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Abstract
Renal ischemia–reperfusion (IR) injury is a common issue in urological surgery, and the renal tubules, particularly the 
proximal tubules, are extremely vulnerable to IR injury. In this work, we detected the differently expressed genes (DEGs) 
between normal rabbit kidneys and IR kidneys by RNA-sequencing, then identified that matrix metalloproteinase–7 (MMP7) 
played an important role in the progress of IR injury. Indeed, A time-dependent promotion of renal injury was detected in 
rabbit model, as demonstrated by the increased levels of MMP2/7/9, and the decreased of tight junction protein–1 (TJP1). 
Furtherly, similar results were confirmed in human renal proximal tubule epithelial (HK-2) cells model. Notably, downregula-
tion of MMP7 affected the activity of MMP2/9 by suppressing expression of cleaved-MMP2/9 not the pro-MMP2/9 protein, 
which directly alleviated the degradation of TJP1 in HK-2 model. On the contrary, MMP7 had not been affected by inhibit-
ing MMP2/9. In addition, coimmunoprecipitation assay showed that knockdown MMP7 restrained the interaction between 
MMP2/9 and TJP1. Collectively, this study suggested that MMP7 could serve as early biomarkers for renal tubular injury, 
and revealed that MMP7 could destroy the integrity of tubular epithelium through degrading TJP1 by activating MMP2/9.
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Introduction

Ischemia–reperfusion (IR) injury to the kidney is a com-
mon consequence of urological surgery, especially during 
kidney transplantation (KT) (Ponticelli 2014; Saat et al. 
2016), IR injury leads to tubular epithelial cell disfunction, 

furtherly contributes to acute kidney injury, delayed graft 
function, and acute and chronic rejection (Smith et al. 2019). 
Therefore, early intervention in this progress of renal IR 
injury may promote graft function and clinical outcomes in 
patients after KT. Unfortunately, there are no effective thera-
peutic target to prevent renal IR injury. To seek underlying 
interventional target, we detected the differently expressed 
genes (DEGs) between normal rabbit kidneys and IR (warm 
ischemia time for 35 min and reperfusion time for 1hour) 
injury kidneys by RNA-sequencing, and identified that 
matrix metalloproteinase–7 (MMP7) was most significantly 
overexpressed in IR kidneys.

MMP7, also called matrilysin, is a zinc- and calcium-
dependent endopeptidase (Dunsmore et al. 1998), it can 
degrade a broad range of substrates, such as extracellular 
matrix (Ke et al. 2017) and cell–cell adhesion proteins (Shi-
rahata et al. 2018; McGuire et al. 2003), to regulate cell 
migration and inflammation (Parks et al. 2004). Recently, 
plenty of studies suggested that urinary matrix metallopro-
teinase-7 (uMMP7) could be a biomarker to predict severe 
kidney diseases, such as acute kidney injury (AKI) (Fang 
et al. 2019), renal allograft inflammation and injury (Ho 
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et al. 2016), IgA Nephropathy (Yang et al. 2019) and kid-
ney fibrosis (Zhou et al. 2017), and high level of uMMP7 
are associated with poor in-hospital outcomes in patients 
after cardiac surgery (Yang et al. 2017). It is well confirmed 
that MMP7 is a downstream target gene of Wnt/β-catenin 
signaling pathway in proteinuric kidney diseases (Wang 
et al. 2011). The only one research studying the role of 
MMP7 in AKI revealed that MMP7 could degrade FasL 
and E-cadherin of renal tubule (Fu et al. 2019). However, the 
specific role and mechanism of MMP7 in damage of struc-
ture of renal tubule during IR injury is still incompletely 
understood.

Wang and Manole showed that overexpression of MMP7 
damaged blood-nerve barrier by degrading tight junction 
proteins (TJPs) in peripheral nerve injury (Manole et al. 
2015; Wang et al. 2018). TJP1 (also called ZO1) is the most 
common member of tight-junction components, distributing 
widely in endothelial and epithelial cells, and plays a key 
role in maintaining the integrity of the vessel and epithelia 
(Furuse and Tsukita 2006; Baker 2016; Farquhar and Palade 
1963). Zhou X et al. revealed that oxidant injury caused 
a decrease in the expression of TJP1 in cultured kidney 
proximal tubular epithelial (HK-2) cells (Zhou et al. 2018). 
Moreover, the loss of TJP1 contributes to backleak in sus-
tained allograft acute renal failure (Kwon et al. 1998). In 
addition, some studies have found that MMP2/9 can degrade 
TJP1 in vascular endothelium (Zhang et al. 2018; Wu et al. 
2015). However, hitherto none study has revealed the effect 
of MMP7 on TJP1 and the interaction between MMP7 and 
MMP2/9 in renal IR injury.

