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Role of miR-21 on vascular endothelial cells in the protective
effect of renal delayed ischemic preconditioning
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Abstract. Vascular endothelial cells may serve crucial roles
in the development of acute kidney injury (AKI). microRNA
(miR)-21, which possesses a renal protective function has
been found on vascular endothelial cells. The present study
aimed to test the hypothesis that miR-21 may protect vascular
endothelial cells against injury, which may contribute to the
protective effects of renal delayed ischemic preconditioning
(IPC). Preconditioned (15 min ischemia) or Sham mice (not
clamped) were subjected to 35 min occlusion of bilateral renal
pedicles 4 days following preconditioning or Sham treatment.
Human umbilical vein endothelial cells (HUVECs) were
treated with cobalt(II) chloride (CoCl,) to establish an in vitro
hypoxia model. Locked nucleic acid-modified anti-miR-21 or
scrambled control oligonucleotides were transfected into cells
or delivered into mice via tail vein injection <1 h prior to IPC.
Following 24 h of reperfusion or hypoxia, morphological and
functional parameters, apoptosis and miR-21 and programmed
cell death 4 (PDCD4) expression were assessed in vivo and
in vitro. Treatment of HUVECs with CoCl, led to an upregula-
tion of miR-21 expression, a downregulation of PDCD4 protein
expression and attenuation of apoptosis. Inhibition of miR-21
expression led to increased expression levels of PDCD4 protein
and apoptosis in HUVECs. IPC attenuated renal IR injury in
mice. The protective effect of IPC appeared to be dependent
on upregulated miR-21 expression. IPC-induced upregulation
of miR-21 expression also occurred in HUVECsS, and IPC also
led to reduced PDCD4 expression and vascular permeability
in mouse kidneys. The effects of IPC were attenuated by the
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inhibition of miR-21; miR-21 expression attenuated damage in
vascular endothelial cells, which may contribute to the protec-
tive effects of delayed IPC on renal IR injury. The present
study suggested a novel target for the prevention and repair of
AKI in the future.

Introduction

Renal ischemia/reperfusion (IR) injury is a major cause of
acute kidney injury (AKI), the pathophysiology of which is
considered to be associated with renal tubular epithelial cell
injury (1). Vascular endothelial cells may be involved in deter-
mining vascular permeability, communicating with other cells
and regulating vasomotion. In addition, vascular endothelial
cells may serve crucial roles in the development of AKI. An
injection of HUVECSs can be implanted in the vascular bed
of the renal peritubular capillaries and significantly improve
renal function after I/R injury (2). It was hypothesized that
HUVECs may possess some characteristics or functions of
renal peritubular microvascular endothelial cells and thus
HUVECs were used for in vitro study. Delayed ischemic
preconditioning (IPC) is a brief, sublethal episode of ischemia
that protects certain organs against subsequent lethal ischemic
insult and is thought to be an endogenous mechanism of
preserving organ function. The beneficial effects of delayed
IPC have been confirmed in the kidneys of rats and mice (3-5);
however, the role of renal vascular endothelial cells in delayed
IPC has not previously been investigated.

microRNAs (miRNAs) are endogenous, short (18-22 nucleo-
tides) RNA molecules that may be involved in the physiological
functions of the kidneys and in the pathological processes of
renal disease. Several miRNAs, including miR-200, miR-21
and miR-133, have been previously demonstrated to be associ-
ated with the protective effects of IPC on IR injury (6,7). Our
previous study demonstrated that IPC significantly increased
the expression of miR-21 in the mouse kidney 24 h following
IR. Knockdown of miR-21, combined with IPC, significantly
exacerbated subsequent renal IR injury (8). Other studies have
demonstrated that miR-21 is expressed in vascular endothelial
cells (9,10), and that programmed cell death 4 (PDCD4) is a
proapoptotic target gene of miR-21 (8). The present study
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focused on vascular endothelial cells and hypothesized that the
protective role of miR-21 in renal delayed IPC may be associated
with reduced endothelial cell apoptosis by targeting PDCDA4.

