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Background: Ischemia-reperfusion injury (IRI) is a major cause of acute kidney injury (AKI) 
and increases the risk of subsequently developing chronic kidney disease. Angiogenesis has been 
shown to play an important role in reducing renal injury after ischemia reperfusion. In this study, 
we investigated whether IMD could reduce renal IRI by promoting angiogenesis.
Methods: The kidneys of Wistar rats were subjected to 45 min of warm ischemia followed 
by 24 h of reperfusion. IMD was overexpressed in vivo using the vector pcDNA3.1-IMD 
transfected by an ultrasound-mediated system. The renal injury after ischemia reperfusion 
was assessed by detection of the serum creatinine concentration and histologic examinations 
of renal tissues stained by PAS and H&E. Real-time PCR and Western blotting were used to 
determine the mRNA and protein levels, respectively. Histological examinations were used 
to assess the expression of CD31, MMP2, MMP9, ET-1, VEGF and VEGFR2 in tissues.
Results: Renal function and renal histological damage were significantly ameliorated in 
IMD-transfected rats after ischemia reperfusion. Compared to the IRI, IMD significantly 
promoted angiogenesis. IMD also upregulated the protein and mRNA expression levels of 
VEGF and VEGFR2 and downregulated the expression level of MMP2, MMP9 and ET-1.
Conclusion: IMD could protect the kidney after renal ischemia-reperfusion injury by 
promoting angiogenesis and reducing the destruction of the perivascular matrix.
Keywords: intermedin, ischemia-reperfusion injury, kidney, angiogenesis, VEGF, VEGFR2, 
MMP2, MMP9, ET-1

Background
Ischemia-reperfusion injury (IRI) is a major cause of acute kidney injury (AKI) and 
increases the risk of later developing chronic kidney disease (CKD).1,2 The risk of 
kidney IRI mainly increases as the result of in urologic operations, such as partial 
nephrectomy, renal transplantation and other clinical situations.3,4 The multifactor
ial pathogenesis of IRI is still not clear, and no method has been clearly confirmed 
to be effective in preventing IRI or decreasing injury.

Intermedin/adrenomedullin-2 (IMD/ADM2), a member of the calcitonin gene- 
related peptide (CGRP) family, was identified in 2004 and is expressed in a variety 
of human tissues, such as the nervous system, heart, kidney, lung, gastrointestinal 
tract and thymus.5,6 Our previous studies found that it could alleviate renal IRI 
in vivo and in vitro. However, the mechanism is not clear.

The extracellular matrix (ECM) plays an important role in the structural integ
rity and morphogenesis of tissue.7 The degradation of ECM after renal IRI plays an 
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important role in the loss of tubule function, tubule fluid 
back-leak and neovascularization.8

Vascular endothelial growth factor (VEGF) and its 
receptor (VEGFR2) play important roles in maintaining 
integrity and regulating ECM proliferation.

Matrix metalloproteinases (MMPs) are enzymes that 
belong to the subfamily of the zinc metalloprotease family, 
defined as matrixins, and they are responsible for the degra
dation of ECM.9 Ischemic AKI could induce the upregula
tion of MMPs that could destroy the peritubular capillaries 
by decomposing renal microvascular matrix.10 MMP2 and 
MMP9 have been shown to play important roles in the 
pathophysiology of renal IRI.11 Endothelin-1 (ET-1), which 
is mostly secreted by endothelial cells, is a potent 
vasoconstrictor.12 Downregulated ET-1 showed a clear func
tion in protecting the kidney after ischemia/reperfusion 
injury by reducing the vasoconstriction effect.13 Our pre
vious studies indicated that IMD and microvessel density 
were upregulated after renal IRI. Therefore, we mainly 
focused on determining whether IMD protects against renal 
IRI by inhibiting the expression of MMP2, MMP9, and ET-1 
and increasing neovascularization.