In this study, we detected the expression of MMP7 both 
in rabbit renal IR injury model and HK-2 H/R model, and 
applied separately RNA interference and MMP2/9 inhibitor 
I to down regulate the MMP7 and MMP2/9. We found that 
knockdown of MMP7 can alleviate to degrade renal tubular 
epithelial TJP1 by decreasing the activated MMP2/9.

Materials and methods

Animal experimentation

This study was approved by the Institutional Review Board/
Ethics Committee of Zhongnan Hospital of Wuhan Univer-
sity. All animal experiments were carried out in accord-
ance with Experimental Animal Management Ordinance 
(National Science and Technology Committee of China) 
and the Guide for the Care and Use of Laboratory Animals 
(National Institutes of Health, Bethesda, MD, USA).

Healthy male rabbits (12  weeks, 3.0 ± 0.3  kg) were 
obtained from Wan Qian Jia He Experimental Animal Cul-
ture Center (Wuhan, China). Before experiments, the ani-
mals were fasted for 12 h but had free access to water. After 

appropriate anesthesia, laparotomy was carried out. The left 
renal pedicles of rabbits were clamped for different warm 
ischemia time (WIT) (20, 35, 45, 60 and 90 min) by small 
vascular clamps, and body temperature was maintained at 
38.5 ± 0.5 °C. Then, the clamps were loosened and the right 
kidney was excised (the right kidney was used as the sham 
group). After 24 h of reperfusion (when the WIT was fixed 
at 35 min, the reperfusion time was 1, 6, 12 or 24 h), kidney 
tissue and blood samples were collected for further test.

RNA‑sequencing

Total RNA was extracted from samples. mRNA was enriched 
with Oligo (dT) magnetic beads. Fragmentation Buffer was 
added to the obtained mRNA to split it into short fragments. 
The latter were used to synthesize cDNA. cDNA chains were 
purified using a QIAquick™ PCR kit. We used EB buffer to 
repair them, and then recovered them by agarose gel elec-
trophoresis. The target fragment was amplified by PCR. 
Single-end libraries were sequenced using a BGIseq-500 
system (BGI Group, Guangzhou, China). Normalized gene 
expression was calculated using the reads per kilobase per 
million mapped reads method. A Student’s t-test algorithm 
was used to identify DEGs between the different groups, 
and P-values were corrected using the Benjamini–Hochberg 
algorithm. DEGs defined from pairwise comparisons had 
to satisfy two selection criteria: fold-change > 2, and a cor-
responding P < 0.05.

Hematoxylin and eosin (HE) staining

Rabbit kidneys were fixed in 4% paraformaldehyde. Paraffin-
embedded sections were stained with periodic acid-Schiff. 
Histology was carried out under light microscopy. Renal 
tubular necrosis was assessed by Paller scores. Ten randomly 
chosen, nonoverlapping fields per rabbit were evaluated.

Serum biochemistry

Blood samples were collected and centrifuged at 3000 rpm 
for 10 min and stored at − 80 °C before analyses. Blood, 
urea, nitrogen and serum levels of Cr were analyzed by a 
Chemistry System analyzer (ADVIA 2400; Siemens, Tar-
rytown, NY, USA).

The terminal deoxynucleotidyl transferase dUTP 
nick end labeling (TUNEL) assay

The TUNEL assay was carried out with the One Step 
TUNEL Apoptosis Assay kit (C1086; Beyotime Biotech-
nology, Beijing, China) according to manufacturer instruc-
tions. Fluorescence images were captured using an inverted 
fluorescent microscope (TH4-200; Olympus, Tokyo, 
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Japan) at × 400 magnification. The apoptosis rate was 
calculated according to the following formula: apoptosis 
rate = TUNEL-positive cells (n)/total cells (n) × 100%

RT‑PCR

TRIzol™ Reagent (Thermo Fisher Scientific, Waltham, 
MA, USA) was used to extract the total RNA. Then, first-
strand cDNA was synthesized using the Hifair® II 1st Strand 
cDNA Synthesis kit (Yeasen Biotech, Shanghai, China) 
according to manufacturer instructions. RT-PCR was car-
ried out in StepOne Plus (Applied Biosystems, Foster City, 
CA, USA) using the Hifair III One Step RT-qPCR SYBR 
Green kit (Yeasen Biotech). The primer sets (forward and 
reverse, respectively) for qPCR were 5′-AGG AAC GCA TAA 
CAG GAC -3′ and 5′-GGA TAG AGG ATT AAA GTG AGGG-3′ 
for SOD1; 5′-TCG CTC TGA GGC ACT ACG G-3′ and 5′-TCA 
TTC TTG GCG TTC TCC GT-3′ for GPX1; 5′-TGG CTC TAA 
CAG TCC GCC TAG-3′ and 5′-AGT GCG ACG TGG ACA TCC 
G-3′ for β-actin.

