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 Upregulation of MicroRNA-210 Regulates Renal 
Angiogenesis Mediated by Activation of VEGF 
Signaling Pathway under Ischemia/Perfusion 
Injury in vivo and in vitro 
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contains downregulation of 40 miRNAs and upregulation of 
36 miRNAs. Upregulation of miR-210 was confirmed by qRT-
PCR with prominent changes at 4 and 24 h after reperfusion. 
Furthermore, overexpression of miR-210 in HUVEC-12 cells 
enhances VEGF and VEGFR2 expression and promotes an-
giogenesis on Matrigel in vitro.  Conclusion:  These findings 
suggest miR-210 may be involved in targeting the VEGF sig-
naling pathway to regulate angiogenesis after renal I/R in-
jury, which provides novel insights into the angiogenesis 
mechanism of renal I/R injury. 

 Copyright © 2011 S. Karger AG, Basel 

 Introduction 

 A large body of evidence indicates that ischemia/reper-
fusion (I/R) injury results in dysfunctions of organs, such 
as kidney  [1] , liver  [2] , intestine  [3]  and so forth. In par-
ticular, renal I/R injury is a common cause of acute kidney 
injury in several settings including renal transplantation. 
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 Abstract 

  Background:  MicroRNAs (miRNAs) are endogenous, non-
coding, small RNAs that regulate gene expression and func-
tion, but little is known about regulation of miRNAs in the 
kidneys under normal or pathologic conditions. Here, we 
sought to investigate the potential involvement of miRNAs 
in renal ischemia/reperfusion (I/R) injury and angiogenesis 
and to define some of the miRNAs possibly associated with 
renal angiogenesis.  Methods and Results:  Male Balb/c mice 
were subjected to a standard renal I/R. CD31 immunostain-
ing indicated a significant increase of microvessels in the 
ischemic region. VEGF and VEGFR2 expression were in-
creased in renal I/R at both the mRNA and protein levels 
which were detected by qRT-PCR and Western blot, respec-
tively. More importantly, 76 microRNAs exhibited more than 
2-fold changes using Agilent microRNA microarray, which 
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Several mediators and pathways have been proposed to be 
involved in the injury. Among them, a major physiological 
response to ischemia is neovascularization, which involves 
a sequence of events resulting in development of new cap-
illaries from endothelial cells or preexisting vessels.

  In recent decades, extensive studies have revealed a va-
riety of angiogenic factors and their receptors, including 
vascular endothelial growth factor (VEGF)-VEGFRs, 
Angiopoietin-Tie, Ephrin-EphRs and Delta-Notch to be 
the most important regulators of angiogenesis in verte-
brates  [4] . Vincent et al.  [5]  showed that overexpression of 
HIF-1 � /VP16 in HeLa, C6 and Hep3B cells led to upreg-
ulation of VEGF, and in an in vivo study they proved that 
treatment with HIF-1 � /VP16 or VEGF in a model of 
hindlimb ischemia improved angiographic score and 
capillary density. These findings indicate that the VEGF 
signaling pathway may be the most potent stimulator of 
angiogenesis  [6] . However, the precise protective mecha-
nisms involved in renal ischemic injury and angiogenesis 
remain to be determined.

  Other reports displayed that miRNAs also play an im-
portant role during angiogenesis after IR injury  [7] . First, 
evidence of miRNAs involvement in the regulation of an-
giogenesis was found by the inhibition of Dicer and Dro-
sha, two key nucleases involved in miRNA maturation 
 [8] . More interestingly, selective manipulation of a spe-
cific miRNA has been correlated with angiogenesis pro-
cesses in ischemic diseases  [9] . Knockdown of miR-126 in 
zebrafish resulted in loss of vascular integrity and hemor-
rhage during embryonic development  [10] . miRNAs are 
a family of endogenous non-coding RNAs of 22–24 nu-
cleotides, which have emerged as important regulators of 
various physiologic and pathologic processes in eukary-
otes  [11] , such as development, differentiation, metabo-
lism, growth, proliferation and apoptosis  [12] . Deregula-
tions of miRNAs are associated with various diseases  [13]  
and microarray analysis on the expression profiles of mi-
croRNAs changes also were performed on the acute isch-
emic tissue, including myocardium  [14] , hippocampi  [15] , 
liver  [16] , etc. Notably, miR-210 has been found to be up-
regulated in response to brain transient focal ischemia in 
rats  [17] . These studies provide strong evidence that miR-
NAs play important regulatory roles in ischemic diseases.