Materials and methods

Mouse models of delayed renal IPC and IR. A total of 60 male
C57BL/6 mice (weight,20-23 g; age, 6-7 weeks) were housed in
the Animal Center of Zhongshan Hospital of Fudan University
at 24-25°C, 5% CO,, free access to food and water, and 16-h
light/8-h dark cycle. The mice were anesthetized intraperitone-
ally with 1% pentobarbital (50 mg/kg; Sigma-Aldrich, Merck
KGaA, Darmstadt, Germany). Following midline laparotomy,
the bilateral renal pedicles were clamped for 15 min using
micro-serrefine clips (Fine Science Tools, Inc., Foster City,
CA, USA) to induce TPC. Mice were maintained at 35-37°C
and the abdominal cavity was hydrated with saline-moistened
gauze. Mice in the IPC + IR group were subjected to 35 min
bilateral kidney ischemia 4 days post-IPC, followed by reper-
fusion for 24 h. Mice in the Sham group underwent the same
surgical procedures, except that the renal pedicles were not
clamped (no IPC). Following treatment, the mice were anes-
thetized intraperitoneally with 1% pentobarbital (50 mg/kg) at
24 h after reperfusion, and then the blood samples were taken
by cardiac puncture and the kidneys collected; one kidney was
snap-frozen in liquid nitrogen for protein and RNA isolation
followed by transference to a -80°C freezer, and the other
kidney was fixed for histological analysis. Serum creatinine
(SCr) was measured as previously described by a Quantichrom
creatinine Assay kit (BioAssay Systems, Hayward, CA,
USA) (8). The study was approved by the ethics committee of
Zhongshan Hospital of Fudan University (Shanghai, China).

Histological analysis of renal injury and immunohistochemical
staining. Kidney tissues were fixed in 10% neutral-buffered
formalin at room temperature for 24 h and embedded in
paraffin. Tissues were sectioned (4 ym), deparaffinized and
stained with periodic acid-Schiff counterstained with alum
hematoxylin. Histopathological changes were examined in a
blinded manner by scoring tubular cell necrosis or swelling,
interstitial infiltration by multinucleated cells, tubular casts
and brush border loss; sections were scored according to the
severity of changes on a semi-quantitative scale: No injury (0);
mild, <25% (1); moderate, <50% (2); severe, <75% (3); and very
severe, >75% (4). For immunohistochemistry, kidney sections
were deparaffinized in dimethylbenzene twice, dehydrated in
gradient ethanol and endogenous peroxidase activity was elimi-
nated by 3% H,0, incubation at room temperature for 30 min.
The sections were blocked with 10% goat serum (Sigma-Aldrich,
Merck KGaA) for 20 min at room temperature and incubated
with monoclonal rat anti-mouse CD31 antibody (ab7388, 1:50;
Abcam, Cambridge, MA, USA) overnight at 4°C. Antibody
dilution and washing steps were performed with PBS. The
secondary antibody incubation and staining was carried out by
GTVision I Immunohistochemistry Detection System/Mo&Rb
(GK500611A; Gene Tech Biotechnology Co., Ltd., Shanghai,
China) according to the manufacturer's protocol.

