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Effects of autophagy and endocytosis on the
activity of matrix metalloproteinase-2 in human
renal proximal tubular cells under hypoxia
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Abstract. Tubulointerstitial fibrosis is characterized by tubular
atrophy with basement membrane thickening and accumulation
of interstitial extracellular matrix (ECM). A decrease in the
activity of matrix metalloproteinase-2 (MMP-2) may promote
this process. Although proximal tubular cells are sensitive to
oxygen deprivation, whether cellular autophagy or endocytosis
induced by hypoxia can alter the activity of MMP-2 remains
to be elucidated. The aim of the present study was to investi-
gate whether autophagy and endocytosis induced by hypoxia
can have an effect on the activity of MMP-2 in HK-2 cells.
The investigations involved exposing the HK-2 cell line to an
autophagy inhibitor, 3-MA, or an endocytotic inhibitor, filipin.
The mRNA expression of MMP-2 was elevated in the hypoxic
milieu. Furthermore, it was found that filipin increased the
activity of MMP-2 under hypoxia. These results suggested that
autophagy and endocytosis were potential mediators for the
altered expression of MMP-2, and endocytosis was a poten-
tial target for regulating the activity of MMP-2. These data
suggested that hypoxia may be an important pro-fibrogenic
stimulus, which acts in part via endocytosis.
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Introduction

Chronic kidney disease (CKD) is increasingly recognized as
a worldwide public health issue (1). Chronic hypoxia often
occurs in the kidney tissues of several patients with CKD.
Tubulointerstitial fibrosis is a pathological characteristic of the
development of almost all CKDs (2). Tubulointerstitial fibrosis
occurs and leads to increased thickness of the tubular basement
membrane (TBM) and accumulation of interstitial ECM (3-6).
Matrix metalloproteinase-2 (MMP-2) is involved in the break-
down of ECM, degrading type IV collagen (Coll-IV), a major
component of the basement membrane (7-11). The activity of
MMP-2 in kidney tissues of patients with CKD is decreased,
leading to progressive renal dysfunction and organ failure (12),
although the mechanism remains to be fully elucidated.

As is already known, hypoxia alters the expression levels
of the components of the tissue inhibitors of metalloprotein-
ases (TIMP) in human renal tubular endothelia, interstitial
fibroblasts and microvascular endothelial cells (13). In vitro
studies have found that the activity of MMP-2 is decreased
in proximal tubular cells under hypoxic conditions (14). Our
previous study demonstrated altered expression and activity of
MMP-2 in hepatic stellate cells under hypoxic conditions (15),
however, the mechanism remains to be fully elucidated.

Previous studies have shown that autophagy also has a
close complex link with hypoxia (16). Extensive data suggests
that autophagy has a dual effect in hypoxia-induced cell
injury (17). The adaptation to hypoxia at the cellular level is
regulated by a dual mechanism; hypoxia leads to augmenta-
tion in the efficiency of energy-producing pathways, and
decreases energy consuming processes, including the activity
of Na, K-ATPase (18). As a cellular adaptive response, hypoxia
decreases the activity of Na, K-ATPase by triggering the
endocytosis of its al subunit in the alveolar epithelia (19).
These studies indicated that hypoxia induces autophagy
and endocytosis. Another study showed that autophagy and
endocytosis lead to reshaping of the cell membrane (20).
Membrane-type 1 MMP (MT1-MMP) is a zinc-dependent
proteinase found in cholesterol-rich lipid rafts on the plasma
membrane. MT1-MMP activates proMMP-2 (21), and the
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cleavage of proMMP-2 to an active form in a ternary complex
with TIMP (22,23). Therefore, the present study hypothesized
that autophagy and endocytosis triggered by hypoxia can lead
to alteration of the plasma membrane, which can alter the
expression of molecules regulating the activation of MMP-2,
and eventually resulting in a decrease in the activity of MMP-2.

The present study investigated the association between
autophagy and endocytosis and the activity of MMP-2 in
human proximal tubular cells under hypoxia in vitro. As
proximal tubular cells are key in the development of renal
fibrosis (24), the results of the present study may provide
useful clues to understand the mechanism by which hypoxia
alters the activity of MMP-2 in HK-2 cells.