  Our question is whether renal miRNAs also play an 
important regulatory role in ischemia. To address this is-
sue, we employed miRNA microarray to investigate po-
tential involvement of microRNAs in mice kidneys sub-
jected to I/R injury, and to identify some of the micro
RNAs possibly associated with renal angiogenesis. Our 
data show that VEGF signaling pathway and miRNAs 

were indeed involved in angiogenesis after renal I/R in-
jury, and these studies provide potential mechanisms by 
which miRNA-210 regulates VEGF and VEGFR2 expres-
sion in vitro.

  Materials and Methods 

 Renal I/R Injury 
 Studies were performed on male Balb/c mice (7–8 weeks old) 

that were purchased from Nanchang University (Nanchang, Chi-
na). Renal I/R was induced in mice as described previously  [18, 
19] . All animal procedures were conducted after approval from 
the Animal Committee of Nanchang University. Briefly, mice 
were intraperitoneally anesthetized with 50–60 mg/kg pentobar-
bital sodium and kept on a homoeothermic station to maintain 
body temperature at 37   °   C. Kidneys were exposed by bilateral 
flank incision, and the renal pedicles were clamped to induce 
ischemia. After ischemia, the arterial clamps were released for 
reperfusion. Sham control animals were subjected to identical op-
eration without renal pedicle clamping.

  Mice were allowed to recover for 4, 24 and 48 h after ischemia 
or sham surgery. The kidneys were removed at indicated time 
points, cut in half longitudinally and snap-frozen in liquid nitro-
gen or stored at –80   °   C for subsequent biochemical analysis. In 
the sham group, all samples were collected at 24 h after sham 
surgery.

  Measurement of Serum Biochemical Parameters 
 The serum creatinine (SCR) and urea nitrogen (BUN) levels 

were measured as a marker of kidney injury using a 7180 Auto-
matic Analyzer (Hitachi, Japan) according to the manufacturer’s 
instructions.

  Immunohistochemistry Staining 
 In order to examine ischemia-induced angiogenesis in renal 

ischemia, we performed immunohistochemistry staining to detect 
the endothelial cell marker CD31 expression. Tissues for light mi-
croscopy were fixed in 4% paraformaldehyde, embedded in par-
affin, and cut into 4- � m sections for immunoperoxidase stain-
ing as described elsewhere  [20, 21] . Briefly, to perform immuno-
peroxidase staining, tissue sections were incubated with 
the following primary and secondary antibodies as indicated. 
Primary antibody was rat polyclonal anti-mouse CD31 antibody 
(Chemicon, Temecula, Calif., USA); secondary antibody was 
horseradish peroxidase (HRP)-conjugated goat anti-rat IgG (Sig-
ma, St. Louis, Mo., USA). Negative controls for immunostaining 
included either deletion of the primary antibody or substitution of 
the   primary antibody with equivalent concentrations of an irrel-
evant murine or rat mAb. All tissue sections were incubated with 
primary antibodies overnight at 4   °   C. Afterwards, specific bio-
tinylated secondary antibodies were applied followed by peroxi-
dase-conjugated Avidin D. Angiogenesis was assessed semiquan-
titatively after immunohistochemistry staining for CD31-positive 
cells on sections using a 10  !  10 eyepiece grid to count  [22] .

  Histological Examination of Kidney 
 To corroborate the functional analysis, tissue samples were 

fixed in 4% paraformaldehyde, embedded in paraffin, sectioned 
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at 4  � m thickness, and stained with hematoxylin and eosin (HE). 
Light microscopy was used to observe the degree of renal dam-
age.

  Cell Lines 
 HUVEC-12 cells were maintained in a Dulbecco’s modified 

Eagle’s minimum supplemented with 10% fetal bovine serum, 
penicillin (100 U/ml) and streptomycin (100  � g/ml), in a humid-
ified incubator (95% air/5% CO 2 ) at 37   °   C. HUVEC-12 cells were 
infected twice with the viral particles containing LV-miR-210-
GFP or LV-miR-GFP vector as described below. The expression of 
miR-210 in cells was confirmed using real-time PCR and GFP ex-
pression observed under a fluorescence microscope at 72 h after 
infection.

