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Abstract. Remote ischemic preconditioning (RIPC) is a 
minimally invasive method that provides protection by 
reducing injury to the heart, kidneys, brain and other tissues or 
organs. RIPC may improve the outcome in patients undergoing 
surgery. Although the role of RIPC has been studied, the results 
remain controversial. It is difficult to confirm whether RIPC 
has a kidney protective effect and the understanding of the 
preconditioning signal pathway involved remains unclear. In the 
present study, the effect of RIPC in urology was evaluated. The 
protection against renal damage was assessed by investigating 
the potential mediator, hypoxia‑inducible factor‑1α (HIF‑1α), 
and the functional adrenomedullin (ADM) pathway. Male 
Sprague‑Dawley (SD) rats were used in the present study. 
The animal model of kidney damage induced by ischemia 
reperfusion (IR) was used to investigate the protective effect of 
the acute and delayed phase RIPC. Furthermore, the protective 
effects of RIPC mediated by a HIF‑1α‑ADM pathway were 
assessed. The indexes of renal function and oxidative damage 
indicators were measured by Cr, BUN, mALB, β2‑MG, MPO, 
MDA and SOD assays, and the expression of HIF‑1α and ADM 
were detected by western blot analysis, immunohistochemistry 
and ELISA assays. Tubular score, determined using 
hematoxylin and eosin staining, was used to evaluate renal 
tissue damage. Applying RIPC prevented IR‑induced renal 
dysfunction and oxidative damage by decreasing Cr, BUN, 
mALB, β2‑MG, MPO, MDA levels and increasing SOD 
activity. Findings showed that delayed RIPC had an improved 
effect compared with acute treatment. Delayed RIPC also 
upregulated the expression of HIF‑1α and ADM, indicating that 
the protective effect of the delayed RIPC may be associated 

with a HIF‑1α‑ADM‑mediated mechanism. The effect of the 
delayed RIPC to reduce IR‑induced renal damage and increase 
ADM expression was enhanced by HIF‑1α agonists DMOG 
and BAY 85‑3934, whereas the effect was whittled by HIF‑1α 
antagonists YC‑1 and 2‑MeOE2. Furthermore, receiving ADM 
also offered protection to the kidney in comparison with the 
IR+Vehicle group. These findings suggest that RIPC prevents 
IR‑mediated renal damage by HIF‑1α via an ADM humoral 
pathway. In the present study, RIPC provided an effective 
renal protection. ADM could also offer protection regulated by 
HIF‑1α in renal tissue. However, the mechanism of ADM as a 
protective factor in RIPC requires further research.

Introduction

The kidney, an organ particularly prone to ischemic injury, will 
undergo a period of ischemia during some urologic surgeries 
such as renal partial nephrectomy or kidney transplantation. 
Ischemic injury leads to necrosis of tubular epithelial cells and 
acute renal failure, which is a major cause of morbidity and 
mortality. Ischemia‑reperfusion injury (IRI) led to inevitable 
renal damage. Thus, reducing the damage to ischemic tissues 
has been an important therapeutic goal. Various potentially 
attractive measures to achieve this goal have been discovered 
and applied to protect organs from IRI. In 1986, the phenom-
enon of ischemic preconditioning (IPC) which could obviously 
reduce myocardial infarct size, was discovered (1). In 1993, an 
update version‑remote ischemic preconditioning (RIPC)‑was 
initially described by Przyklenk et al that decreased infarct 
area (2). Considering these reviews, using RIPC as a less inva-
sive method, brief cycles of limb ischemia and reperfusion as 
a remote precondition stimulus achieved by applying a simple 
tourniquet around the lower or upper limb was a noninvasive 
and comparatively inexpensive procedure  (3,4). However, 
results of RIPC were controversial (5,6). Results from animal 
experiments and clinical trials indicated that RIPC might 
offer neuroprotective effects by regulating multiple cellular 
processes (3). RIPC was previously shown to have a protective 
effect from renal IRI in rats preexposed to chronic hypoxia 
via hypoxia‑inducible factor‑1α (HIF‑1α). RIPC is extensively 
documented as a method of protecting organs, including the 
kidney, from IRI.