Materials and Methods
Ultrasound-Mediated Gene Delivery into 
the Kidney
The eukaryotic expression plasmid pcDNA3.1-IMD contain
ing the full-length cDNA sequence of rat IMD was created 
according to the methods described in our previous study.14 

After excising the right kidney, the pcDNA3.1-IMD plasmid 
or control empty vector was transfected into the left kidney of 
male Wistar rats via the renal artery via an ultrasound- 
mediated system, as described in our previous study.14 In 
brief, SonoVue (sulfur hexafluoride, an echocardiographic 
contrast microbubble; BRACCO Imaging B.V.) was dis
solved with 0.9% sodium chloride to a final volume of 
5 mL (45 μg/mL). The pcDNA3.1-IMD plasmid or control 
empty plasmid was mixed with the above mixture at 1:1 vol/ 
vol. The mixed solution containing 50 μg of the designated 
plasmid was injected into the left renal artery, and the renal 
artery and vein were temporarily blocked (<5 min). The left 
kidney was irradiated by continuous-wave ultrasound, 0.95- 
MHz, 5% power output for a total of 60 s with 30 s intervals. 
Four rats were selected and killed after 7 days to detect 
the transfection rate by real-time PCR and Western blot 
analyses.

Animals and Experimental Design
Male Wistar rats (180–200 g) were acquired from the 
Experimental Animal Center of Shanxi Medical 
University (Taiyuan, China) and maintained in a specific 
pathogen-free environment in our facility. All animals 
were fed standard chow and had free access to water. All 
animal experiments were performed in a humane manner 
and in accordance with the Institutional Animal Care 
Instructions. This study was conducted under experimental 
protocols approved by the Ethics Committee for Animals 
of Shanxi Medical University.

The rats were randomly divided into the following four 
groups: Sham, IRI, IRI + IMD and IRI + empty plasmid 
(n=20 in each group). The rats in the IRI+IMD and IRI + 
empty plasmid groups were transfected by ultrasound as 
described above 1 week before the induction of renal IRI. 
The renal IRI model was created by clamping the left renal 
artery with a nontraumatic vascular clamp for 45 min 1 
week after the removal of the right kidney.14 Sham rats 
underwent similar operative procedures without occlusion 
of the renal artery. Experimental rats were sacrificed 24 
hours after reperfusion. Blood and the left kidney were 
harvested for further analysis.

Reverse Transcription-Polymerase Chain 
Reaction and Real-Time PCR
The reverse transcription-polymerase chain reaction (RT- 
PCR) method was described in our previous work.15 Real- 
time PCR amplification was performed using the SYBR 
Green I system the Stratagene M3000 Sequence Detection 
System (Stratagene). The specific primers were used were as 
follows: IMD (sense: 5ʹ-CCTCACTTCGGCCTGTAGTT-3ʹ 
and antisense: 5ʹ-ACCCACCTCAGCCATAACTT-3ʹ), CD31 
(sense: 5ʹ-CAGAGCCAGCATTGTGACCAGTC-3ʹ and anti
sense: 5ʹ-CAAGGCGGCAATGACCACTCC-3ʹ), MMP-2 
(sense: 5ʹ-TAGTGATGGTTCCCCTCCTC-3ʹ and antisense: 
5ʹ-TACTTGTTTGCCATTCCCA-3ʹ), VEGF (sense: 5ʹ-GA 
GGAAAGGGAAAGGGTCAA-3ʹ and antisense: 5ʹ-CGC 
GAGTCTGTGTTTTTGG −3ʹ), VEGFR2 (sense 5ʹ-GAA 
TGCGGGCTCCTGACTAC-3ʹ and antisense: 5ʹ-GCACA 
CTTCCTCTTCCTCCATAC-3ʹ), MMP9 (sense: 5ʹ-GGAA 
GATGCTGCTGTTCA-3ʹ and antisense: 5ʹ-CCACCTGGTT 
CAACTCAC-3ʹ), ET-1 (sense: 5ʹ-TTTTGAAGACCGCGC 
TGAG-3ʹ and antisense: 5ʹ-GGTTGCTCTGATCGCCTCTG 
-3ʹ), and β-actin (sense: 5ʹ-GGAAATCGTGCGTGACA 
TTAAG-3ʹ and antisense: 5ʹ- GGACTCGTCATACTCCT 
GCTTG −3ʹ).
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Western Blot Analysis
Western blot analysis was performed as previously 
described.15 The primary antibody, rabbit monoclonal anti- 
rat IMD antibody (Phoenix Biotech, Beijing, P.R. China), 
was added at a dilution of 1:3000. Then, the fluorescein- 
linked secondary antibody (Santa Cruz Biotechnology, 
Santa Cruz, CA) was added at a dilution of 1:3000. The 
specific bands were visualized by fluorography using an 
enhanced chemiluminescence kit (Pierce, Rockford, USA). 
The relative density was quantified using the Quantity One 
analysis system (Bio-Rad, California, USA).

