protein levels of FasL (j), 

FADD (k), cleaved caspase-7 (l), Fas (m) and Bax (n) in MMP-7+/+ and MMP-7−/− mice at 

1 days after IRI. *P< 0.05 (n=6-7).
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Figure 3. 
Ablation of endogenous MMP-7 induces pro-inflammatory cytokine expression and 

promotes renal inflammation after ischemic AKI. (a-d) Western blot analyses of MCP-1, 

RANTES, and TNF-α protein abundance in MMP-7+/+ and MMP-7−/− kidneys at 1 day 

after IRI. Representative western blot (a) and quantitative data (b-d) were presented. 

Numbers (1-4) indicated each individual animal in a given group. *P < 0.05 (n=6-7). (e) 

Representative micrographs show MCP-1 and TNF-α protein in MMP-7+/+ and MMP-7−/− 

kidneys at 1 day after IRI. Arrows in the enlarged boxes indicate positive staining. Scale bar, 

100 μm. (f) Immunofluorescence staining reveals an increased infiltration of CD3+ T cells 

and CD45+ leukocytes in MMP-7−/− kidneys at 1 day after IRI. Arrows indicate positive 

staining. Scale bar, 50 μm. (g, h) Quantitative data show the numbers of CD3+ (g) or CD45+ 

cells (h) per high-power field (HPF). *P< 0.05 (n=6-7). (i) Co-immunofluorescence staining 

for F4/80 (red), basement membrane protein laminin (green) and nuclei (blue) shows an 
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increased macrophages infiltration at 1 day after IRI in MMP-7−/− mice, compared with 

MMP-7+/+ controls. Arrows indicate interstitial macrophages. Scale bar, 50 μm.
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Figure 4. 
Loss of endogenous MMP-7 aggravates toxic AKI induced by cisplatin. (a) Survival curve 

shows higher mortality rate in MMP-7−/− mice at 3 days after cisplatin, compared with 

MMP-7+/+ controls. **P< 0.01 (n=20-29). (b) Serum creatinine level in MMP-7+/+ and 

MMP-7−/− mice at 3 days after cisplatin injection. *P< 0.05 (n=5-9). (c) qRT-PCR analysis 

reveals an increased NGAL mRNA in injured kidneys of MMP-7−/− mice at 3 days after 

cisplatin, compared with MMP-7+/+ controls. **P< 0.01 (n=5-9). **P< 0.01 (n=5-9). (d) 

Representative micrographs of the kidneys in MMP-7+/+ and MMP-7−/− mice at 3 days 
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after cisplatin. Asterisks in the enlarged boxed areas indicate injured tubules. Scale bar, 150 

μm. (e) Injured tubules in MMP-7+/+ and MMP-7−/− mice at 3 days after cisplatin. The 

percentages of injured tubules (%) are presented. *P< 0.05 (n=5-9). (f) Representative 

micrographs show apoptotic cells detected by staining in MMP-7+/+ and MMP-7−/− mice at 

3 days after cisplatin. Arrows indicate apoptotic cells. Scale bar, 50 μm. (g) Quantitative 

determination of apoptotic cells at 3 days after cisplatin. Data are presented as numbers of 

apoptotic cells per high power field (HPF). *P< 0.05 (n=5-9). (h) Representative western 

blot analyses of various proteins in the injured kidneys of MMP-7+/+ and MMP-7−/− mice 

at 3 days after cisplatin. Numbers (1-3) indicate each individual animal in a given group. (i-

o) Quantitative determination of the relative protein levels in MMP-7+/+ and MMP-7−/− 

kidneys at 3 days after cisplatin. Proteins of NGAL (i), FasL (j), FADD (k), caspase-7 (l), 

MCP-1 (m), RANTES (n) and TNF-α (o) are presented. **P< 0.01, *P< 0.05 (n=5).
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Figure 5. 
MMP-7 protects kidney tubular cells against apoptosis by cleaving FasL in vitro. (a) Human 

recombinant MMP-7 protein protects tubular cells against apoptosis induced by 

staurosporine (STS). HKC-8 cells were incubated with recombinant MMP-7 or vehicle, 

followed by treatment with STS (0.1 nM) as indicated. Apoptosis was assessed by TUNEL 

staining. Representative micrographs of TUNEL staining (a) and quantitative data of 

apoptotic cells are presented (b). Arrows indicate apoptotic cells. *P< 0.05 vs vehicle (n=3). 

(c) Representative western blotting shows that MMP-7 decreased FasL and FADD protein in 

HKC-8 cells following STS treatment. (d, e) MMP-7 modulates caspase-3 activation in 

HKC-8 cells after STS, which is dependent on its enzymatic activity. HKC-8 cells were 

treated with STS in the absence or presence of MMP-7 and MMP inhibitor II as indicated. 