miR-21 in situ hybridization (ISH).ISH was performed on the
formalin-fixed paraffin-embedded kidney sections (4 ym) by
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microRNA ISH Optimization kit 2 (Exiqon A/S, Vedbaek,
Denmark) with 5'- and 3'-digoxigenin (DIG)-labeled miR-21
probes and U6 as a positive control, according to the manu-
facturer's protocols, with minor modifications. Briefly, tissue
sections were deparaffinized in xylene and rehydrated using
an ethanol gradient. Sections were treated with proteinase K
(20 mg/ml) for 10 min at 37°C and subsequently incubated
with hybridization buffer at room temperature for 30 min.
The probes were diluted in hybridization buffer (40 nM for
miR-21 and 1 nM for U6) and preheated at 90°C for 5 min to
linearize prior to adding to the slides (50 pl/tissue section).
Following incubation at 53°C for 2 h, slides were rinsed twice
(5 min each) in 5X saline sodium citrate (SSC), 1X SSC and
0.1X SSC at 53°C, followed by washes with PBS-Tween-20
(0.1%), and blocking with sheep serum (2%; Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA, USA)
for 30 min at 37°C. Slides were subsequently incubated with
1:800 anti-DIG alkaline phosphatase antibody (11 093 274
910; Roche Applied Science, Rotkreuz, Switzerland) for 1 h
at room temperature, followed by incubation in nitro blue
tetrazolium/5-bromo-4-chloro-3-indolyl phosphate (11 697
471 001; Roche Applied Science) diluted in double-distilled
H,O0 for 2 h at 34°C. Slides were rinsed with alkaline phos-
phatase stop solution to halt the color development, prior
to dehydration with 70, 96 and 99.99% ethanol in sequence
(1 min followed by immersing 10 times for each ethanol),
clearing with dimethylbenzene for 5 min and mounting in
Eukitt® (Sigma-Aldrich; Merck KGaA) at room temperature.
The tissue was visualized by microscope (Leica DM6000 B;
Leica Microsystems GmbH, Wetzlar, Germany) and images
captured and analyzed by Leica Application Suite software
version 4.5 (Leica Microsystems GmbH).

Assessment of renal vascular protein leakage using Evans
blue dye. Evans blue dye was used to assess vascular leakage
to evaluate renal microvascular permeability as previously
described (11). Mice were injected intravenously with Evans
blue dye (2 ml/kg; Sigma-Aldrich; Merck KGaA) 30 min
prior to sacrifice. Following sacrifice, mice were perfused
with PBS through the left ventricle to completely eliminate
blood. The kidneys were weighed and subsequently homog-
enized in 1 ml pure formamide (Sigma-Aldrich; Merck
KGaA) and incubated at 55°C for 18 h. The supernatant was
collected following centrifugation (10,000 x g for 30 min
at room temperature). The amount of Evans blue dye in
the supernatant was analyzed by measuring absorbance at
620 nm. Results were calculated from a standard curve of
Evans blue dye and expressed as the concentration of Evans
blue dye (ug)/kidney weight (g).

Cell culture and cobalt (II) chloride (CoCl,) treatment.
HUVEC were obtained from American Type Culture
Collection (Manassas, VA, USA) and cultured in endothelial
cell medium with 5% fetal bovine serum (Sciencell Research
Laboratories, Inc., Carlsbad, CA, USA) at 37°C with 95% air
and 5% CO,. HUVECs at 60-70% confluence were exposed
to 150 uM CoCl, for 24 h under 37°C to mimic hypoxia or
placed in fresh normal medium as a control as previously
described (12). Following CoCl, incubation, the cells were
harvested for RNA, protein extraction or flow cytometry.
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Figure 1. Hypoxia induces miR-21 expression in HUVECs. (A) miR-21 was upregulated by CoCl, treatment at 150 zM for 24 h in HUVECs. (B) Decreased
expression of PDCD4 protein was observed in HUVECs following CoCl, treatment. Data are presented as the mean + standard error of the mean. n=3
per group; "P<0.05 and “"P<0.01 vs. control. CoCl, cobalt chloride; HUVECSs, human umbilical vein endothelial cells; miR-21, microRNA-21; PDCD4,

programmed cell death protein 4.

Invitro and in vivo use of locked nucleic acid (LNA)-modified
anti-miR-21 oligonucleotides. LNA-modified anti-miR-21
oligonucleotides (Exiqon A/S) were used to suppress miR-21
expression in both in vitro and in vivo experiments with the
scrambled oligonucleotides (Exiqon A/S) as the control. The
sequence of the anti-miR-21 and scrambled control are as
follows: LNA anti miR-21 5'-FAM-TCAGTCTGATAAG
CT-3'; scrambled control: 5'-FAM-ACGTCTATACGCC
CA-3'. HUVECs at 80-90% confluence (1x10%/well in a
6 well plate) were transfected with anti-miR-21 and scrambled
control oligonucleotides (100 nM), using Lipofectamine®2000
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA,
USA) according to the manufacturer's protocols. The final
concentration of LNA™ microRNA inhibitors (LNA-oligos)
was decided according to the suggested concentration from
LNA-oligos and Lipofectamine® 2000 from the manufacturer
combined with the dose from a previous study (13). Briefly,
LNA mix was incubated in the Lipofectamine® 2000 mix for
20 min at room temperature before pouring into dishes. The
transfection medium was replaced with the regular medium
4 h post-transfection. Following 20 h incubation, cells
were treated with CoCl,. LNA-modified anti-miR-21 and
scrambled control oligonucleotides used for in vivo suppres-
sion experiments were administered by intravenous tail vein
injection (10 mg/kg body weight) <1 h prior to ischemia
surgery (8).