  For angiogenesis experiments, HUVEC-12 cells expressing 
miR-210 or control were cultured on Matrigel in 96-well plates. 
24 h later, tube-like structures were randomly counted in 5 dif-
ferent fields using 10 !  magnifications.

  Lentivirus Production 
 Lentivirus was produced after transient transfection of human 

embryonic kidney (HEK) 293T cells with LV-miR-210-GFP or LV-
miR-GFP vector along with the packaging plasmids pCMV-VSV-
G and psPAX2 (Addgene) using FuGEN6-HD (Roche Diagnos-
tics, Mannheim, Germany) as the transfection reagent according 
to Roche’s protocol. The supernatants containing viral particles 
were collected 48 h after the transfection, filtered through a 0.22-
 � m filter and used to infect the HUVEC-12 cell line.

  Array Hybridization and Data Analysis 
 To assess the level and composition of miRNA, microarrays 

from Agilent Technologies were used. Total RNA, including mi
RNA, was extracted from 100 mg of tissue by using the mirVa-
na total RNA extraction kit following the instruction (Applied 
Biosystems/Ambion). The quality and quantity of the RNA was 
evaluated by 260/280 ratio and Agilent 2100 Bioanalyzer (Agi-
lent Technologies). Subsequently, 100 ng of total RNA was de-
phosphorylated and ligated with pCp-Cy3. Labeled RNA was pu-
rified and hybridized to Agilent miRNA arrays (v12.0). Images 
were scanned with the Agilent microarray scanner (Agilent), 
gridded, and analyzed using Agilent feature extraction software 
version 9.5.3.

  Real-Time Quantification of MicroRNAs by Stem-Loop 
RT-PCR 
 To validate the microarray results and identify some of the 

microRNAs associated with renal angiogenesis, quantitative real-
time PCR was performed to examine miR-210 expression of dif-
ferent groups in renal I/R injury according to the operator’s man-
ual  [23] . All primers used in this study were designed with Prim-
er Express 3.0 software. Total RNA was extracted and reverse 
transcribed to cDNA with stem-loop primer and was amplified 
by SYBR Green real-time PCR using microRNA-specific primers 
in optimal reaction system. For reverse transcription, 100 ng total 
RNA was diluted in a 20- � l reaction mix and reverse transcribed 
under the following conditions: 16   °   C for 30 min, followed by RT 
of 60 cycles at 30   °   C for 30 s, 42   °   C for 30 s and 50   °   C for 1 s; then 
incubated at 70   °   C for 15 min. For real-time PCR amplification, 
20  � l of mix included 1  � l reverse transcription product, 1  � l 
miR-X (2 m  M  ), 1  � l universal primer (2 m  M  ), and 0.5  � l 10 !  

SYBR Green I were reacted on a Real-Time PCR System (ABI7500) 
as follows: 95   °   C for 10 min followed by 40 cycles of 95   °   C for 15 s, 
and 60   °   C for 60 s. All reactions were run in triplicate for each 
mouse, and the result for each mouse is the average of the tripli-
cate. The data were normalized to U6. The threshold cycle (Ct) is 
defined as the fractional cycle number at which the fluorescence 
passes the fixed threshold. The miRNA relative expression level 
was calculated using the comparative Ct method (2 – �  � Ct ).

  Real-Time Quantification RT-PCR of mRNA 
 Quantitative real-time PCR was performed to examine VEGF 

and VEGFR2 mRNA expression changes of different groups in 
the kidneys of mice with I/R injury. Total RNA was extracted 
from tissues using TRIzol (Sigma). Whole tissue samples were 
homogenized in TRIzol using a homogenizer. Sample RNA levels 
were evaluated by 260/280 ratio. Total RNA was transcribed to 
cDNA with random primer and was amplified by SYBR Green 
real-time PCR using VEGF- and VEGFR2-specific primers in op-
timal reaction system. The data were normalized to GAPDH and 
relative expression was calculated using the comparative Ct meth-
od (2 – �  � Ct ).