Representative micrographs of immunostaining for cleaved caspase-3 (d) and quantitative 

data (e) are presented. *P< 0.05 vs vehicle (n=3). †P< 0.05 vs MMP-7 without MMP 

inhibitor II (n=3). Scale bar, 100 μm. Arrows indicate positive staining. (f) Representative 

western blotting shows that MMP-7 abolished FasL and FADD expression induced by 

hypoxia/reoxygenation (H/R). HKC-8 cells were incubated in the absence or presence of 

MMP-7 protein (25 nM) in hypoxic condition for 6 hours, followed by reoxygenation for 2 
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hours. (g) Representative western blotting shows that MMP-7 abolished FasL and FADD 

protein expression induced by cisplatin. HKC-8 cells were incubated with cisplatin (25 

μg/ml) for 24 hours in the absence or presence of MMP-7 protein (25 nM). (h) 

Representative SDS-PAGE shows that MMP-7 directly degrades FasL. Recombinant mouse 

FasL (2 pg) was incubated with 50 nM MMP-7 for 60 min. Full-length FasL migrates at the 

location of ~50 kDa. Red box indicates the degraded fragments of FasL. (i) Western blot 

analyses show FasL and its degraded fragments after incubation with MMP-7 in the absence 

or presence of MMP inhibitor II. FasL degraded fragment is indicated by Red box.
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Figure 6. 
Exogenous MMP-7 rescues its renoprotection after AKI in MMP-7−/− null mice. (a) Rescue 

experiment design. At 4 h after IRI, a single dose of MMP-7 was injected intravenously, and 

mice were sacrificed at 24 h. (b) Serum creatinine level in MMP-7+/+ and MMP-7−/− mice 

injected with either vehicle or recombinant MMP-7 at different dosage after IRI. **P< 0.01 

vs sham control (n=3-6); ††P< 0.01 vs MMP-7+/+ mice (n=5-6); ##P< 0.01 vs MMP-7−/− 

mice (n=4-5) with exogenous MMP-7. (c) Representative micrographs show morphological 

injury of the kidneys in MMP-7−/− mice injected with vehicle or MMP-7. Asterisks in the 

enlarged boxed areas indicate injured tubules. Scale bar, 200 μm. (d) Quantitative 

assessment of morphological injury is presented. *P< 0.05 (n=4-5). (e) qRT-PCR analyses 

show renal NGAL mRNA expression in various groups as indicated. *P< 0.05 vs sham 

control; †P<0.05 vs MMP-7−/− mice with exogenous MMP-7 (n=4-6). (f, g) Western blot 

analyses of renal NGAL protein in MMP-7−/− mice injected with vehicle or MMP-7. 

Representative western blot (f) and quantitative data (g) were presented. Numbers (1-3) 

indicate each individual animal in a given group. *P< 0.05 (n=4-5).
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Figure 7. 
Exogenous MMP-7 ameliorates apoptosis and renal inflammation in MMP-7−/− null mice 

in vivo. (a, b) TUNEL staining shows a reduced apoptosis in the injured kidneys of 

MMP-7−/− mice injected exogenous MMP-7 after IRI. Representative micrographs (a) and 

quantitative data (b) are presented. Arrows in the TUNEL/DAPI merged images indicate 

apoptotic tubular cells. **P< 0.01 (n=4-5). (c-f) qRT-PCR analyses show the relative mRNA 

levels of renal MCP-1, RANTES, TNF-α, and IL-6 in MMP-7−/− mice injected with vehicle 

or exogenous MMP-7 after IRI. *P< 0.05 (n=4-5). (g) Representative western blotting show 

a reduced expression of both apoptosis-regulatory proteins and pro-inflammatory 

chemokines in MMP-7−/− mice injected with vehicle or exogenous MMP-7. (h-m) 

Quantitative determination of the relative protein levels of renal FasL, FADD, cleaved 

caspase-7, MCP-1, RANTES and TNF-α. Numbers (1-4) indicated each individual animal 

in a given group. *P < 0.05 (n=4-5).
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Figure 8. 
MMP-7 promotes tubular cell proliferation after AKI in vivo and ex vivo. (a) Representative 

micrographs show PCNA+ tubular cells in MMP-7−/− mice injected with vehicle or 

exogenous MMP-7 after IRI. (b) Quantitative determination of PCNA+ tubular cells per high 

power field (HPF) at 1 day after IRI. *P < 0.05 vs MMP-7+/+ mice (n=5-6); †P < 0.05 vs 

MMP-7−/− mice injected with vehicle (n=4-5). (c) Isolated tubules from corticomedullary 

region of healthy adult mice and ex vivo culture. (d) Western blot analyses show that 

MMP-7 cleaved E-cadherin, activated β-catenin, augmented c-fos and PCNA induction in 

the isolated tubules ex vivo. (e) Schematic diagram shows that MMP-7 cleaves FasL to 

prevent cell death, and meanwhile it primes tubular cells to proliferation by activating β-

catenin via E-cadherin degradation. The combined actions will work in concert and lead to 

renal protection after AKI by mitigating cell injury and promoting regeneration.
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