TagMan reverse transcription-quantitative polymerase
chain reaction (RT-qgPCR). Total RNA from kidney tissue
(1/4 kidney) and cells with 80-90% confluence in 3.5 cm
dishes was isolated using TRIzol (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol.
The RNA purity was determined according to the ratio of
A260/A280 (1.8-2.0). RT-qPCR of miR-21 were performed
with the TagMan MicroRNA Reverse Transcription kit
(Applied Biosystems; Thermo Fisher Scientific, Inc.) for RT
and then the TagMan(R) Universal PCR Master Mix (Applied

Biosystems) for cDNA amplification according to the manu-
facturer's protocol (14). U6 was used as internal control to
normalize miRNA expression. Ambion® (Thermo Fisher
Scientific) RT and PCR primers of miR-21 (has-miR-21;
ID 000397) and U6 (U6 snRNA ID 001973) are special
for TagMan® MicroRNA Assays. The program of 16°C for
30 min, 42°C for 30 min and 85°C for 5 min was used for
RT. qPCR was conducted at 95°C for 10 min, followed by
40 cycles of 95°C forl5 sec and 60°C for 1 min in the Applied
Biosystems® 7500 Real-Time PCR Systems (Thermo Fisher
Scientific, Inc.). The 7500 software version 2.0.6 was used
for analysis. The expression level of miR-21 was analyzed as
described previously (8) and the 24*“4 method was used for
normalization (15).

Western blot analysis. The cells were lysed by cold RIPA lysis
buffer (with 1 mM phenylmethylsulfonyl fluoride; KeyGen
Biotech Co., Ltd., Nanjing, China). Half of one kidney was
frozen and ground in liquid nitrogen, then disrupted in cold
lysis buffer. Supernatants were collected after centrifuged.
The BCA method of protein quantification was used with the
kit (KeyGen Biotech Co., Ltd.). Protein samples (40 ug per
lane) were separated by 10% SDS-PAGE and transferred to a
polyvinylidene difluoride membrane. The describe membrane
was blocked with 5% nonfat milk for 1 h at room tempera-
ture, followed by incubation with primary antibodies against
PDCD4 (rabbit polyclonal; NBP1-76738; 1:1,000; Novus
Biologicals, LLC, Littleton, CO, USA) or p-actin (mouse
monoclonal; 1:1,000; Abcam) overnight at 4°C. The secondary
antibodies included horseradish peroxidase-conjugated
anti-rabbit or anti-mouse immunoglobulin G (sc-2372 for
anti-rabbit and sc-2005 for anti-mouse; 1:5,000; Santa Cruz
Biotechnology, Inc.) and were used for incubation for 1.5 h
at room temperature. Protein bands were developed with
ECL Western Blotting Detection Reagents (Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol. The
results were normalized to the protein levels of -actin.



2630 XU et al: PROTECTIVE EFFECT OF RENAL DELAYED IPC
A 120 B Anti-miR-21 Scrambled control
g E 100~ PDCD4 sm— —
g = —— —
5 51 80-
™ .l
SR CAD o o— —
9
2, 1.5 #
E % 0- ## =
° 0 £ 12 4
© ! = : £ _
L Anti-miR-21  Scrambled £2 09
control B &
= 06
=+ U
== |
.E 0.3
B 0 - |
Anti-miR-21 Scrambled
control
C CoCl,
. o1 R
g: ' " 1.64% 15
> e 12
3 2
S g o9 %
£ o2
2
8 5 6
§ @ ¥
@
<} 0!
2 Q3 CoCl, Control
= 10° e R L
- 3
10 10 10
Annexin V-FITC intensity
D
_ Anti-miR-21 Scrambled control
2 + To o2
g L) ‘a‘ws. 5.36% . 18 ph
= £ 15
< =
8 E 12
= s 9
s s
$ “ 0
g Anti-  Scrambled
; miR-21 control