Materials and methods

Cell culture and hypoxic treatment. The HK-2 human renal
proximal tubular epithelial cell line was purchased from the
Cell Bank of Type Culture Collection of Chinese Academy
of Sciences (Shanghai, China). The HK-2 cells were cultured
in high-glucose DMEM supplemented with 10% fetal bovine
serum (FBS), 100 U/ml penicillin and 100 pg/ml strepto-
mycin (Thermo Fisher Scientific, Inc., Waltham, MA, USA)
in humidified air containing 5% CO, at 37°C. At the second
passage of the cell culture, the viability of the cells was
optimal for experiments, which was the phase identified as
the logarithmic growth phase. Cells in the logarithmic growth
phase were used in all experiments.

The cells were seeded on 6-well plates at a density of
5x10° cells/well and cultured for 24 h. To mimic hypoxic
conditions, the cells in the culture medium were then subjected
to low-oxygen conditions. The oxygen concentrations were
maintained at 1-3% using a three gas incubator (Thermo
Fisher Scientific, Inc.), which was held under a positive pres-
sure in an atmosphere of 94-92% N,/5% CO,/1-3% O, for
24 h. For the hypoxic experiments, there were four groups of
triplicate wells, comprising a control group, hypoxic group,
hypoxic+3-methyladenine (3-MA) group (5 mM 3-MA;
Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and
a hypoxic+filipin group (filipin 2.5 pg/ml; Sigma-Aldrich;
Merck KGaA) group for 24 h at 37°C. The control cells were
cultured under normoxic conditions.

Western blot analysis. The cells were plated at a density of
5x10° cells/well on 6-well plates and cultured in DMEM
supplemented with 10% FBS for 24 h. Following treatment
under hypoxia for 24 h, the cells were washed three times with
ice-cold 1X PBS and lysed with immunoprecipitation assay
buffer containing protease inhibitors. Following incubation
on ice for 15 min to ensure complete lysis, the cell lysates
were centrifuged at 14,000 g for 10 min at 4°C. The protein
concentrations of the lysates were examined using a Bradford
protein assay kit. The cell lysates were boiled and 40 ug of
proteins were separated by 10% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE), and transferred
onto a polyvinylidene difluoride membrane via semi-dry
transfer (Bio-Rad Laboratories Inc., Hercules, CA, USA). The
membranes were washed in Tris-buffered saline containing
0.1% Tween-20 (TBST), blocked with 5% non-fat milk in
TBST for 1 h at room temperature, and incubated with primary
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rabbit monoclonal antibody against LC3B (ab48394; Abcam,
Cambridge, UK; 1:1,000), anti-MTI1-MMP (ab51074; Abcam;
1:1,000), anti-caveolin-1 (16447-1-AP; Protech Technology,
Inc., China; 1:1,000) or glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH; 10494-1-AP; Protech Technology, Inc.;
1:5,000) overnight at 4°C. The membranes were washed three
times in TBST, followed by incubation with the appropriate
horseradish peroxidase (HRP)-linked secondary anti-rabbit
antibodies (SA00001-1; Proteintech, Wuhan, China; 1:5,000)
for 1 h at room temperature. The specific proteins on the blots
were developed using enhanced chemiluminescence (ECL;
Vazyme Biotech Co., Ltd., Nanjing, China) and visualized as
bands on CL-XPosure film (Thermo Fisher Scientific, Inc.).
The optical densities of the bands were measured on the
GS710 Densitometer and analyzed using Quantity One image
analysis software version 4.6 (Bio-Rad Laboratories, Inc.).

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR) analysis. Total RNA was extracted from the HK-2
cells using the RNeasy Mini kit (Vazyme Biotech Co., Ltd.),
and DNase digestion was executed using an RNase-free DNase
set (Vazyme Biotech, Co., Ltd.). RT-qPCR was performed
to determine the expression of human MMP-2 using SYBR
Green PCR Master mix (Vazyme Biotech Co., Ltd.) using the
StepOnePlus™ Real-Time PCR Detection system (Step One
Plus 2.1 software) with universal thermal cycling parameters,
Reverse transcription was performed in a reaction system
containing 5 ug RNA, reverse transcriptase, RNase inhibitor
and random primers. The obtained cDNAs were used to run
gPCR with pairs of primers. The thermal cycling conditions
were as follows: 10 sec at 95°C followed by the amplification
reaction consisting of 40 cycles of denaturation for 10 sec at
95°C and annealing for 30 sec at 60°C. The resulting data were
analyzed with the comparative Ct method for relative gene
expression quantification against housekeeping gene, GAPDH.
The following primers were used: MMP-2 forward 5'-GAG
AACCAAAGTCTGAAGAG-3' and reverse 5'-GGAGTG
AGAATGCTGATTAG-3'; GAPDH forward 5-GGAAGG
TGAAGGTCGGAGTCA-3' and reverse 5-GCAACAATA
TCCACTTTACCAG-3'. The gene expression level of GAPDH
served as the control of target genes for reaction efficiency.
The 2°24¢ method (25) was used to determine the relative
quantities of products.