  Western Blot Analysis 
 Western Blot was performed to detect VEGFR2 protein expres-

sion changes of different groups in the kidneys of mice with I/R 
injury. Proteins from tissues were resolved by SDS-PAGE and im-
munoblotting. Briefly, 50  � g total protein was separated by 12% 
SDS-PAGE and transferred to nitrocellulose membranes using a 
trans-blot apparatus. After it was blocked in Tris-buffered saline 
(TBS) containing 0.1% Tween 20 (TBS-T) and 5% non-fat dried 
milk (blocking buffer) at room temperature for 2 h, the mem-
branes were incubated with a primary antibody diluted in block-
ing buffer (1:   200) at 4   °   C overnight. Next, the membranes were 
incubated with a secondary HRP-conjugated antibody diluted in 
blocking buffer (1:   2,000) at room temperature for 1 h and were 
then washed 5 times in TBS-T. After successive washes, the mem-
branes were developed with an enhanced chemiluminescence kit, 
and the results were recorded by X-ray films. Protein bands were 
visualized using a chemiluminescence reagent (Pierce Biotechnol-
ogy, Rockford, Ill., USA) and then developed on Biomax Light 
Film (Kodak, Shanghai, China). The primary antibody used was 
rabbit polyclonal anti-mouse VEGFR2 antibody dilution (1:   200 
dilution; Santa Cruz Biotechnology, Inc., Santa Cruz, Calif., USA). 
The secondary antibody was HRP-conjugated goat anti-rabbit IgG 
(1:   2,000 dilution; Sigma).  � -Actin was used as a loading control. 
All Western blot experiments were repeated at least 3 times.

  Statistical Analysis 
 Data are expressed as mean  8  SD. Data were analyzed using 

SPSS version 10.0. One-way ANOVA was used for comparisons of 
the data. Differences were considered significant when p  !  0.05.

  Results 

 Establishment of Ischemic Injury Model 
 In order to study effects of renal ischemic injury, we 

used an I/R injury model as our working model. First, we 



 MiRNAs Related with Angiogenesis and 
Renal Ischemic Injury 

Kidney Blood Press Res 2012;35:182–191 185

had to successfully establish a mouse model of renal I/R 
injury. To do so, we measured serum levels of both SCR 
and BUN, which are surrogate markers for renal function 
after renal ischemic injury. As shown in  figure 1 a and b, 
serum SCR and BUN levels were comparable to the sham-
operated group at 24 h after bilateral clamping of the re-
nal pedicles for 45 min. In contrast, the SCR level was 
significantly increased (142.4  8  29.42  � mol/l) in the 
mice subjected to I/R injury compared to sham-operated 
mice (34.02  8  7.06  � mol/l) at 24 h following ischemia. 
The BUN level also followed the same trend as SCR, from 
9.9  8  3.3 mmol/l in sham-operated animals to 40.5  8  
11.03 mmol/l at 24 h after ischemia.

  To further evaluate the severity of ischemic injury, we 
removed the kidneys and performed a pathological ob-
servation.  Figure 1 c shows that renal tissue suffered sig-
nificant damage in mice at 24 h after ischemic injury. In 
accordance with a previous study, HE staining showed 
that there was significant damage at 24 h following isch-
emic injury, which manifested primarily as cytoplasmic 

vacuolization, cell necrosis of the proximal convoluted 
tubule, and tubular lumen obstruction and impairments. 
In contrast, no sign of ischemic damage was observed in 
the sham-operated mice, which is consistent with serum 
SCR and BUN levels of kidney ischemic injury. Taken to-
gether, we confirmed that the renal I/R injury model suc-
ceeded based on biochemistry measurement and patho-
logical level.