Western blotting

Western blotting was done as described previously (Zhong 
et al. 2016). We used several primary antibodies generated 
in rabbits: anti-MMP7 (1:1000; GeneTex, Inc., America), 
anti-MMP2 (1:1000; GeneTex, Inc., America), anti-MMP9 
(1:1000; GeneTex, Inc., America), anti-TJP1 (1:1000; 
Wuhan Proteintech Group, China), and anti-β-actin (1:1000, 
Wuhan Proteintech Group). Bands were developed by an 
enhanced chemiluminescence (ECL) reagent. Protein 
expression was measured by densitometry analysis using 
ImageJ (National Institutes of Health).

Transmission electron microscopy (TEM)

First, 2.5% glutaraldehyde was added to kidney tissue. After 
fixation at 4 °C for 2 h, each kidney tissue was rinsed thrice 
with precooled phosphate-buffered saline (PBS) and dehy-
drated with acetone. Then, 1% osmic acid was added at room 
temperature for 2 h. Tissue was embedded in epoxy resin 
and dried, and ultrathin sections created after trimming. The 
ultrastructural changes and autophagosomes in each kidney 
were observed under a transmission electron microscope.

Culture and processing of cells

Human umbilical vein endothelial cells (HUVECs) and a 
human renal proximal tubule epithelial line (HK-2) were 
obtained from the Cell Bank of the Chinese Academy of 
Sciences (Beijing, China). HUVECs and HK-2 cells were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM) 

(high sugar) or DMEM/F12 medium + 10% fetal bovine 
serum (Biological Industries, America) at 37 °C in an 
atmosphere of 5%  CO2 and saturated humidity. When the 
cells had grown to 90% confluence, the supernatant was 
discarded. Adherent cells were washed twice with PBS, 
and serum-free DMEM (low sugar) was added. Then, cells 
were placed in a saturated tri-gas incubator at 37 °C in 
an atmosphere of 94%  N2, 5%  CO2 and 1%  O2 for 24 h to 
elicit hypoxia. After that, the supernatant was discarded, 
fresh total medium was added, and cells were re-oxygen-
ated in a  CO2 incubator for 6 h.

RNA interference and gene transfection

siRNA oligonucleotides were synthesized by OBiO Tech-
nology (Shanghai, China). The siRNA gene sequences 
were three siRNA-MMP7 (Y8671: 5′-GCT CAC TTC GAT 
GAG GAT G-3′; Y8672: 5′-GCA GTC TAG GGA TTA ACT 
T-3′; Y8673: 5′-GGA CAT TCC TCT GAT CCT A-3′) and 
one siRNA-NC (Y004: 5′-TTC TCC GAA CGT GTC ACG 
T-3′). The siRNA was loaded with a lentiviral vector and 
added to wells containing the cells and serum-free medium 
(no antibiotics). The cell culture plate was agitated gently 
and then incubated for 36 h at 37 °C in a  CO2 incubator. 
siRNA-NC or siRNA-MMP7 was transfected into cells 
and, after transfection, cells were exposed to hypoxic con-
ditions for 24 h and reoxygenation for 6 h. The treatments 
were hypoxia/reoxygenation + Y004 (H/R + Y004) and 
hypoxia/reoxygenation + siRNA-MMP7 (H/R + Y8672).

Cell grouping

In the control group, HK-2 cells were incubated in nor-
mal conditions. In the H/R group, hypoxia was carried 
out for 24 h and reoxygenation for 6 h. In the H/R + Y004 
group, HK-2 cells were incubated with siRNA-NC (Y004) 
in serum-free medium for 36 h and cultured further under 
the same conditions as described in the H/R group. In the 
H/R + Y8672 group, HK-2 cells were cultured with lenti-
virus carrying the siRNA of MMP7 (Y8672) in serum-free 
medium for 36 h and then cultured under the same condi-
tions as described in the H/R group. In the H/R + MMP2/9 
inhibitor I group, hypoxia was undertaken for 24 h with 
60 μM of MMP2/9 inhibitor I (ab145190; Abcam, Cam-
bridge, UK) and then reoxygenation for 6 h. In the 1 mM 
group, HK-2 cells were cultured with 1 mM  H2O2 for 6 h. 
In the 1 mM + Y8672 group HK-2 cells were cultured 
with lentivirus carrying the siRNA of MMP7 (Y8672) in 
serum-free medium for 36 h and then cultured under the 
same conditions as described in the 1 mM group.
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Reactive oxygen species (ROS) detection

Intracellular ROS levels were measured using a ROS fluo-
rescence probe: 2′,7′-Dichlorodihydrofluorescein diacetate 
(DCFH-DA). After treatment in each group individually, 
cells were incubated with serum-free medium and DCFH-
DA (10 µM) at 37 °C for 25 min. Then, cells were washed 
gently thrice with PBS. Immediately, fluorescence images 
were obtained with a fluorescence microscope (Olympus, 
Japan).