Adrenomedullin serves a role in the humoral pathway 
of delayed remote ischemic preconditioning via a 

hypoxia-inducible factor-1α-associated mechanism
WENPEI DONG1,2,  PING YU2,  TIELONG ZHANG1,2,  CHENZHUANG ZHU1,2,  JUN QI1,2  and  JUNHAO LIANG1,2

1Department of Urology, Xinhua Hospital, School of Medicine, Shanghai Jiao Tong University, 
Shanghai 200092; 2School of Medicine, Shanghai Jiao Tong University, Shanghai 200025, P.R. China

Received July 13, 2017;  Accepted January 12, 2018

DOI: 10.3892/mmr.2018.8450

Correspondence to: Professor Junhao Liang, Department of 
Urology, Xinhua Hospital, School of Medicine, Shanghai Jiao Tong 
University, 1665 Kongjiang Road, Shanghai 200092, P.R. China
E‑mail: liangjunhao@xinhuamed.com.cn

Key words: remote ischemic preconditioning, hypoxia‑inducible 
factor‑1α, adrenomedullin, ischemia reperfusion



DONG et al:  ROLE OF ADM IN DELAYED RIPC VIA A HIF-1α-ASSOCIATED MECHANISM4548

Currently, the mechanisms of RIPC have been considered 
to involve pathways, comparatively similar to IPC: (1) Neuronal 
pathway, (2) systemic response, (3) humoral pathway (7,8). 
The neuronal and systemic response pathway have been 
studied in depth whereas the humoral factor that conveyed the 
preconditioning signal from the remote to the target has not 
yet been identified. The effective endogenous factors currently 
confirmed are adenosine (9), bradykinin (10), opioids (11), and 
calcitonin gene‑related peptide (12), which is released from the 
remote organ or tissue during the preconditioning treatment 
and conveyed to the target organ through the bloodstream.

Furthermore, the transcription factor HIF‑1α has recently 
been revealed to be a potential mediator of RIPC‑induced 
protection  (13). Evidence indicates that HIF‑1α played an 
important role in the kidney and other organs involved in medi-
ating protection. HIF‑1α activation offered obvious protection 
to the kidney from IRI for the survival of renal epithelial cells.

The protective effects of HIF‑1α activation in renal IRI 
might be mediated by a number of different pathways. Studies 
have shown that heme oxygenase‑1 and erythropoietin are 
involved in this process  (14). However, the exact humoral 
candidate remained unknown; it appears that the protective 
factor is thermolabile, hydrophobic and has a molecular mass 
range from 3.5 to 8 kDa (15,16).

Adrenomedullin (ADM), a biologically active peptide, was 
first isolated from human pheochromocytoma tissue extracts, 
and later affirmed to be present extensively in vascular 
endothelium, heart, lung and kidney (17). It had an important 
effect on heart and vascular protection, angiogenesis, central 
nervous system protection, tumor growth‑promoting action, 
anti‑inflammation, receptors, and intracellular signalling 
system (18). In addition, it was regulated by HIF‑1α and its 
molecular mass was approximately 5 kDa in the humoral 
candidate range (19,20).

Thus, the purpose of this study was to investigate whether 
RIPC offered protection to kidneys with ischemia reperfusion 
injury and to determine whether ADM was the humoral candi-
date in RIPC based on the former result.

Materials and methods

Animals. In accordance with principles and guidelines of 
the Guide for the Care and Use of Laboratory Animals (US 
National Institutes of Health Publication), all experiments 
were performed in the laboratory of the Department of 
Pharmacology at Shanghai Jiao Tong University School of 
Medicine. Male SD rats weighing 210±20 g were given stan-
dard rat chow with free access to water and fasted, but allowed 
water ad libitum 12 h prior to experimentation. The present 
study was approved by the Ethics committee of Xinhua 
Hospital affiliated to Shanghai Jiao Tong University School of 
Medicine (Shanghai, China).

There are two phases of the study: Part 1, a comparing 
phase, in which we applied RIPC in a rat model and compared 
whether RIPC offered renal protection; and part 2, an 
intervention phase, in which we used drugs such as agonists 
and antagonists to confirm our assumption of the humoral 
candidate in RIPC.