  Angiogenesis in Response to Ischemic Injury 
 Because neovascularization is a major physiological 

response to I/R injury, we examined ischemia-induced 
angiogenesis in renal ischemia on the capillary changes, 
and quantified renal microvascular density following the 
ischemic insult in our mouse model of renal I/R. We uti-
lized the endothelial cell marker CD31 to identify renal 
angiogenesis by immunohistochemistry staining. There 
is a large quantity of CD31-positive cells in the endothe-
lial layer at 24 and 48 h after I/R injury compared to the 
sham group ( fig. 2 a, b). We used the stereological method 
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  Fig. 1.  Changes of biochemistry and histo-
pathology in kidney after I/R.  a ,  b  SCR and 
BUN levels after I/R injury. Male Balb/c 
mice that underwent bilateral clamping of 
the renal pedicles for 45 min developed re-
nal ischemic injury with a peak in SCR and 
BUN levels after I/R 24 h.  c  HE staining 
showed that 24 h following ischemic injury 
caused significant damage (arrows in right 
panel), which manifested primarily as cy-
toplasmic vacuolization, cell necrosis of 
the proximal convoluted tubule, and tubu-
lar lumen obstruction and impairments 
(upper panel  ! 200, lower panel  ! 400).
 *  p  !  0.05 vs. sham control. 
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to analyze the number of microvessels and found a sig-
nificant increase of neovascularization in the ischemic 
region in renal ischemia compared to the control group 
regardless of 24 or 48 h after I/R injury ( fig. 2 c; p  !  0.05), 
indicating that angiogenesis indeed appeared in the kid-
neys after I/R injury.

  VEGF and VEGFR2 Expression Was Changed after 
Ischemic Injury 
 As in our previous study, neovascularization was 

formed after I/R injury. The VEGF signaling pathway 
plays a crucial role in angiogenesis. VEGF stimulates 
cellular responses by binding to VEGFR2, leading to di-
merization, and becomes activated through trans-
phosphor ylation. That is why we initially determined 
VEGFR2 expression by Western blotting after harvest-

ing tissues.  Figure 3 a shows that VEGFR2 was some-
what expressed in sham-operated animals; however, its 
expression level was significantly increased at 4 and
24 h after I/R injury compared to control. To further 
investigate whether the VEGFR2 and VEGF mRNA lev-
els were changed, we used quantitative real-time PCR to 
detect them and found that both VEGF and VEGFR2 
mRNA expression were increased at 4 and 24 h after I/R 
injury compared to the sham controls (p  !  0.05). Al-
though the VEGF expression level at 24 h was a little 
lower than at 4 h, its expression level was still higher 
than that in the control group. These results display that 
the VEGF signaling pathway may be involved in angio-
genesis after I/R injury even though we do not demon-
strate that the VEGF receptor VEGFR2 is activated by 
phosphorylation.
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  Fig. 2.  Ischemia-induced angiogenesis in 
kidney.  a ,  b  CD31 immunohistochemistry 
staining. Renal tissues were taken out at 24 
and 48 h after I/R injury, respectively. In 
the sham group, kidneys were collected at 
24 h after sham manipulation. CD31 was 
used as a marker for microvessels. The 
number of positive cells at 24 and 48 h is 
higher than that in the sham control group. 
The arrows indicate CD31-positive stain-
ing.  a  Magnification  ! 200,  b  magnifica-
tion  ! 400.  c  The stereology method was 
used to count the number of microvessels 
per field. A significant increment of neo-
vascularization in ischemic region in renal 
ischemia compared with control group.
 *  p  !  0.05 vs. sham control. 
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  Microarray Analysis of miRNA Expression during 
Renal I/R Injury 
 Previous studies have proven that miRNAs regulate 

the VEGF signaling pathway under hypoxia  [24] . The 
question is whether the changes of VEGF and VEGFR2 
expression are related to miRNAs after I/R. This prompt-
ed us to measure miRNA expression under the condition 
of injury. We performed microarray analysis and identi-
fied miRNA changes after 45 min of global ischemia fol-
lowed by 24 h of reperfusion. Totally, we found that 76 
microRNAs exhibiting differences of more than 2-fold 
were identified in the kidney I/R injury as listed in  table 1 . 
Among them, 40 miRNAs were downregulated and 36 
miRNAs were upregulated.