Figure 2. Knockdown of miR-21 increases PDCD4 expression and apoptosis of HUVECs in hypoxic conditions. (A) Expression of miR-21 was suppressed by
the locked nucleic acid-modified anti-miR-21 oligonucleotide in hypoxic (CoCl,-treated) HUVECs compared with scrambled control-treated cells. (B) Western
blot analysis demonstrated that anti-miR-21 exposure increased PDCD4 protein expression in CoCl,-treated HUVECSs compared with the scrambled control
group. (C) Apoptosis was significantly decreased in HUVECS treated with CoCl,. (D) Anti-miR-21 treatment increased apoptosis of hypoxic HUVECs. Data
are presented as the mean + standard error of the mean. n=6 per group; "P<0.05 vs. control; “P<0.05 and ""P<0.01 vs. scrambled control; CoCl, cobalt chloride;
HUVECs, human umbilical vein endothelial cells; miR-21, microRNA-21; PDCD4, programmed cell death protein 4.

Flow cytometry analysis for apoptosis. Apoptosis in
cultured cells was measured by flow cytometry with the
Annexin V-FITC/PI Apoptosis Detection kit (KeyGen
Biotech Co., Ltd.) according to the manufacturer's protocol. At
24 h following CoCl, treatment with or without LNA-oligos,
the cells were harvested, washed with PBS and stained with
Annexin V-fluorescein isothiocyanate (FITC) and propidium
iodide (PI) for 10 min in a dark environment, and detection
was performed by BD FACSAria™ II Flow Cytometer (BD
Biosciences, San Jose, CA, USA). The data from flow cytom-
etry was analyzed by FlowJo software version 7.6.1 (FlowJo

LLC, Ashland, OR, USA). Early apoptotic cells exhibited
Annexin V-FITC+/PI- staining patterns, whereas late apop-
totic cells exhibited Annexin V-FITC+/PI+ staining patterns
in the flow cytometry plots. All experiments were performed
in triplicate.

Statistical analysis. SPSS version 16.0 (SPSS, Inc., Chicago,
IL, USA) was used for statistical analysis. Data were analyzed
using the unpaired Student's t-test when comparing between
2 groups and one-way analysis of variation with Tukey's
multiple comparison when comparing >2 groups. RT-qPCR
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Figure 3. Delayed IPC increased miR-21 expression in renal tubular and in endothelial cells, which was inhibited by locked nucleic acid-modified anti-miR-21
oligonucleotide treatment. (A) miR-21 expression 24 h following IR was increased in kidneys exposed to IPC compared with Sham + IR mice. (B) Expression
of miR-21 in the renal tissue 24 h following IR was inhibited by treatment with anti-miR-21 administered at the time of IPC, compared with mice treated
with the scrambled control oligonucleotides. (C) Representative images of U6 (positive control) and miR-21 expression in mouse kidney sections by in situ
hybridization. The increase of miR-21 expression was notable in vascular endothelial cells (arrows) of IPC + IR + scrambled control-treated mice in addition to
the renal tubular epithelial cells (red circle). Magnification, x20; scale bar, 50 gm. (D) miR-21 expression in vascular endothelial cells, which were marked by
CD31 staining and is indicated by the similar shaped arrows in the two images. (E) Serum creatinine and (F) histology score 24 h following IR were attenuated
by delayed IPC, wherease miR-21 knockdown in mice exposed to delayed IPC significantly worsened renal IR injury. (G) Histopathological changes of mice
kidney sections from each group. Representative periodic acid-Schiff-stained micrographs in the corticomedullary junction. Magnification, x20. Black arrow
indicates cast formation and yellow arrow indicates infiltration of inflammatory cells. Data are presented as the mean + standard error of the mean. n=6 per
group; "P<0.05 and “P<0.01 vs. Sham + IR group; "P<0.05 and “P<0.01 vs. scrambled control group. IPC, ischemic preconditioning; IR, ischemia/reperfusion;