Part 1: Twenty‑four rats were randomised into four groups 
(n=6 per group): Sham group, ischemia/reperfusion (IR) group, 

acute phase RIPC group, and delayed phase RIPC group. The 
sham group had sham surgery. The IR group underwent resec-
tion surgery of the right kidney and a microvascular clamp 
was placed on the left renal pedicle for 45 min, and then 
reperfusion resumed (21). After 30 min of RIPC (22), the acute 
RIPC and delayed RIPC groups underwent the same step as 
the IR group. The difference between the acute and delayed 
groups was that the delayed group underwent IR surgery after 
a 24‑hour period. All animals were sacrificed for specimen 
collection 24 h after surgery.

Part 2: We compared two phases of RIPC and acquired 
the better RIPC protocol in part 1. In part 2, 48 rats were 
randomly divided into eight groups based on the results in 
part 1 and the following drugs were used (n=6 per group): 
Sham+Vehicle  (21,23), IR+Vehicle  (21), Delayed+Vehicle, 
Delayed+YC‑1 (2 mg/kg) (23), Delayed+2‑Methoxyestradiol 
(2‑MeOE2) (20 mg/kg) (24), Delayed+DMOG (40 mg/kg) (25), 
Delayed+Molidustat (BAY 85‑3934) (2.5  mg/kg)  (26), 
IR+ADM (12 µg/kg) (27). All the injections were given intra-
peritoneally 2 h before the time of RIPC with an injection 
volume of 0.5 ml. The RIPC protocol adopted was on the basis 
of part 1 (4,22). YC‑1 and 2‑MeOE2 were agents that inhibited 
HIF‑1 activity in vivo and in vitro (24,28). As a result, YC‑1 
could also decrease the expression level of the HIF‑1 inducible 
genes, including ADM (29,30). DMOG and BAY 85‑3934, 
known as the prolyl hydroxylase (PHD) inhibitor, slowed the 
degradation of the HIF‑1α, relatively increasing the expression 
of HIF‑1 (26,31).

Biological samples and tissue handling. Blood was obtained 
from the renal artery before right nephrectomy and left 
kidney harvest. Urine was collected in 24 h after surgery. 
The left kidney was harvested for biochemical analysis, and 
immunohistochemical and histopathological use. The levels 
of urine microalbumin (mALB), serum beta2‑microglobulin 
(β2‑MG), creatinine (Cr), blood urea nitrogen (BUN), 
together with superoxide dismutase (SOD), malondialdehyde 
(MDA), and myeloperoxidase (MPO), the three of which 
originated from kidney tissue were tested by commercial 
assay kits (Jiancheng Bioengineering Institute, Nanjing, 
China). ADM in blood and kidney tissue was detected by 
an ELISA kit (Phoenix Pharmaceuticals, Inc., Burlingame, 
CA, USA). Western blot analyses were conducted by using 
HIF‑1α antibody (1:500; Novus Biologicals, Littleton, CO, 
USA). To detect HIF‑1α and ADM expression, immu-
nohistochemical staining was performed by the use of 
HIF‑1α (1:50; Novus Biologicals), ADM (1:200; Santa Cruz 
Biotechnology, Inc., Dallas, TX, USA) antibodies. The 
histopathological findings on the kidney tissue stained with 
hematoxylin and eosin were measured by the tubular score 
method (32,33).

Data analysis. Data were given as mean ± standard deviation. 
Software used for statistical analysis was Graphpad Prism® 
(v5.01 for Windows; GraphPad Software, Inc., La Jolla, CA, 
USA) and IBM SPSS Statistics (v19.0 for Windows; IBM Corp., 
Armonk, NY, USA). All data were tested using a one‑way 
analysis of variance with the Tukey multiple comparison test. 
P<0.05 was considered to indicate a statistically significant 
difference.
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Results

Prevention of IR induced renal dysfunction and oxidative 
damage by RIPC. A significant increase in levels of Cr, BUN, 
mALB, β2‑MG, MPO, MDA and decreased activity of SOD 
were shown in the IR group, indicating an obvious renal 
dysfunction and oxidative damage. Treatment with acute and 
delayed RIPC significantly decreased the renal damage with 
a lower level of Cr, BUN, mALB, β2‑MG, MPO, MDA and 
increased level of SOD compared with the IR group. In addi-
tion, the indexes of renal dysfunction and oxidative damage 
indicators induced by IR were reversed more significantly in the 
delayed RIPC, which seemed to have a better protective effect 
than the acute phase in part 1 as outlined in Table Ⅰ (P<0.05). 
These results strongly suggested that delayed RIPC produced 
marked beneficial profiles against IR‑induced renal injury.