Renal Function
Renal function was analyzed by measuring serum creatinine 
levels with an autoanalyzer (Beckman Instruments, Palo Alto, 
Calif., USA). The experiment was repeated at least three times.

Histological Examinations
After fixation with 10% paraformaldehyde, paraffin- 
embedded transverse kidney slices were sectioned at 
a thickness of 3 μm and stained with hematoxylin-eosin 
(H&E) and Periodic Acid-Schiff (PAS) stains. Renal tissue 
damage was evaluated using the scoring system described by 
Hussein Sheashaa.16 The scoring system included scoring of 
active injury, regenerative changes and chronic changes. In 
brief, the active injury scoring was mainly according to the 
degree of tubular injury; necrotic tubules were given a score of 
1, 2, 3 or 4, corresponding to the presence of 1-3, 4-5, 6-10 and 
>10 necrotic tubules. The scoring of regenerative changes 
involved counting the mitotic figures as the number/10 high 
power fields (HPF) and giving a score of 1, 2 or 3, correspond
ing to 1-2, 3-5 and >5 mitotic figures per 10 HPFs. Solid 
interstitial sheets of cells were given a score of 1, 2 or 3, 
corresponding to 1-2, 3-5 and >5 solid interstitial sheets of 
cells per HPF. Solid tubules were scored as 1, 2 or 3 corre
sponding to 1-2, 3-5 and >5 solid tubules per HPF. The scoring 
of chronic changes scored interstitial fibrosis as 1, 2, 3 or 4 
corresponding to a fibrosed interstitium content of <25, 25-50, 
50-75 and >75%, respectively. Tubular atrophy was scored as 
1, 2 or 3, corresponding to 1-5, 6-10 and 7-10 atrophied tubules 
per HPF.

Immunohistochemistry
The following primary antibodies were utilized: (1) goat 
polyclonal anti-rat CD31 antibody (R&D Systems, 
American), dilution 1:250; (2) rabbit polyclonal anti-rat 
VEGF and VEGFR2 antibody (BiossAntibodies, Beijing, P. 

R. China), dilution 1:250; (3) rabbit polyclonal anti-rat 
MMP2 and MMP9 antibody (Bioss Antibodies, Beijing, P. 
R. China), dilution 1:250, (4) rabbit polyclonal anti-rat ET-1 
antibody (Bioss Antibodies, Beijing, P.R. China), dilution 
1:200. The goat IgG HRP-conjugated antibody and rabbit 
IgG HRP-conjugated antibody were purchased from R&D. 
Sections were finally stained with 3ʹ-diaminobenzidine 
(DAB). All steps were performed strictly according to the 
manufacturer’s instructions. Images were acquired using an 
Olympus BX51 clinical microscope, DP70 digital camera 
and software (Olympus). The images were analyzed using 
Image-Pro Plus (Media Cybernetics). Microvessel density 
(MVD) was measured in terms of the CD31-positive 
endothelial areas. Every positive area was calculated as one 
microvessel.18 The expression of VEGF, VEGFR2, MMP2, 
MMP9 and ET-1 was measured according to the immuno
histochemical mean density= IOD sum/area in three ran
domly selected microscopic fields for each slide.

Statistical Analysis
The results are expressed as the means ± the SDs. 
Significant differences between groups were assessed by 
one-way ANOVA with the Student–Newman–Keuls post 
hoc test, and differences between groups were tested using 
the Mann–Whitney U-test for continuous variables. 
P values <0.05 were considered statistically significant.

Results
Efficiency of Gene Transfection
We used both semiquantitative RT-PCR and Western blot 
analysis to determine the efficiency of ultrasound micro
bubble-mediated gene transfection in rat kidneys. The 
results in Figure 1 show that, compared to the sham, IRI 
and IRI+empty plasmid groups, the IRI+IMD group had 
a significantly higher level of expression of IMD. The 
results indicated that the pcDNA3.1-IMD plasmid was 
successfully transfected into the rat kidneys.