miR-21, microRNA-21; U6, U6 small nuclear RNA.
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Figure 4. Knockdown of miR-21 exacerbates IR injury in mice kidneys following delayed IPC and IR by upregulation of PDCD4 expression, and exacerbates
damage of microvascular endothelial cells. (A) PDCD4 protein expression was decreased in mice kidneys exposed to delayed IPC and IR. (B) miR-21 knock-
down resulted in upregulation of PDCD4 protein expression. (C) Delayed IPC significantly attenuated apoptosis of vascular endothelial cells as indirectly
determined by microvascular permeability 24 h after IR, whereas locked nucleic acid-modified anti-miR-21 oligonucleotide treatment exacerbated Evans blue
dye leakage from renal vascular cells. Data are presented as the mean + standard error of the mean. n=5-6 per group; P<0.05 and “P<0.01 vs. Sham + IR
group; “P<0.05 vs. scrambled control group. IPC, ischemic preconditioning; IR, ischemia/reperfusion; miR-21, microRNA-21; PDCD4, programmed cell death

protein 4.

data are presented as a percentage of the control since data from
multiple PCR plates were combined. For these data, statistical
analysis was performed on the original data before conversion
to percentage values. P<0.05 was considered to indicate a
statistically significant difference. Data are presented as the
mean =+ standard error of the mean.

Results

CoCl, treatment affects the expression of miR-21 and PDCD4
protein in HUVECs. Our previous study demonstrated that
hypoxic conditions were able to induce the expression of
miR-21 in human renal epithelial cells (13). The present
study used CoCl, to mimic hypoxia in vitro, and HUVECs
treated with CoCl, for 24 h exhibited a significant upregula-
tion of miR-21 expression compared with the control group
(193.44+16.32% of the control; P<0.01; Fig. 1A). In addition,
the expression of PDCD4 protein in the CoCl, and control
groups was investigated by western blot analysis. PDCD4
protein expression was significantly reduced compared with
the control group (P<0.05; Fig. 1B).

Knockdown of miR-21 increases expression of PDCD4 and
cell apoptosis in hypoxic conditions in vitro. The CoCl,-induce
increase in miR-21 expression was significantly reduced
in HUVECs transfected with LNA-modified anti-miR-21
oligonucleotides, compared with scrambled control (3.19% of
scrambled control; P<0.01; Fig. 2A). PDCD4 protein expression
increased significantly in the anti-miR-21 group, compared
with scrambled control (P<0.05; Fig. 2B). In addition, the
results demonstrated that treatment with CoCl, significantly
attenuated apoptosis of HUVECs compared with the untreated
control group (P<0.05; Fig. 2C). However, CoCl,-treated
HUVECS transfected with anti-miR-21 exhibited an increase
in the number of apoptotic cells compared with hypoxic cells
transfected with the scrambled control (P<0.01; Fig. 2D).

miR-21 expression in renal vascular endothelial cells contrib-
utes to the protective effects of renal delayed IPC. Renal IPC
for 15 min resulted in a significant increase in the expression of
miR-21 in the kidney 24 h following the second IR, compared
with mice in the Sham + IR group (179.18+17.42% of the
Sham + IR group; P<0.05; Fig. 3A). LNA-modified scrambled
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control or anti-miR-21 oligonucleotides were administered to
mice through the tail vein prior to IPC surgery; treatment with
anti-miR-21 significantly reduced the expression of miR-21
in the kidney 24 h following the second IR compared with
the scrambled control group (2.43+0.71% of the scrambled
control group; P<0.01; Fig. 3B). ISH for miR-21 expression
was examined in the cortex and medulla in the kidney under
all experimental conditions, and the results revealed that the
expression of miR-21 was increased in IPC + IR mice that
were co-treated with scrambled control, and suppressed with
anti-miR-21 treatment (Fig. 3C). The result of ISH in the
scrambled control group shown that miR-21 could express in
the vascular endothelial cells (arrows in Fig. 3C) in addition
to the tubular epithelial cells (circles in Fig. 3C); however, this
pattern of miR-21 expression was not observed in either region
in IPC + IR mice treated with anti-miR-21. The expression
of U6 positive control is shown in the anti-scrambled control.
To further identify the distribution of miR-21 expression in
vascular endothelial cells, immunohistochemical staining of
CD31 for vascular endothelial cells and ISH for miR-21 in two
serial sections was performed. As demonstrated in Fig. 3D, the
positive expression area of CD31 and miR-21 are similar as
indicated by similar shaped arrows in the two images.