Immunofluorescence

After treatment in each group individually, the cell medium 
was removed and washed thrice with PBS, and then fixed 
in 4% paraformaldehyde for 20 min. After permeabiliza-
tion in 0.3% Triton X-100 for 10 min, blockade with 5% 
bovine serum albumin for 30 min at room temperature was 
carried out. Then, cells were incubated with the anti-TJP1 
in 5% bovine serum albumin overnight at 4 °C. This was 
followed by incubation with a mixture of CoraLite 488-con-
jugated Affinipure goat anti-rabbit IgG (H + L) and CoraLite 
594-conjugated goat anti-mouse IgG (H + L) (Wuhan Pro-
teintech Group) for 1 h at room temperature in the dark. 
Then, cell nuclei were stained with 4′,6-Diamidino-2-phe-
nylindole dihydrochloride in PBS (10 µg/ml) for 10 min. 
Images were acquired using a fluorescence microscope 
(Olympus).

Coimmunoprecipitation (CO‑IP) assay

The protein concentration of HK-2 cell extracts was deter-
mined using a Bicinchoninic Acid Protein Concentration 
Assay kit (Wuhan Servicebio Biotechnology, Hubei, China), 
and 0.5 mg of total protein lysates were used for coimmu-
noprecipitation. Lysates were incubated with 3 mg antibody 
or rabbit polyclonal IgG control antibody (Wuhan Protein-
tech Group). Samples were incubated with slight agitation 
overnight at 4 °C. Next, 25 μl of Protein A/G Plus-Aga-
rose (Thermo Fisher Scientific) was added to samples and 
rotation continued for 10 h. The resulting complexes were 
washed, denatured, and eluted according to manufacturer 
instructions. Western blotting was done, and immune-reac-
tive bands were visualized using an ECL method (ECL kit; 
Wuhan Servicebio Biotechnology). Quantification of protein 
bands was carried by using ImageJ.

Statistical analyses

Results are presented are the mean ± SD. Correlations 
were evaluated by Pearson’s correlation. Differences 
between groups were analyzed using the Student’s t-test, 
one-way ANOVA, Mann–Whitney U-test or χ2 test. 

Statistical analyses were undertaken using SPSS 17.0 
(IBM, Armonk, NY, USA). P < 0.05 was considered sig-
nificant. Prism 5.0 (GraphPad, San Diego, CA, USA) was 
used to prepare graphs.

Results

Effect of warm ischemia and reperfusion on injury 
to rabbit kidneys

We established a model of renal IR injury in rabbits to 
study the effect of the warm ischemia time (WIT) and 
reperfusion time. Under a fixed reperfusion time (24 h), 
rabbit kidneys were treated with different WIT. The cre-
atinine (Cr) concentration was highest at WIT 90 min. 
Also, ΔCr (ΔCr = Cr (postoperative) – Cr (preoperative)) 
at WIT 35 min increased significantly compared with that 
of WIT 20 min (P < 0.0001, n = 6), and was close to that 
of WIT 45–60 min (Fig. 1c). HE staining showed that, 
with prolongation of the WIT, the Paller score of the kid-
neys increased gradually (Fig. 1a, b). The damage wrought 
by WIT 90 min was irreversible: ≥ 90% of renal tubules 
necrosed. The damage caused by a WIT of 35 min caused 
an intermediate effect: 30–40% of renal tubules necrosed 
(Fig. 1a, b). These data suggested that WIT 35 min could 
cause partial injury to the kidney. Hence, we employed 
WIT 35 min to observe renal damage at different reperfu-
sion times.

Under a fixed WIT (35 min), rabbit kidneys under-
went reperfusion for different times. The Cr concentra-
tion began to increase from 1 h after reperfusion (Fig. 2c). 
The TUNEL assay demonstrated that, with prolongation 
of the reperfusion time, the apoptotic level in kidney tis-
sue increased gradually (Fig. 2a, b), but there was no sig-
nificant difference between the sham group and 1 h after 
reperfusion (P = 0.0571, Fig. 2b). Expression of oxidative 
stress-related enzymes was measured by RT-PCR. Super-
oxide dismutase (SOD)-1 expression reached a peak 6 h 
after reperfusion and then decreased, and glutathione 
peroxidase (GPX)-1 expression decreased gradually with 
time (Fig. 2d, e). These data suggested that the level of 
oxidative stress increased with time, but there was no sig-
nificant difference between the sham group and 1 h after 
reperfusion.