  Furthermore, we used quantitative real-time PCR to 
confirm the representative miRNA expression changes 
which were associated with renal angiogenesis from our 
microarray analysis. As shown in  figure 4 , miR-210 ex-
pression after I/R injury was increased 2- and 6-fold at
4 and 24 h, respectively. These results are consistent with 
other reports which showed that miR-210 was upregu-
lated after brain ischemia in rats  [25] , indicating that 
miRNAs also play an important role in high-stress con-
ditions.

  miR-210 Overexpression Promotes Angiogenesis 
in vitro 
 Combining miR-210 expression with the changes of 

the VEGF signaling pathway in vivo, we hypothesized 
that miR-210 may regulate the VEGF pathway and be in-
volved in angiogenesis after renal I/R injury. To this pur-
pose, we infected viral supernatant containing miR-210 
into HUVEC-12 cells and made a stable cell line which 
consistently expresses miR-210. As shown in  figure 5 a, 
100% of cells expressed miR-210 with GFP. To further 
confirm miR-210 expression, we extracted mRNA and 
performed qPCR. The result showed miR-210 was ex-
pressed more than 30-fold higher than that in the control 
cells ( fig. 5 b).

  Other studies indicated that endothelial cells have the 
ability to form tube-like structures  [26] . We followed the 
same principle to determine whether the HUVEC-12 cell 
line overexpressing miR-210 can form tube-like struc-
tures. From  figure 5 c, we can see that cells with miR-210 
clearly formed tube-like structures in the Matrigel, un-
like those in the control group. Next, we counted tube 
numbers per field, displaying that there are more than 3 
times as many tubes in the miR-210 upregulating group 
than in the control ( fig. 5 d). These findings demonstrate 
that miR-210 plays an important role in angiogenesis.
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  Fig. 3.  Expression of VEGF and VEGFR2 after renal I/R injury. 
 a  Western blotting for VEGFR2. At 4 and 24 h after I/R injury, we 
extracted total protein, ran SDS-PAGE, transferred to a NC mem-
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a loading control.  b  Quantitative real-time PCR for VEGF and 
VEGFR2 expression. Total RNA was extracted and synthesized to 
cDNA and quantified by PCR with SYBR and used as an internal 
control. Both VEGF and VEGFR2 mRNA expression were in-
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  Mechanisms of Angiogenesis under miR-210 
Expression 
 Since miR-210 expression in endothelial cells pro-

motes the formation of tube-like structures in vitro, we 
next attempted to define the mechanisms by which miR-
210 regulates targeted protein expression. To this end, we 

initially determined VEGF and its receptor VEGFR2 ex-
pression in the HUVEC-12 cell line after miR-210 expres-
sion. As shown in  figure 6 a, there is faint expression of 
both VEGF and VEGFR2 in the control; however, there 
was stronger expression for both genes in miR-210 ex-
pressed cell lines. Meanwhile, we measured the expres-
sion of VEGF and VEGFR2 mRNA after miR-210 was 
upregulated.  Figure 6 b shows that VEGF and VEGFR2 
were significantly more expressed in the miR-210 group 
compared to the control group. Interestingly, VEGF ex-
pression increased more than 7-fold. Taken all together, 
these findings indicate that the VEGF signaling pathway 
may be involved in formation of tube-like structures un-
der miR-210 overexpression.

  Discussion 

 Renal I/R injury stimulated a multifaceted cascade of 
physiological and biochemical events. It is believed that 
these events are associated with the interaction of many 
genes and proteins. Despite decades of research, the cel-
lular and molecular basis of I/R injury remain to be fully 
understood, and effective therapies of I/R injury are cur-
rently lacking.

  MiRNAs are small non-coding RNAs and regulate 
gene expression at the post-transcriptional level by either 
degradation or translational repression of a target mRNA 
that regulates physiological and pathological processes. 
However, very little is known about the role and regula-
tion of miRNAs in renal pathophysiology. We performed 
miRNA arrays to detect the expression pattern of 
miRNAs in murine kidneys subjected to I/R injury in 
vivo. Our study identified 76 miRNAs exhibiting more 
than 2-fold changes in the kidney I/R injury, of which 40 
miRNAs downregulated and 36 miRNAs upregulated. 
Analysis of the differential miRNA expression profiles in 
the sham group and renal ischemia group indicated that 
I/R injury had pleiotropic effects in the kidneys, which 
alter essential renal functions. To date, only a few reports 
are available on the miRNA microarray profiling of the 
renal ischemia  [27] .