Enzyme-linked immunosorbent assay (ELISA) to quantify
MMP-2 and Collagen-1V (Col-1V) in culture media. ELISA
kits were used to detect the protein contents of MMP-2
and Col-IV in culture media, according to the manufac-
turer's protocol (E-11117 and E-13368 respectively; Shanghai
Hengyuan Biological Technology, Co., Ltd., Shanghai, China).
Purified MMP-2 or Col-IV antibody was used to coat the
microtiter plate wells, and the culture supernatants were then
mixed into the wells and incubated at 37°C for 2 h. Following
washing of the plates with PBS, another MMP-2 antibody or
Col-IV antibody labeled with HRP was added to the plates
at 37°C for 2 h. The plates were then washed thoroughly and
3,3',5,5'-tetramethylbenzidine substrate solution was added.
The reaction was terminated by the addition of a sulfuric acid
solution, and color was measured by spectrophotometry at a
wavelength 450 nm. The protein contents of MMP-2 or Col-IV
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in the samples were then calculated according to the standard
curve using Origin version 8.0 (OriginLab, Northampton, MA,
USA).

Detection of the activity of MMP-2 using zymography. The
activity of MMP-2 was determined via gelatin zymography
using an MMP Zymography Assay kit (Applygen Technologies,
Inc., Beijing, China) according to the manufacturer's protocol.
Following MMP-2 separation using SDS-PAGE, the SDS was
extracted from the gels using Triton X-100, and then incubated
for 48 h at 37°C. The gels were stained with coomassie bril-
liant blue G250 and decolorized. The clear band against a
blue background represented the activity of MMP-2 and was
measured using a gel image system (Image Master 1D analysis
software; GE Healthcare Life Sciences, Shanghai, China) and
recorded as the total area (area of clear band x mean area) (26).

Statistical analysis. Statistical analyses were performed
using the SPSS 13.0 statistical software package (SPSS, Inc.,
Chicago, IL, USA). The data are expressed as the mean =+ stan-
dard deviation. Differences between groups were analyzed
using Student's t-test. P<0.05 was considered to indicate a
statistically significant difference.

Results

3-MA and filipin inhibit hypoxia-induced autophagy and
endocytosis in HK-2 cells, respectively. To examine the
inhibition of 3-MA and filipin in the HK-2 cells subjected to
hypoxia, the expression of LC3 and Cavelin-1 were detected
n in HK-2 cells under hypoxia using western blot analysis.
The results of the western blot analysis of LC3 confirmed
that there was increased transformation from LC3-I to LC3-II
in the hypoxia-treated HK-2 cells, compared with the cells
under normoxic conditions, which demonstrated that hypoxia
induced autophagy. However, in the hypoxic cells treated with
3-MA, the transformation from LC3-I to LC3-II was signifi-
cantly reduced. These data suggested that hypoxia induced
autophagy in HK-2 cells, which was inhibited by 3-MA
(Fig. 1A and B). Simultaneously, it was found that hypoxia
upregulated the protein expression of Caveolin-1. When the
HK-2 cells were treated with filipin under hypoxia, the expres-
sion of Caveolin-1 was inhibited (Fig. 1A and C). These results
showed that hypoxia promoted autophagy and Caveolae endo-
cytosis, which were inhibited by 3-MA and filipin in HK-2
cells under hypoxia, respectively.

Inhibition of autophagy and endocytosis alters the activity
of MMP-2 in culture media of hypoxia-treated HK-2 cells.
The results of the gel zymography of MMP-2 showed two
major bands, one band at 62 kDa representing the active form
of MMP-2 and another at 72 kDa representing pro-MMP-2.
The activity of MMP-2 in the hypoxic group (0.36+0.07) was
found to be lower, compared with that in the normoxic group
(1.00+0.00). When the HK-2 cells were treated with 3-MA,
active MMP-2 (0.25+0.04) in the hypoxic+3-MA group was
further decreased, compared with that in the hypoxic group. By
contrast, the activity of MMP-2 was significantly elevated in the
group treated with filipin and hypoxia (0.60+0.08), compared
with that in the hypoxic group (P<0.01; Fig. 2A and B).
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Inhibition of autophagy and endocytosis enhances the mRNA
expression of MM P-2 in hypoxia-treated HK-2 cells. To examine
the expression of MMP-2 and its correlation with autophagy
and endocytosis, the present study investigated the expression
of MMP-2 in HK-2 cells using RT-qPCR analysis. Compared
with the normoxic group, the mRNA level of MMP-2 was not
affected in the cells exposed to hypoxia. However, 3-MA and
filipin significantly increased the mRNA levels of MMP-2 in
the hypoxic cells (P<0.01), and 3-MA exhibited more marked
induction of the mRNA expression of MMP-2, compared with
filipin. The relative expression of MMP-2 was 1.24+0.16 in the
hypoxic group, 15.53+2.12 in the hypoxic+3MA group and
6.40+4.22 in the hypoxic+filipin group (Fig. 2C).