These results suggested that, when the time of 
ischemia–reperfusion was 35 min–1 h, some “potential mol-
ecules” had started to change, which subsequently caused 
renal damage with prolongation of reperfusion time, even 
though there was no morphological change or apoptosis in 
kidneys. Therefore, further tests needed to be done to search 
for these “potential molecules”.
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Differentially expressed genes (DEGs) 
between sham kidneys and IR kidneys

We used RNA-seq to probe the “potential molecules” in IR 
(35 min–1 h) kidneys. There were 201 DEGs between the 
two groups (sham vs. IR): 110 upregulated genes and 91 
downregulated genes. Among the top-20 DEGs, MMP7 was 

the most significant gene (Fig. 3a). In the family of MMPs, 
only MMP7 was overexpressed significantly in IR kidneys 
according to the heatmaps (Fig. 3b). Plots (volcanic, M/A, 
scatter) revealed that MMP7 was significantly overexpressed 
in IR kidneys (Fig. 3c–e). Western blotting also demonstrated 
that expression of MMP7 protein in IR was significantly 
higher than that in the sham group (P < 0.05, Fig. 3g, h). A 

Fig. 1  Effect of warm ischemia on rabbit kidney injury. a H&E stain-
ing was used to detect the histology of renal injury (× 200 magnifica-
tion). b Paller scores in different groups calculated from H&E stain-
ing indicate that renal damage after WIT 35  min was more serious 
than WIT 20  min (**P = 0.0025, n = 6/each), close to that achieved 

with a WIT of 45–60 min, and less than that with a WIT of 90 min 
(P = 0.0005, n = 6/each). c ΔCr of WIT 35  min was significantly 
higher than that of WIT 20 min (P < 0.0001, n = 6/each), and reached 
to the Cr-raised plateau



690 Journal of Molecular Histology (2020) 51:685–700

1 3

simplified network obtained by STRING analysis showed that 
MMP7 may interact with MMP2/9 and TJP1 (Fig. 3f).

These results suggested that MMP7 had started to be 
expressed in large quantities in the early stage of renal IR. 

Hence, MMP7 could be used as biomarkers of renal IR 
injury. Our data also suggested that MMP7 could be associ-
ated with MMP2/9 and TJP1 in renal IR injury.

Fig. 2  Effect of reperfusion on rabbit kidney injury. a TUNEL assay 
showed apoptotic cells in kidney tissue after different reperfusion 
time (× 400 magnification). b The apoptosis rate calculated from the 
TUNEL assay (*P = 0.0338, **P = 0.0056, n = 5/each). c The level of 
serum Cr increased with reperfusion time within 24 h (**P = 0.0032, 

***P < 0.0001, n = 5/each). d and e The level of oxidative stress was 
indicated by expression of SOD1 mRNA and GPX1 mRNA. d SOD1 
mRNA (*P = 0.0156, ***P < 0.001, n = 5/each), e GPX1 mRNA 
(*P = 0.0185, **P = 0.0017, n = 5/each)
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Fig. 3  MMP7 were highly expressed in the early stage of renal IR 
compared with sham. a Top 20 DEGs are displayed in a histogram. 
b Heatmap showing the family members of MMPs genes detected 
from rabbit kidneys. c–e Volcano plot, M/A plot and scatter plot 

showing the distribution of DEGs. f A simplified network obtained 
by STRING analyses. g and h The expression of MMP7 detected by 
western blotting (*P < 0.05, n = 4/each)
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Expression of MMPs increased with prolongation 
of the reperfusion time, whereas the degradation 
of TJP1 increased

The change in expression trends of MMP2/7/9 and TJP1 
in IR kidneys was studied. Western blotting showed that 
expression of MMP2/7/9 increased gradually with pro-
longation of the reperfusion time. One hour after rep-
erfusion, only expression of MMP7 increased, whereas 
MMP2/9 expression did not. These data suggested that 
MMP7 was more sensitive to IR injury than MMP2/9. 

MMP2/9 expression began to increase after 6 h of reper-
fusion (Fig. 4a, b). Expression of TJP1 in kidney tissue 
(as detected by western blotting) decreased gradually with 
prolongation of the reperfusion time (Fig. 4c, d). TEM 
showed that the intercellular gap between renal epithelial 
cells widened (Fig. 4e) and renal arterial endothelial cells 
began to exfoliate after 6 h of reperfusion (Fig. 4f).