  Furthermore, animal experiments and clinical studies 
 [28]  showed that compensatory angiogenesis was in-
creased after tissue ischemia. Also, most studies  [29, 30]  
have confirmed that the VEGF signaling pathway plays a 
critical regulatory role in endothelial cell proliferation, 
differentiation, and migration and is involved in the regu-
lation of ischemia-induced angiogenesis in tissue isch-
emia, which is also the most important mechanism in reg-

Table 1.  A list of microRNAs that showed differential expression 
in I/R kidneys versus sham kidneys

MicroRNA Fold 
changes 
(up-
regulation) 

MicroRNA Fold 
changes 
(down-
regulation)

1 mmu-miR-21 87.85 mmu-miR-466f-3p 118.21
2 mmu-miR-685 73.99 mmu-miR-466g 81.49
3 mmu-miR-876-5p 54.39 mmu-miR-669h-3p 77.35
4 mmu-miR-141 43.99 mmu-miR-467b 57.77
5 mghv-miR-M1-3 41.93 mmu-miR-467g 54.41
6 mmu-miR-684 38.06 mmu-miR-346 44.26
7 mmu-miR-218-1 26.83 mmu-miR-669f 40.99
8 mmu-miR-708 18.68 mmu-miR-467e 34.55
9 mmu-miR-302b 16.83 mmu-let-7f 31.60

10 mmu-miR-302c 14.54 mmu-miR-207 30.38
11 mmu-miR-466b-5p 10.85 mmu-miR-574-3p 29.89
12 mmu-miR-532-3p 9.33 mmu-miR-877 23.48
13 mmu-miR-129-3p 8.47 mmu-miR-450a-3p 17.15
14 mmu-miR-483 8.26 mmu-miR-466i 14.61
15 mmu-miR-24-2 8.18 mmu-miR-674 14.06
16 mghv-miR-M1-8 7.17 mmu-miR-466c-5p 10.60
17 mmu-miR-877 6.04 mmu-miR-328 8.30
18 mmu-miR-721 4.35 mmu-miR-718 8.15
19 mmu-miR-126-5p 3.96 mmu-miR-212 7.14
20 mmu-miR-290-3p 3.82 mmu-miR-805 6.84
21 mmu-miR-18a 3.57 mmu-miR-483 5.70
22 mmu-miR-671-5p 3.06 mmu-miR-181d 4.71
23 mmu-miR-210 2.90 mmu-miR-1196 4.53
24 mmu-miR-1892 2.68 mmu-miR-875-5p 4.26
25 mmu-miR-451 2.67 mmu-miR-467a 4.25
26 mmu-miR-1894-3p 2.63 mmu-miR-m01-2 3.96
27 mmu-miR-705 2.60 mmu-miR-467f 3.70
28 mmu-miR-92a 2.51 mmu-miR-30c 3.58
29 mmu-miR-680 2.50 mmu-miR-1198 3.52
30 mmu-miR-466a-5p 2.49 mmu-miR-326 3.34
31 mmu-miR-188-5p 2.43 mmu-miR-200b 3.34
32 mmu-miR-362-5p 2.30 mmu-miR-669a 3.19
33 mmu-miR-30c-1 2.29 mmu-miR-468 3.14
34 mmu-miR-29c 2.18 mmu-miR-211 2.91
35 mmu-miR-689 2.13 mmu-miR-149 2.48
36 mmu-miR-19a 2.00 mmu-miR-484 2.46
37 mmu-miR-197 2.43
38 mmu-miR-320 2.15
39 mmu-miR-1187 2.06
40 mghv-miR-M1-2 2.04
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  Fig. 5.  Angiogenesis under miR-210 over-
expression in HUVEC-12 cells.  a ,  b  miR-
210 overexpression in HUVEC-12 cells. 
HUVEC-12 cells were transduced lentivi-
rus containing miR-210 or control and in-
cubated overnight. miR-210 was expressed 
with GFP in the cells ( a ). Total RNA was 
extracted at 72 h after miR-210 was ex-
pressed and real-time PCR was used to 
double check it. In comparison with the 
control, there was a more than 30-fold in-
crease in miR-210 expressed cells.  c ,  d  Up-
regulated miR-210 enhanced neovascular-
ization formation. After HUVEC-12 cells 
with miR-210 expression were cultured for 
24 h, tube-like structures were formed ( c ). 
A higher number of tube-like structures 
per field appeared in miR-210 overex-
pressed cells than that in control ( d ).
             *  *  p  !  0.01,  *  *  *  p  !  0.001 vs. control. 
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 b  VEGF and VEGFR2 mRNA expression. mRNA was extracted 
using TRIzol and expression was quantified by real-time PCR. 
mRNA expression of VEGF and VEGFR2 showed a significant 
increased in upregulated miR-210 HUVEC-12 cells.                      *  *  p  !  0.01, 
 *  *  *  p  !  0.001 vs. control. 
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ulation of angiogenesis in renal ischemia. VEGF acts via 
VEGFR2 which triggers a cascade of biochemical events, 
especially stimulating endothelial cell division, prolifera-
tion, migration and even neovascularization. To prove 
ischemia-induced angiogenesis in renal ischemia, we used 
the endothelial cell marker CD31 which is expressed on 
the endothelial cell surface to detect whether angiogenesis 
was formed in response to ischemic injury. As predicted, 
the immunohistochemistry staining results of CD31 
showed a significant increase of microvessel in the renal 
ischemic region compared with the control group. VEGF 
and VEGFR2 mRNA and protein expression were in-
creased in I/R injury compared to the sham controls.