Inhibition of autophagy and endocytosis alters the protein
levels of MMP-2 and Col-1V in the culture media of
hypoxia-treated HK-2 cells. The protein expression levels of
MMP-2 in cell culture media was determined using ELISA
to determine the efficiency of protein secretion by the cells.
As shown in Fig. 2D, the protein expression of MMP-2
(3.71£0.12 ug/1) was significantly reduced in the hypoxia-treated
cells, compared with that in the normoxic cells (4.54+0.33 ug/l;
P<0.05). When the cells were incubated with the inhibitor,
3-MA, under hypoxia for 24 h, the protein expression of
MMP-2 (3.67+0.20 ug/1) was further reduced, compared with
the hypoxic group. However, the addition of filipin increased the
protein level of MMP-2 in the culture media (4.44+0.31 pg/l),
compared with that in the hypoxic group (P<0.01; Fig. 3A).

As the protein level of Col-IV in the cell culture media
was opposite to the activity of MMP-2, the protein expression
of Col-IV was examined using ELISA to assess the enzymatic
activity of MMP-2. The results showed that the protein levels of
Col-1V in the hypoxic group (5.33+0.14 ug/l) and hypoxic+3-MA
group (5.46+0.06 ug/l) were increased, compared with that
in the normoxic group (5.02+0.07 pg/l), suggesting decreased
activity of MMP-2. The protein level of Col-IV was decreased
in the hypoxic+filipin group (5.18+0.02 pug/l), compared with
that in the hypoxic group (P<0.05; Fig. 3B), indicating increased
activity of MMP-2 in the presence of filipin.

Inhibition of endocytosis increases the expression of MTI-MMP
in hypoxia-treated HK-2 cells. Western blot analysis was used
to detect the protein levels of MT1-MMP in the cells. The
protein expression of MT1-MMP was normalized with the
internal control, GAPDH (Fig. 3C). The results showed that the
protein expression of MT1-MMP was significantly higher in
the normoxic group, compared with that in the hypoxic group.
Compared with the hypoxic group, treatment with 3-MA under
hypoxic conditions for 24 h resulted in a further decrease in
the protein level of MT1-MMP, whereas filipin increased the
protein level of MT1-MMP in the cells. The fold increases in
MTI1-MMP protein were 0.54+0.09 and 0.80+0.12, compared
with the normoxic group, respectively (Fig. 3D).

Discussion

Renal hypoxia is an important factor in the pathophysiology
of the acute kidney injury (AKI) to CKD transition (27).
The reason for the reduced MMP-2 activity in patients with
CKD remains to be fully elucidated. Studies have shown that
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Figure 1.3-MA and filipin inhibit the autophagy and endocytosis induced by hypoxia in HK-2 cells. (A) Western blot analysis of the autophagy protein (LC3B)
and endosome proteins (Caveolin-1) in HK-2 cells exposed to hypoxia and 3-MA or filipin for 24 h. (B) Expression of LC3-II relative to that of GAPDH.
(C) Expression of Caveolin-1 relative to that of GAPDH. Data are presented as the mean + standard deviation, and results were analyzed using Student's t-test
(unpaired) “P<0.01. 3-MA, 3-methyladenine; LC3B, microtubule-associated protein light chain 3.
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Figure 2. 3-MA and filipin alter the activity of MMP-2 in culture media of HK-2 cells under hypoxia. (A) MMP-2 activity was evaluated using gelatin-substrate
gel zymography in culture media of hypoxia-treated HK-2 cells. (B) Gels were scanned and quantified using densitometry, and relative MMP-2 activity was
calculated as a percentage of the relevant control values (assigned as 1) in arbitrary densitometry units. Data are presented as the mean of three separate
experiments. (C) Relative mRNA levels were calculated as a percentage of the relevant control values. Results were analyzed using Student's t-test (unpaired)
“P<0.05; “P<0.01. MMP-2, matrix metalloproteinase-2.