Modulated effects of RIPC on the renal ischemic injury 
related to HIF‑1α. Effects of RIPC on the renal ischemic 
injury related to HIF‑1α were assessed (Fig. 1). Western blot 
analysis and immunohistochemistry staining of renal tissue 
showed an increase in HIF‑1α expression of renal tissue in 
acute and delayed RIPC groups in comparison with the IR 
group, and the level of HIF‑1α expression in the delayed RIPC 
group was higher than in the acute group (Fig. 1A, B, D, E; 
P<0.05). RIPC significantly increased the activity of SOD and 
decreased the production of MPO and MDA in the two RIPC 
groups compared with the IR group. It was also found that 
SOD in the delayed RIPC group was higher than in the acute 
group as outlined in Table Ⅰ (P<0.05). Interestingly, the blood 
levels of ADM were increased in the delayed RIPC group, 
whereas there was no significant change in the acute group 
(Fig. 1C). What's more, the expression of ADM in delayed 
RIPC group was also higher than the acute one (Fig. 1F, G). In 
addition, the histopathological results and tubular score also 
These results suggested a better protective effect of delayed 
rather than acute RIPC (Fig. 1H, I).

Based on these results, delayed RIPC was chosen as the 
effective measure to prevent renal damage in the following 
experiments as Delayed+Vehicle group. By pre‑treating with 
YC‑1 and 2‑MeOE2, both HIF‑1α antagonists, the expression 
of HIF‑1α was significantly downregulated in comparison 
with the Delayed+Vehicle group. DMOG and BAY 85‑3934 
pretreatment could markedly upregulate HIF‑1α expression in 
the Delayed+DMOG and Delayed+BAY 85‑3934 group than 
in the Delayed+Vehicle group (Fig. 2; P<0.05). In the Delayed+ 
YC‑1 and Delayed+2‑MeOE2 group, the renal injury was 
obviously accentuated after YC‑1 and 2‑MeOE2  pretreatment 
with a higher tubular score, increased levels of Cr, BUN, mALB, 
β2‑MG, MPO, and MDA, and a marked decline in SOD activity 
that almost counteracted the RIPC protection (Table I). However, 
the protective effect of RIPC could be dramatically augmented 
by DMOG in the Delayed+DMOG group and BAY 85‑3934 in 
the Delayed+BAY 85‑3934 group with slighter renal injury than 
in the Delayed+Vehicle group by decreasing tubular score and 
production of Cr, MPO, and MDA (Table Ⅰ, Fig. 3A, B).

Protective effects of RIPC against IR induced renal damage 
mediated by ADM. Immunochemistry staining and ELISA 
detection of renal tissue revealed that RIPC could markedly 
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upregulate ADM expression, accompanied by HIF‑1α, in the 
kidney. After receiving exogenous ADM, the renal tissues of 
the IR+ADM group showed notably increased ADM expres-
sion but not in the blood compared with the IR+Vehicle group 
(Fig.  2E-H). Treatment with ADM also led to increased 
activity of SOD, lowering the levels of MPO and MDA and 
improving tubular score for renal histopathological changes 
(Table Ⅰ, Fig. 3A, B). All of these results revealed that ADM 
offered slight protection to the kidney than did the IR+Vehicle 
group, indicating this humoral factor was involved in the 
process of RIPC's protection against IR‑induced renal 
injury. In addition, drug intervention targeting HIF‑1 also 
regulated the expression of ADM. Pretreatment with YC‑1, 
the antagonist of HIF‑1, in the Delayed+YC‑1 group visibly 
downregulated the production of ADM with accelerated 
renal damage. So did the Delayed+2‑MeOE2 group. However, 
DMOG and BAY 85‑3934, the agonist of HIF‑1, significantly 
increased the expression of ADM (Fig.  2E, F, G, H) and 
improved renal function (Table I). The histopathological find-
ings in (Fig. 3A, B) showed a few of tubular epithelial cell 
flattening, brush border loss, and apoptosis were observed in 