Histological and Renal Function 
Assessment
As shown in Figure 2, compared to the Sham group, the IRI 
(2.39±0.21 mg/dl), IRI+empty plasmid (2.46±0.26 mg/dl), 
and IRI+IMD (1.48±0.16 mg/dl) groups had significantly 
higher levels of serum creatinine after renal ischemia reperfu
sion (P<0.05). The level of serum creatinine in the IRI+IMD 
group was significantly lower than those of the IRI and IRI 
+empty plasmid groups (P<0.05). The level of serum 
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creatinine showed no difference between the IRI and IRI 
+empty plasmid groups (P>0.05). Histological examinations 
(HE and PAS staining) results indicated that renal ischemia 
reperfusion-induced significant changes in rat kidneys com
pared to the Sham group, such as a loss of brush-border 
membranes, tubular dilatation, flattened tubular epithelia, 
cast formation, luminal debris, and interstitial infiltration. 
However, in the group of rats overexpressing IMD, these 
pathological renal abnormalities were clearly attenuated. 
Therefore, we may conclude that the overexpression of IMD 
improves renal function and renal pathological changes in rats.

IMD Increased the CD31+ MVD Level in 
Kidney After Ischemia Reperfusion
To determine whether IMD could induce early angiogenesis 
in the kidney after IRI, we used CD31-labeled sections to 
examine the angiogenic state. As shown in Figure 3, an 
increased number of CD31+ microvessels, which are sug
gestive of active angiogenesis, were widespread in renal 
tissues that underwent ischemia reperfusion compared to 
the Sham group (P<0.05). Moreover, we found the group 
with over expression of IMD (IRI+IMD group) had a greater 
number of microvessels than the IRI and IRI+empty plasmid 

groups (P<0.05). We may conclude that IMD could increase 
renal angiogenesis after ischemia reperfusion.

IMD Upregulates the Factors Promoting 
Angiogenesis
VEGF is generally thought to be the key factor in neovascu
larization. Therefore, we tested the protein and mRNA expres
sion levels of VEGF and its receptor VEGFR2 among the 
groups. As shown in Figure 4, compared to the Sham group, 
the VEGF and VEGFR2 protein and mRNA expression levels 
were lower than those in all the rats subjected to renal ischemia 
reperfusion (P<0.05). Compared to the IRI group, the group 
with IMD intervention (IRI+IMD group) showed higher 
expression levels of VEGF and VEGFR2 (P<0.05). 
Therefore, we may conclude that IMD could promote neovas
cularization by upregulating the expression of VEGF and 
VEGFR2 in the kidney after ischemia reperfusion.

IMD Downregulates the Micrangium 
Injury Factors
MMP2, MMP9 and ET-1 have been shown to play impor
tant roles in renal angiogenesis after ischemia reperfusion. 

Figure 1 The transfection efficiency of IMD by ultrasound-mediated gene delivery into the kidneys. (A) The IMD protein expression measured by Western blot in rat 
kidneys. (B) Quantitative analysis of IMD by Western blots in rats. (C) The IMD mRNA expression measured by RT-PCR in rat kidneys. (D) The densitometric 
quantifications of band intensities from RT-PCR for IMD/β-actin in rat kidneys. Data in bar graphs are the means ± SD, n = 20. *P < 0.05 vs sham group; #P < 0.05 vs 
IRI group, respectively.
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Figure 2 Histological and renal function assessments. (A–D) Renal pathomorphological changes after renal ischemia-reperfusion injury (IRI) shown by H&E staining, original 
magnification, ×400. (A) Sham groups. (B) IRI groups. (C) IRI+empty plasmid groups. (D) IRI+IMD groups. (E–H) Renal pathomorphological changes after renal ischemia- 
reperfusion injury (IRI) shown by PAS staining, original magnification, ×400. (E) Sham groups. (F) IRI groups. (G) IRI+empty plasmid groups. (H) IRI+IMD groups. (I) Serum 
creatinine concentration. (J) Semiquantitation of the morphological changes by the histological grading system. Data in bar graphs are the means ± SD, n = 20. *P < 0.05 vs 
sham group; #P < 0.05 vs IRI group.
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We tested differences in the mRNA and protein expression 
levels of MMP2, MMP9 and ET-1 among groups. As 
shown in Figure 5, compared to the Sham group, MMP2, 
MMP9 and ET-1 had higher protein and mRNA expres
sion levels in all rats subjected to renal ischemia reperfu
sion (P<0.05). However, compared to the IRI group, the 
IMD group had lower expression levels (P<0.05). The 