Delayed IPC significantly attenuated IR-induced renal
dysfunction, as demonstrated by the renal function and
histological damage observed (Fig. 3E-G). Compared with
the Sham + IR group, IPC + IR mice exhibited a significant
decrease in SCr (P<0.01; Fig. 3E) and histology score (P<0.01;
Fig. 3F). However, treatment with anti-miR-21 reversed the
protective effect of IPC in IR mice: The anti-miR-21 group had
significantly increased SCr and histology score compared with
the scrambled control (P<0.05; Fig. 3E and F, respectively) and
exhibited characteristics of acute tubulointerstitial damage
similar to that observed in the Sham + IR group, including
massive tubular epithelial cell necrosis or swelling, tubular
casts and inflammatory cell infiltration (Fig. 3G).

miR-21 knockdown may increase vascular endothelial cell
apoptosis by increasing PDCD4 expression. The expression
of PDCD4 protein was examined in mice from all groups.
PDCD4 protein expression was significantly downregulated
in IPC + IR mice compared with Sham + IR mice (P<0.05;
Fig. 4A), whereas PDCD4 protein expression was significantly
upregulated by in IPC + IR mice treated with anti-miR-21
compared with mice in the scrambled control group (P<0.05;
Fig. 4B), which was consistent with the suggestion that
PDCD4 may be targeted by miR-21 (16). Renal microvascular
permeability was measured by Evans blue dye leakage, and
was assessed to indirectly evaluate apoptosis of vascular endo-
thelial cells. The amount of Evans blue dye in the kidney of
IPC + IR mice was significantly lower compared with Sham +
IR mice (P<0.01; Fig. 4C). In addition, IPC + IR mice that
received anti-miR-21 treatment exhibited a significant increase
in the amount of Evans blue dye in the kidney compared
with IPC + IR mice treated with scrambled control (P<0.05;
Fig. 4C), which suggested an increase in apoptosis of vascular
endothelial cells in the kidney. The results indicated that
miR-21 may attenuate vascular endothelial cell apoptosis by
targeting PDCD4 and may serve a role in the protective effects
of delayed IPC.
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Discussion

The present study, to the best of our knowledge, is the first to
focus on the involvement of vascular endothelial cells in renal
delayed IPC. Tubular epithelial cells had been considered to
the primarily target of renal ischemic insults (17), whereas
the functional role of endothelial cells has received less atten-
tion. The renal microvascular endothelium has been reported
to serve a vital role in the process of renal IR injury (18). It
has been previously demonstrated that injury or apoptosis of
the vascular endothelial cells may contribute to functional
impairment of peritubular microcirculation, which triggers
ischemic AKI (19-21). The present study hypothesized that the
loss of barrier function may reflect endothelial cell apoptosis
in the mouse kidney. A previous study demonstrated that the
activation of caspase-3 protein, a biomarker for endothelial
cell apoptosis, was consistent with increased microvascular
permeability following ischemic injury, although they did
not observe apoptosis by TUNEL staining (22). Owing to the
rapid clearance of apoptotic cells and the moderate sensitivity
of the TUNEL reaction in ischemic kidney tissue, the potential
for positive apoptosis of endothelial cell to be observed by
TUNEL is low. Therefore, the present study opted to indirectly
evaluate apoptosis injury of microvascular endothelial cells by
microvascular permeability assessment. Previous reports have
indicated that the improvement of endothelial cells function by
exogenous VEGF-121 or lecithinized superoxide dismutase,
preserving renal microvessel structure or increasing free
radical scavenging, may protect against IR injury and improve
the prognosis of the AKI (23,24). The present study hypothe-
sized that the protective mechanism of renal hypoxic/ischemic
intolerance may be associated with the antiapoptotic ability
of renal vascular endothelial cells. However, the increased
permeability of microvascular endothelial cells in this study
may also have been the result of tubular epithelial cell injury
and the resultant inflammation; which is a limitation of the
present study.