the Sham+Vehicle group. Consequently, the Sham+Vehicle 
group got the lowest score. However, the IR+Vehicle group 
which scored the highest, in addition to the histopathological 
changes mentioned for the Sham+Vehicle group, had the 
pathological changes of tubular lumen multifocal necrosis and 
debris, lumen flat expansion and cast. In the Delayed+Vehicle, 
Delayed+YC‑1, Delayed+2‑MeOE2, Delayed+DMOG, 
Delayed+BAY 85‑3934 groups, the lumen necrosis and flat 
expansion and cast were also observed, but the damage and 
score was less than the IR+Vehicle group. All these results 
indicated that ADM might act as a downstream humoral 
factor regulated by HIF‑1α. The relationship between these 
results and the complete mechanism needs further investiga-
tion.

In summary, we found RIPC could offer a protective 
effect against IR‑induced renal injury by reversing the renal 
dysfunction and oxidative damage indicators in this study. 
Results also showed that the effect of RIPC was mediated by 
HIF‑1α and a downstream humoral factor ADM. However, 
molecular mechanism is still unclear and further investigation 
is needed.

Figure 1. RIPC influenced the expression of HIF‑1α, ADM, and tubular score (IHC and HE; magnification, x400) (*P<0.05; **P<0.01; ***P<0.001; ↑ tubular 
epithelial cell flattening, brush border loss, and apoptosis;  lumen flat expansion and cast;  tubular lumen multifocal necrosis and debris). (A and B) The 
expression of HIF‑1α detected by Western blot. (C) The level of ADM in blood. (D and E) The immunohistochemistry staining of HIF‑1α in renal tissue. 
(F and G) The immunohistochemistry staining of ADM. (H) Hematoxylin and eosin staining of renal tissue. (I) The tubular score of renal injury.
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Discussion

RIPC is a less invasive method for reducing myocardial infarct 
size developed from ischemic preconditioning (IPC), offering 

similar protection by applying ischemia reperfusion to the 
organs or tissue far away from the protected target (3). RIPC 
was first and frequently applied during cardiac surgery in the 
clinic (2). However, it was rarely used in urology. Currently, 

Figure 2. The expression of HIF‑1α, ADM, and tubular score was influenced by accepting drugs (IHC; magnification, x400) (*P<0.05 vs. IR+Vehicle group; 
#P<0.05 vs. Delayed+Vehicle group). (A and B) The western blot analysis of HIF‑1α expression. (C and D) The immunohistochemistry staining of HIF‑1α in 
renal tissue. (E and F) The expression of ADM detected by immunohistochemistry. (G) The level of ADM in blood. (H) The level of ADM in renal tissue.
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the protection offered by RIPC remains controversial (3,5,6) 
and the mechanism is unclear. This was also one of the reasons 
we conducted the study.

Similar to IPC, the protective effect of RIPC had been 
demonstrated to have two phases or windows, with the first 
period of protection occurring and lasting 1 to 4 h immediately 
after precondition or acute RIPC, and subsequently the delayed 
RIPC appearing at 24 h and lasting 72 h (34). In part 1, the two 
phases of RIPC both could reduce the ischemia reperfusion 
damage and improve renal function indicators, and the delayed 
phase offered better protection that was adopted as RIPC 
protocol in part 2 (Table Ⅰ, Fig. 1I).