results indicated that the overexpression of IMD could 
downregulate MMP2, MMP9 and ET-1 expression.

Discussion
Intermedin, a member of the calcitonin gene-related pep
tide (CGRP) family, has been shown to participate in the 
pathophysiological processes of many diseases.19 The 

Figure 3 Evaluation of CD31-labelled microvessel density in kidneys. (A–D) CD31-labelled microvessels in kidney from various groups, original magnification, ×400. (A) 
Sham groups. (B) IRI groups. (C) IRI+empty plasmid groups. (D) IRI+IMD groups. Each positive area was calculated as one microvessel. (E) Scores of CD31+ MVD levels. 
The results are expressed as the mean ± SD (n = 20 in each group). *P < 0.05 vs sham group; #P < 0.05 vs IRI group.
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nephron, the basic structural and functional unit of the 
kidney, is composed of the glomerulus and the attached 
tubule. Our previous research has demonstrated that IMD 
can clearly alleviate renal IRI in multiple ways, including 
reducing oxidative stress and endoplasmic reticulum 
stress, promoting renal tubular cell proliferation.14,15,20

The early-stage damage of capillary endothelial cells 
after reperfusion has been shown, and this damage may 
promote inflammation and procoagulant activity, thereby 
contributing to the reduction in microvasculature density. 
These results may play critical roles in the progression of 
chronic kidney disease following the initial recovery from 
ischemia/reperfusion-induced AKI.21 IMD has been 
shown to have antiapoptotic activity in human endothelial 
cells and to exert a clear pro-angiogenic effect both 
in vitro and in vivo.22,23 IMD has also been shown to 
improve the function of blood-rich organs, such as the 
heart, pulmonary system and brain, by promoting 
angiogenesis.19,24 As the kidney is a blood-rich organ, 
we conjectured that IMD could show angiogenic auxo- 
action in the kidney after IRI. In our research, we observed 

that the overexpression of IMD in rat kidneys could 
clearly mitigate the degree of renal pathological injury 
and improve renal function after IRI. These results were 
consistent with those of our previous reports. Our conjec
ture confirmed that the level of angiogenesis in the rat 
kidneys overexpressing IMD was significantly increased 
after IRI.

The most commonly reported adaptive response to 
ischemia is the stabilization of the transcription factor 
Hypoxia-Inducible Factor-1α (HIF-1α), which could reg
ulate hundreds of genes and influence pathophysiological 
processes such as glucose uptake and metabolism, angio
genesis, inflammatory cell chemotaxis, cell proliferation 
and survival, and extracellular matrix formation and 
turnover.25 VEGF is the most well-studied HIF-1α- 
activated growth factor; it is known to act on microcircu
lation through various mechanisms and can stimulate 
endothelial cell proliferation and differentiation, increase 
vascular permeability, and mediate endothelium-dependent 
vasodilation. The existing studies suggest that the VEGF- 
induced endothelial cell physiological or pathological 

Figure 4 The expression of VEGF and VEGFR2 in rat kidneys. (A) Localization of VEGF and VEGFR2 expression in kidneys, immunohistochemistry, Original magnification, 
×400. (B) The relative density of VEGF, was quantified as the fold expression change relative to the control rats. (C) The mRNA expression levels of VEGF were determined 
by real-time PCR. (D) The relative density of VEGFR2, were quantified as the fold expression change relative to the control rats. (E) The mRNA expression levels of 
VEGFR2 were determined by real time-PCR. Data in bar graphs are the means ± SD, n = 20. *P < 0.05 vs sham group; #P < 0.05 vs IRI group.
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changes are mainly mediated by VEGFR-2 and that 
VEGF-VEGFR2 is an important signaling pathway in 
angiogenesis.26 Although the IMD expression level has 
been shown to be increased under anaerobic conditions, 
the same results have not been proven in a rat model of 
renal ischemia reperfusion.27 In this study, our results 
correspond to those of previous studies, showing that the 
expression levels of VEGF and VEGFR2 in rats subjected 
to renal ischemia reperfusion were lower than those in the 
sham group. However, compared to the IRI group, the 
IMD group had significantly higher expression levels of 
VEGF and VEGFR2, although they were still lower than 
those in the sham group.