These results suggested that expression of MMP7, 
MMP2/9 and TJP1 was time-dependent upon reperfusion. 
Expression of MMP7 changed earlier than that of other 

Fig. 4  Expression of MMPs increased with prolongation of the rep-
erfusion time, whereas the degradation of TJP1 increased. a West-
ern blotting detected the expression of MMP2/7/9. b The expression 
of MMP2/7/9 are displayed in a histogram (*P < 0.05, **P < 0.01, 
***P < 0.001, n = 4/each). c Western blotting showed that expres-

sion of TJP1. d The expression of TJP1 are displayed in a histogram 
(*P < 0.05, n = 4/each). e and f TEM showed the ultrastructure of the 
tubular epithelium (e) and arterial endothelium (f) (× 5000 magnifi-
cation, white arrows indicated that the cellular gap broadened in IR 
compared with the sham group)
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molecules, and augmentation of MMP2/7/9 expression 
was accompanied with decreased expression of TJP1.

In HK‑2 cells, after 24 h of hypoxia, expression 
of MMPs and intracellular ROS increased 
with prolongation of reoxygenation time

To identify the expression site of MMP7, we carried out 
hypoxia for 24 h and reoxygenation for 6 h in HUVECs 
and HK-2 cells. The expression of MMP7 was detected by 

western blotting. In HUVECs, expression of MMP7 was 
very little both in control group and hypoxia/reoxygena-
tion (H/R) group. In HK-2 cells, expression of MMP7 in 
H/R group was higher than that in control group (Fig. 5a, 
b). Therefore, subsequent experiments were carried out in 
HK-2 cells. ROS measurement showed that, with prolon-
gation of reoxygenation time, ROS production increased 
gradually (Fig. 5c). Western blotting showed that expres-
sion of MMP2/7/9 increased gradually with prolongation of 
reoxygenation time (Fig. 4f, g).

Fig. 5  In HK-2 cells, after 24 h of hypoxia, expression of MMPs and 
ROS increased with the time of reoxygenation. a-b In HUVECs and 
HK-2 cells treated with H/R, expression of MMP7 was detected by 
western blotting (*P = 0.0383, **P < 0.005, n = 3/each). c ROS pro-

duction increased with the reoxygenation time in HK-2 cells (× 200 
magnification). d and e Western blotting showed the expression of 
MMP2/7/9 in HK-2 cells (*P < 0.05, n ≥ 3/each)
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However, compared with the results from the in vivo 
study, expression of MMP2/9 and MMP7 increased simul-
taneously in the H/R model in HK-2 cells. Besides, there 
was no significant difference in oxidative-stress response 
between the IR 1 h group and sham group in the rabbit 
model (Fig. 2d, e), but there was a significant difference 
in ROS production between the H/R 1 h group and control 
group in the HK-2 cells model (Fig. 5c). Therefore, we spec-
ulated that MMP2/9 expression may have been regulated by 
ROS production.

Downregulation of MMP7 expression did not affect 
MMP2/9 expression, but reduced the damage 
to TJP1. Downregulation of MMP2/9 expression 
also reduced the degradation of TJP1 by MMP2/9 
inhibitor I

To clarify the relationship between MMP7 and other mol-
ecules, three plasmids of siRNA–MMP7 (Y8671, Y8672, 
Y8673) and one siRNA–NC (Y004) were constructed. The 
transfection efficiency was ≥ 99% using lentiviruses (Sup-
plementary Fig. 1A). Western blotting showed that Y8672 

Fig. 6  Knockdown of MMP7 expression did not affect expression of 
MMP2/9, but reduced the damage to TJP1 in H/R. a and b Western 
blotting showed that down-regulation of MMP7 expression could 
reduce MMP7 expression, but could not affect expression of MMP9 
in H/R (*P < 0.05, **P < 0.005, n ≥ 3/each). c and d Western blotting 

showed that expression of TJP1 in the H/R + Y8672 group was higher 
than that in the H/R + Y004 group (*P < 0.05, n ≥ 3/each). e Immuno-
fluorescence showed that after down-regulating expression of MMP7, 
the degradation of TJP1 was reduced in H/R observed under a fluo-
rescence microscope (× 200 magnification)
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could better knockdown MMP7 expression than the other 
agents tested (Supplementary Fig. B-C). After that, Y8672 
was used to knockdown MMP7 expression.

MMP7 expression was decreased significantly by Y8672 
(P < 0.001), but expression of MMP2/9 and SPP1 was not 
affected in the IR + Y8672 group (Fig. 6a, b). However, 
immunofluorescence studies showed that down-regulation 
of MMP7 expression could alleviate the shedding of TJP1 
(Fig. 6e). Western blotting also demonstrated that expression 
of TJP1 in the IR + Y8672 group was significantly higher 

than that in the IR + Y004 group (P < 0.05, Fig. 6c, d). These 
data suggested that downregulation of MMP7 expression 
could alleviate the shedding of TJP1.