The results of our experiment suggested HIF‑1α plays 
a key role in the renal protection offered by RIPC. HIF‑1, 
consisting of an inducible α subunit and constitutive β subunit, 
was a transcriptional factor whose expression was affected by 
oxygen concentration in the environment, regulating hundreds 
of downstream target gene expressions, including ADM (20). 
It played an important role in basic metabolism so that mice 
would die if the HIF‑1α gene was knocked down (35). HIF‑1 
also was involved in cancer metabolism and metastasis (36). 
First, the expression of HIF‑1α was significantly increased 
which was a positive correlation for renal protection. Second, 
in the Delayed+DMOG group receiving DMOG injection and 
the Delayed+BAY 85‑3934 group receiving BAY 85‑3934 
injection, both of the two agents slowed the degradation of 
the HIF‑1α, relatively increased the expression of the HIF‑1, 
significantly improved the indicators of Cr, BUN, MPO, MDA, 
lowered the tubular score, and further strengthened the protec-
tion of RIPC.

However, in the Delayed+YC‑1 group and the 
Delayed+2‑MeOE2, the expression of HIF‑1α was obviously 
inhibited and the expression of ADM in blood and tissue 
was decreased. In addition, the renal function indicators Cr 
and BUN, and oxidative damage indicators MPO, MDA, and 
tubular score in the Delayed+YC‑1 group were worse than 
in the Delayed + Vehicle group. All the aforementioned 
findings suggested changing the expression of HIF‑1α 
could significantly strengthen or weaken the protective 
effects of RIPC.

ADM, a biologically actively peptide regulated by HIF‑1, 
was first isolated from human pheochromocytoma tissue 
extracts (17). It has an important effect on heart and vascular 

protection, angiogenesis, central nervous system protection, 
tumor growth‑promoting action, anti‑inflammation, receptors, 
and intracellular signaling systems (18). Circulating ADM 
was rapidly metabolized with a half‑life of about 20 min, but 
exogenous ADM could increase the concentration in plasma 
and tissue (37). We found that when the expression of HIF‑1α 
increased or decreased, accordingly the expression of ADM 
also changed. High expression of HIF‑1α upregulated the 
concentration of ADM in blood and tissue. Elevated ADM 
might play an anti‑inflammatory and antioxidant role, which 
could reduce the inflammatory infiltration and lipid peroxida-
tion in the tissue suffering ischemia reperfusion, and provide 
protection to the microvasculature. However, the elevation 
of ADM was only significant in the delayed phase of RIPC. 
Furthermore, in the presence of exogenous ADM, the expres-
sion of HIF‑1α was also increased.

Thus, we inferred the protection in early or acute phase 
of RIPC was offered by the existent ADM, SOD, and other 
proteins that played an important role in antioxidation. Later 
in the delayed phase, the expression of HIF‑1α upregulated the 
transcription of these proteins, and the system could synthe-
size more antioxidants to fight against IRI. Furthermore, there 
might also be some positive feedback regulation mechanism 
between ADM and HIF‑1α that significantly increased the 
expression of ADM and thus help play a stronger role in the 
protection of renal function in the delayed phase rather than 
the acute phase. However, more research on how the positive 
feedback regulation mechanism worked is needed.

We found that ADM might play an important role in the 
protective effect of RIPC in renal function. After exogenous 
ADM was received, the concentration of ADM in blood was 
not significantly increased although it was obviously increased 
in renal tissue. Exogenous ADM improved the activity of SOD, 
lowered the activity of MPO, MDA, and improved tubular 
score. However, simply receiving ADM could not take place 
of the role of RIPC in renal protection.

In summary, RIPC could provide effective renal protection 
against ischemia reperfusion injury. The upregulated expres-
sion of HIF‑1α was the key to RIPC's protection. With the help 
of HIF‑1, a series of antioxidant proteins was upregulated, 
which ultimately played a role in fighting against IRI. ADM 
was an important member of a series of downstream target 
proteins regulated by HIF‑1, and it might form a positive 

Figure 3. Renal tubular pathology (*P<0.05 vs. IR+Vehicle group; #P<0.05 vs. Delayed+Vehicle group; ↑ tubular epithelial cell flattening, brush border loss, and 
apoptosis;  lumen flat expansion and cast;  tubular lumen multifocal necrosis and debris). (A) Hematoxylin and eosin staining of renal tissue in different 
groups (HE; magnification, x400). (B) The tubular score in renal tissue.
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feedback regulation pathway with HIF‑1α, which made the 
delayed phase of RIPC exhibit stronger renal protection.
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