The low expression levels of VEGF and VEGFR2 
following IR could be the reason for the loss of renal 
vasculature. However, this result is puzzling because 

hypoxia following ischemia reperfusion may be expected 
to stimulate the expression of proangiogenic molecules, 
particularly VEGF, in a HIF1α-dependent fashion.28 Some 
scholars thought the overexpression of anti-angiogenesis 
factors such as endostatin, PAI-I, MMPs, ADAMTS1 and 
angiostatin may lead to the downregulation of VEGF and 
the lack of angiogenesis.29,30

MMPs are a family of zinc-dependent proteases 
responsible for extracellular matrix turnover as well as 
the degradation of bioactive proteins.31 MMP2 and 
MMP9 have been shown to play important roles in the 
pathophysiology of ischemia/reperfusion injury in the kid
ney, and the overexpression of MMP2 and MMP9 after 
ischemia/reperfusion could decrease the microvascular 
density by breaking down the perivascular matrix and 
increasing microvascular leakage.32 Additionally, ET-1 

Figure 5 Expression of MMP2, MMP9 and ET-1 in rat kidneys. (A) The expression of MMP2, MMP9 and ET-1 in kidneys tested by immunohistochemistry, Original 
magnification ×400. (B–D) The relative density of MMP2, MMP9 and ET-1 expression levels in kidneys, was quantified as the fold expression change relative to the control 
rats. (E) The relative mRNA expression levels of MMP2, MMP9 and ET-1, determined by real-time PCR. Data in bar graphs are the means ± SD, n = 20. *P < 0.05 vs sham 
group; #P < 0.05 vs IRI group.
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infusion in the perfused kidney induces the reduction of 
renal blood flow and glomerular filtration through its 
vasoconstriction effect.33 The ischemia-induced increase 
in oxidative stress provokes endothelial dysfunction, 
which is mediated by ET-1-dependent activation, and the 
increase in oxidative stress by upregulated ET-1 could 
directly injure the neovasculature.13,34

Angiogenesis and vessel repair after IRI are complex 
processes that may last for weeks even months after IRI. 
However, as in this research, all the samples were col
lected 24 hours after ischemia/reperfusion, during the 
acute phase of IRI, and the results of CD31-positive 
microvascular density between groups were not comple
tely consistent with the trends in MMP2, ET-1 and MMP9 
expression levels. In the IMD-overexpressing rat kidneys, 
the expression levels of MMP2, ET-1 and MMP9 were 
significantly lower, and the density of CD31-positive 
microvasculature was higher compared to the IRI group. 
However, the expression levels of MMP2, ET-1 and 
MMP9 in rat kidneys after ischemia/reperfusion were 
increased compared to the levels in the sham group, and 
the density of CD31-positive microvasculature were 
higher. These results do not indicate that our results were 
contrary to those of previous studies, and similar results 
were presented in Xiangyu Zou’s study.35 These results 
indicate that the decrease in microvascular density induced 
by MMP2, ET-1 and MMP9 may be the final result of the 
entire injury and repair period. IMD could induce angio
genesis by reducing the expression levels of MMP2, ET-1 
and MMP9 in the early stage of IRI.

Conclusion
In this study, the overexpression of IMD by ultrasound 
microbubble-mediated transfection of the pcDNA3.1-IMD 
plasmid in the rat kidney could protect the kidney after 
renal ischemia-reperfusion injury by promoting angiogen
esis and reducing the destruction of the perivascular 
matrix. IMD could be a feasible method of reducing 
renal injury after ischemia reperfusion. However, as our 
research mainly focused on the early stage of renal IRI, the 
results still need to be demonstrated in further studies.
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