miR-21 is an important antiapoptotic miRNA (25).
Certain studies have suggested that miR-21 expression may
be increased in cells tolerant to hypoxia and may be protec-
tive against hypoxia (13,26,27). In tumor cells (ovarian or
mammary carcinoma cell lines), miR-21 expression has been
demonstrated to be induced through the Akt-2 pathway in
hypoxic conditions and miR-21 expression promoted tumor
resistance (28). Our previous study demonstrated that miR-21
expression was elevated by hypoxia (2% O, and CoCl,) treat-
ment in human renal epithelial cells (8). The present study
demonstrated that optimal hypoxia, that causing the least
cell injury, may have decreased vascular endothelial cell
apoptosis, consistent with the overexpression of miR-21 in
HUVEGC:s in vitro. Knockdown of miR-21 in hypoxic vascular
endothelial cells led to a potential increase in apoptosis.
PDCD4 was previously demonstrated to be a direct target of
miR-21 (16), and miR-21 was reported to inhibit apoptosis by
downregulating PDCD4 expression in the heart (29), cultured
mouse tubular epithelial cells (30) and in mouse kidneys (8).
Although the present study confirmed the antiapoptotic
mechanism of miR-21 targeting PDCD4 in HUVECS in vitro,
it is likely that the effect of miR21-PDCD4 pathway is partly
from the endothelial cell since this pathway was confirmed in
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the tubular epithelial cells (30). In addition, phosphatase and
tensin homolog deleted on chromosome 10 (PTEN) (31), Fas
ligand (27) and tropomyosin 1 (32) are inhibited by miR-21,
which leads to tolerance to cellular apoptotic signals. We aim
to investigate other miR-21 target genes in endothelial cells in
the future.

Delayed IPC has been confirmed to be protective against
renal IR injury in the rodent kidney (8,33), and miRNAs
have been previously demonstrated to be involved in the
protective mechanism of IPC (8,34). A protective effect of
miR-21 was reported in cardiac IPC (29,34,35); these studies
reported that IPC increased miR-21 expression, which was
accompanied by reduced apoptosis in the border between the
infarcted and noninfarcted areas, and decreased infarct size.
Another study demonstrated that increased miR-21 expres-
sion was most significant in the rat cerebral cortex 24 h
post-IPC (14). Our previous study reported the protective
role of miR-21 in renal delayed IPC, which was associated
with decreased apoptosis of renal tubular epithelial cells (8).
It has also been reported that high expression of miR-21
occurred in vascular endothelial cells (36,37). In addition,
miR-21 was demonstrated to be significantly upregulated
in vascular walls following balloon injury (9). The present
study hypothesized that miR-21 expression in microvas-
cular endothelial cells may contribute to the protection of
renal delayed IPC against IR injury by attenuating injury
of endothelial cells. The results suggested that knockdown
of miR-21 can increase the damage to microvascular endo-
thelial cells induced by renal IR injury 4 days after 15 min
ischemic pretreatment, which attenuated the protection of
delayed IPC. As multiple pathways have been implicated in
the protective mechanism of renal delayed IPC, including
a series of protective mediators and/or effectors, such as
c-Jun N-terminal kinase, hypoxia-inducible factor, inducible
nitric oxide synthase and heat shock protein 27 (4,5), it is not
unexpected that the knockdown of miR-21 had only a modest
effect on the preconditioning effects in the present study.

In conclusion, renal protection conferred by delayed
IPC may potentially be mediated by several mechanisms in
different types of renal cells. The present study demonstrated
that delayed IPC provided renal protection against IR injury
by attenuating damage of renal microvascular endothelial
cells, which may be partly attributed to miR-21.
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