Furthermore, we employed MMP2/9 inhibitor I to down-
regulate MMP2/9 expression, Western blotting showed that if 
MMP2/9 expression was reduced, H/R caused the degradation 
of TJP1 in HK-2 cells to be reduced too, even though MMP7 
expression was not affected (Fig. 7a, b, d). Immunofluores-
cence studies also showed that down-regulation of MMP2/9 
expression could alleviate the shedding of TJP1 (Fig. 7c).

Fig. 7  Down-regulation of expression of MMP2/9 did not affect 
expression of MMP7, but reduced the damage to TJP1 in H/R. a 
and b Western blotting showed that down-regulation of MMP2/9 
expression could reduce MMP2/9 expression, but could not affect 
expression of MMP7 in H/R (*P < 0.05, **P < 0.01, n ≥ 3/each). c 

Immunofluorescence showed that after down-regulating expression 
of MMP2/9, the degradation of TJP1 was reduced in H/R observed 
under a fluorescence microscope (× 200 magnification). d MMP2/9 
inhibitor I could reduce the degradation of TJP1 (*P < 0.05, n ≥ 3/
each)
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These results suggested that, if MMP2/9 expression was 
downregulated by MMP2/9 inhibitor I in the H/R model, 
without affecting MMP7 expression, then degradation of 
TJP1 was alleviated. Meanwhile, if MMP7 expression 
was downregulated, without affecting MMP2/9 expres-
sion, degradation of TJP1 was also alleviated. We spec-
ulated that MMP7 could degrade TJP1 in the presence 
of MMP2/9. However, the specific relationship between 
MMP7 and MMP2/9 had to be studied further.

In HK‑2 cells, expression of pro‑MMP2/9 
and cleaved‑MMP2/9 increased with increasing  H2O2 
concentration, but expression of cleaved‑MMP2/9 
decreased after knockdown of MMP7 expression

To clarify the effect of ROS on MMP2/9 expression, 
we carried out oxidative stress model. Western blotting 
showed that expression of pro-MMP2/9 and cleaved-
MMP2/9 increased with increasing  H2O2 concentration 

Fig. 8  In HK-2 cells, expression of pro-MMP2/9 and cleaved-
MMP2/9 increased with increasing  H2O2 concentration, and expres-
sion of cleaved-MMP2/9 decreased after knockdown of MMP7 
expression. a–c Western blotting showed that with increasing  H2O2 
concentration, expression of pro-MMP9 and cleavd-MMP9 (b), pro-

MMP2 and cleaved-MMP2/9 (C) in cell culture medium increased 
gradually (*P < 0.05, **P < 0.01, n ≥ 3/each). d–f After knockdown 
of MMP7 expression, cleaved-MMP2/9 expression in cell culture 
medium treated with 1 mM of  H2O2 was reduced, whereas expression 
of pro-MMP2/9 was unchanged (*P < 0.05, n ≥ 3/each)
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(Fig. 8a–c). However, after knocked down MMP7 expres-
sion, western blotting showed that, although pro-MMP2/9 
expression did not change, expression of cleaved-
MMP2/9 decreased significantly (P < 0.05) (Fig. 8d–f). 
These results suggested that MMP7 could activate pro-
MMP2/9 to cleaved-MMP2/9.

These results suggested that MMP2/9 expression was 
regulated by the level of ROS. MMP7 did not affect 
MMP2/9 expression, but could enhance cleaved-MMP2/9 
expression. Therefore, taken together with previous 
results, we concluded that MMP7 could degrade TJP1 by 
activating MMP2/9 in HK-2 cells.

Downregulation of MMP7 expression could reduce 
the combination of MMP2/9 with TJP1

To further confirm the conclusion stated above, we con-
ducted CO-IP experiments to explore the combination of 
MMP2/9 with TJP1 after down-regulating MMP7 expres-
sion. Results showed that downregulation of MMP7 
expression could not reduce MMP2/9 expression, but that 
the combination of MMP2/9 with TJP1 was reduced sig-
nificantly (Fig. 9a–c), which suggested that MMP7 was 
helpful in activating MMP2/9 to combine with TJP1 and 
degrade it. These results confirmed our conclusion that 

Fig. 9  Downregulation of MMP7 expression could reduce the com-
bination of MMP2/9 with TJP1. a–c CO-IP showed that downregu-
lation MMP7 could reduce the combination of MMP2/9 with TJP1 

significantly, whereas MMP9 expression was not affected (*P < 0.05, 
***P < 0.001, n = 3/each)
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MMP7 could degrade TJP1 of HK-2 cells by activating 
MMP2/9.