renal proximal tubular cells may be the primary target of a  of MMP-2 in human renal proximal tubular epithelial cells
hypoxic insult (1,28). Hypoxia induces autophagy and endo- remains to be elucidated. In the present study, HK-2 cells
cytosis (17-19). However, whether hypoxic-induced autophagy  were treated with hypoxia and with specific inhibitors of
and Caveolae-mediated endocytosis can affect the activity = autophagy and endocytosis (3-MA and filipin, respectively),
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Figure 3. Protein expression of MMP-2 and Col-1V in cell culture supernatants, and of MT1-MMP in hypoxia-treated HK-2 cells. (A) Protein expression
of MMP-2 in cell culture supernatants was detected using ELISA. (B) Protein expression of Col-IV in cell culture supernatants was detected using ELISA.
(C) Western blot analysis of the protein levels of MT1-MMP in HK-2 cells exposed to hypoxia and 3-MA or filipin for 24 h. (D) Expression of MT1-MMP
relative to that of GAPDH. Data are presented as the mean + standard deviation, and results were analyzed using Student's t-test (unpaired) "P<0.05; “P<0.01.
MMP-2, matrix metalloproteinase-2; Col-1V, collagen-IV; MT1, membrane-type 1; ELISA, enzyme-linked immunosorbent assay.

and decreased autophagy and endocytosis were observed in
the cells following exposure to hypoxia for 24 h. These data
suggested that 3-MA and filipin were effective inhibitors for
autophagy and Caveolae-mediated endocytosis in hypoxia,
respectively.

In the present study, the specific inhibitors for autophagy
and Caveolae-mediated endocytosis altered the expres-
sion and activity of MMP-2 in hypoxia-treated HK-2 cells.
3-MA and filipin significantly increased the mRNA levels of
MMP-2 in hypoxia-treated cells. In particular, the inhibition
of Caveolae-mediated endocytosis by filipin increased the
activity of MMP-2 in culture media under hypoxia. Although
the inhibition of autophagy considerably upregulated the
expression of MMP-2 at the mRNA level, 3-MA decreased the
activity of MMP-2 in culture media under hypoxia. In a report
by Orphanides ef al (14), data suggested that regulation of the
activity of MMP-2 was via a post-transcriptional mechanism,
and the results of the present study appeared to confirm this,
with the ELISA results for the protein expression levels of
Col-IV and MMP-2 confirming these observations.

A previous study showed that Caveolin-1 inhibits the
activity of MT1-MMP, promoting the internalization of
MT1-MMP from the cell surface and reducing the activation of
proMMP-2 (21). Another study demonstrated that MT1-MMP
is crucial for the activation of proMMP-2 (22). In the present
study, the protein level of MT1-MMP was increased, and the
activity of MMP-2 was augmented. These findings are consis-
tent with these previous reports. The expression of MT1-MMP
induced the activation of proMMP-2, however, the association

requires further elucidation. Previous reports have shown that
Caveolin-1 inhibits the activity of MMP-2 in heart tissue (29)
and filipin decreases Caveolae-mediated endocytosis (30).
In the present study, when filipin inhibited the expression of
Caveolin-1 under hypoxia, the levels of Caveolin-1 signifi-
cantly increased the activity of MMP-2, and this result is
similar to results of previous studies (29,30).

The activity of MMP-2 is key in preventing the thickness of
the TBM and the accumulation of interstitial ECM in patients
with CKD (3-6). The present study demonstrated the associa-
tion of hypoxia-induced autophagy and endocytosis with the
activity of MMP-2, respectively, providing novel insight into
the mechanisms underlying the interaction between the activity
of MMP-2 and hypoxia. Furthermore, these results provide
clues regarding the mechanism underlying progressive fibrosis
in patients with CKD. It was hypothesized that the activity of
MMP-2 increases in culture media following the inhibition
of autophagy and endocytosis as molecules regulating the
activation of MMP-2 may not be affected, however, only the
inhibition of endocytosis increased the activity of MMP-2. It is
likely that 3-M A may affect other signaling molecules respon-
sible for regulating the mRNA level and activity of MMP-2
under hypoxic conditions. Further investigation in the in vivo
model is warranted.

In conclusion, the present study provided novel findings
suggesting that the inhibition of Caveolae-mediated endocy-
tosis may increase the activity of MMP-2 in the kidney tissues
of patients with CKD, and may be potentially used to inhibit
renal fibrogenesis, prevent TBM thickness and prevent the
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accumulation of ECM in renal diseases. Simultaneously, the
results of the present study may provide novel insight into the
mechanism underlying progressive fibrosis.
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