  Recently, a few specific miRNAs targeting endothelial 
cell function and angiogenesis have been identified. 
Whether miRNAs participate in the angiogenesis mech-
anisms of renal I/R injury is completely unknown. In our 
present study, 76 miRNAs significantly changed on the 
renal I/R injury in our microarray result, some of which 
were reported to be involved in angiogenesis, such as 
miR-210. Notably, we used the HUVEC-12 cell line as an 
in vitro model to study the role of miR-210 on regulating 
VEGF and VEGFR2 expression even though HUVEC-12 
cells may be different from endothelial cells in the capil-
laries around renal tubules. Our results suggest that miR-
210 regulates expression of both VEGF and VEGFR2, and 
is related to angiogenesis and ischemic diseases.

  Hua et al.  [24]  suggested that miRNAs directly regu-
lated expression of VEGF and other angiogenic factors. 
Through computational analysis, they found that miR-
210 is a putative regulator of VEGF and could be involved 
in VEGF signaling regulation. MiR-210 was upregulated 
in response to hypoxia in vitro and in vivo inhibiting the 
target genes of ephrin-A3 protein expression and stimu-
lating capillary-like formation  [31] . Ephrin-A3, as an eph-

rin ligand family member, can join the Eph/ephrin sys-
tem to be controlled by the VEGF pathway regulating an-
giogenesis  [32, 33] . Recently, Bonauer et al.  [9]  identified 
that miR-92a may serve as a valuable therapeutic target 
in the setting of ischemic diseases. They found that over-
expression of miR-92a in endothelial cells blocked angio-
genesis in vitro. Inhibiting miR-92a by antagomir-92a 
treatment in mice can promote neovascularization and 
increase the expression of target ITGA5 mRNA and pro-
tein in the vasculature of skeletal muscle tissue. Mean-
while, ITGA5 was the integrin family member which was 
a promoted angiogenesis factor to be stimulated by the 
VEGF regulating angiogenesis  [34, 35] . In our microarray 
data, we also observed that ischemic renal injury signifi-
cantly increased miR-92a expression compared to the 
sham-operated control with 2-fold changes ( table 1 ). In 
future studies, we should further confirm that miR-92a 
function to suppress angiogenesis by overexpressing 
miR-92a in HUVEC-12 cells.

  In summary, our results imply that miR-210 might be 
important miRNAs directly associated with the VEGF 
signal pathway relevant to angiogenesis in renal isch-
emia, thus strengthening the hypothesis of the role of mi-
croRNAs in renal angiogensis. The specific miRNAs, as 
key regulators of the response to renal ischemia, have 
provided novel insights into the angiogenesis mechanism 
of renal I/R injury and opened clinical avenues. Further 
studies are required to understand the mechanisms of 
miRNA-based angiogenesis.
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