Discussion

In this study, we carried out RNA-seq to probe the underly-
ing mechanism of renal IR, and identified that MMP7 sig-
nificantly overexpressed in rabbit IR kidneys (ischemia for 
35 min and reperfusion for 1hour). Subsequently, knock-
down of MMP7 expression alleviated the degradation of 
TJP1 by inhibiting expression of cleaved-MMP2/9 in HK-2 
model. These results provide strong evidence that MMP7 
contributes to renal tubular TJP1 degradation during kid-
ney IR injury and suggest that pharmacological targeting 
of MMP7 might be prevent integrity of renal tubule epithe-
lium from destroying.

It is well known that proximal tubular epithelium is 
especially subject to I/R injury, due to the high energy con-
sumption (Tirapelli et al. 2009; Gewin 2018). Numerous 
studies showed that tubular epithelium detached from the 
basement membrane in the pathophysiology of acute renal 
failure (Goligorsky et al. 1993). However, not all tubular 
cells shedding from the basement membrane are necrotic or 
apoptotic death of cells, some are still viable (Racusen and 
Solez 1991). Moreover, junctional instability of the tubular 
epithelium furtherly promotes kidney injury (Berzal et al. 
2015). Therefore, it is necessary to verify the underlying 
mechanism of exfoliation of renal tubular epithelium in IR 
injury.

In this study, TEM showed that reperfusion 6 h after WIT 
35 min, renal arterial endothelial cells began to exfoliate and 
the intercellular gap between renal epithelial cells widened 
(Fig. 4e, f), and western blotting detected that the expression 
of TJP1 significantly decreased in IR kidney (Fig. 4c, d). 
TJP1 is one of major components of tight junctions in the 
proximal tubule, and plays an important role in maintaining 
the epithelium polarity and barrier integrity of renal tubule 
(Yu and Alan 2015). Loss of TJP1 causes the disfunction 
of absorption/excretion of fluid and solutes (Prozialeck and 
Edwards 2007). However, it is still uncertain that the mecha-
nism of degradation of TJP1 in renal IR injury.

To find the trigger, RNA-seq were used to detect the 
DEGs in IR kidneys, MMP7 expression increased signifi-
cantly in kidneys exposed to IR injury (Fig. 3). As men-
tioned in the introduction, MMP7 can regulate the expres-
sion of TJP1 in blood-nerve barrier (Wang et al. 2018). 
Additionally, MMP7 synthetizing from renal epithelium 
can lead to nephrin depletion and impaired glomerular per-
meability in proteinuric chronic kidney disease(Tan et al. 
2019). Whether MMP7 can lead to TJP1 depletion in tubular 
epithelium is unknown.

In our study, downregulation of MMP7 decreased the 
degradation of TJP1 in HK-2 H/R model (Fig. 6c–e). To our 
known, IR injury has been verified to degrade the TJPs in 
blood–brain barrier due to MMP2/9 overexpression(Zhang 
et  al. 2018). So, we also used the MMP2/9 inhibitor I 
(Tamura et al. 1998)(cannot inhibit MMP7) to down regu-
lation of MMP2/9, results suggested that after treated with 
MMP2/9 inhibitor I, the degradation of TJP1 in HK-2 
decreased as well (Fig. 7). However, we found that MMP2/9 
expression did not increase in renal IR (WIT 35 min/rep-
erfusion 1 h) group compared with sham group according 
to RNA-seq (Fig. 3b). Therefore, the relationship between 
MMP7 and MMP2/9 in degradation of TJP1 in IR injury is 
not clear. Western blotting showed that expression of MMP7 
preceded MMP2/9 in rabbit renal IR injury model (Fig. 4a, 
b). Meanwhile, knockdown MMP7 abated the activation of 
MMP2/9 in HK-2 oxidative stress model (Fig. 8d–f). CO-IP 
also showed that knockdown of MMP7 expression reduced 
the binding of MMP2/9 to TJP1, and prevented TJP1 degra-
dation (Fig. 9). Therefore, from those results, we can deduce 
that overexpression of MMP7 leads to degrade TJP1 of renal 
tubular epithelium by activating MMP2/9 in IR injury.

It should be emphasized that MMP7 can reduce renal 
tubular apoptosis by cutting FasL and E-cadherin (Fu et al. 
2019). This seems to contradict our conclusion. In fact, 
our study focuses on the effect of MMP7 on TJP1 of renal 
tubule, not on the effect of MMP7 on apoptosis, moreover, 
degradation of TJP1 doesn’t mean cell apoptosis. Previous 
studies have shown that not all tubular cells shedding from 
the basement membrane are necrotic or apoptotic death 
of cells, some are still viable(Racusen and Solez 1991).
Therefore, it is indiscreet to declare that our research is 
contradictory to theirs.

In conclusion, expression of MMP7 is increased in renal 
IR injury. MMP7 can damage TJP1 of renal tubular epithe-
lial cells by activating MMP2/9. Therefore, our study pro-
vides a new theoretical basis for improving renal IR injury.
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