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Objective: Renal ischemia/reperfusion (I/R) injury is commonly seen in diabetic patients.

Apelin has been demonstrated to protect against renal I/R injury, whereas detailed modula-

tory mechanisms by which Apelin exerts its role in renal I/R injury in diabetic patients

remain unclarified. This research aimed to probe the functional molecules under the regula-

tion of Apelin in renal I/R injury in diabetic rats.

Materials and Methods: First, animal models were established for subsequent assays.

Biochemical kits measured the serum levels of blood urea nitrogen (BUN) and serum creati-

nine (SCR), and hematoxylin and eosin (H&E) staining examined the histopathological

changes of kidney tissues. Inflammatory factors containing tumor necrosis factor alpha

(TNF-α), interleukin 1β (IL-1β), interleukin 6 (IL-6) and monocyte chemoattractant protein-

1 (MCP-1) were tested through enzyme-linked immunosorbent assay (ELISA) and reverse

transcription-quantitative polymerase chain reaction (RT-qPCR), respectively. Reactive oxy-

gen species (ROS) levels in the serum and kidney tissues were separately assessed by specific

ROS kits. Cell apoptosis was further estimated through terminal deoxynucleotidyl transferase-

mediated dUTP nick end labeling (TUNEL) and Western blot analysis. Eventually, the

influences of Apelin on nuclear factor erythroid 2-related factor (Nrf2) and its downstream

genes were explored via Western blot analysis and immunohistochemistry (IHC).

Results: In the present study, Apelin ameliorated the damage to renal function and histolo-

gical structure, decreased levels of inflammatory factors and ROS, and hampered cell

apoptosis in renal I/R injury of diabetic rats. Moreover, Apelin could elevate the levels of

Nrf2 and downstream genes which were decreased under renal I/R injury.

Conclusion: These data indicated that Apelin inhibited renal I/R injury through regulating

Nrf2 signaling in diabetic rats, which might shed new light on the treatment of renal I/R

injury in diabetic patients.
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Introduction
Diabetes is a metabolic disease featured by hyperglycemia. People with diabetes have

high blood glucose levels owing to defects in insulin secretion and/or insulin action.1,2

Type 1 diabetes and type 2 diabetes are the main types. Type 1 diabetes is characterized

by a complete or nearly complete insulin deficiency and type 2 diabetes, the most

common type of diabetes, is characterized by insulin resistance and a dysfunction of

insulin synthesis and release by pancreatic β-cells.3,4 Increasing reports have illustrated

that diabetes patients have a higher risk of cardiovascular diseases (CVDs),5,6 which

can, in turn, promote the progression and generate adverse outcomes.7 Due to the

original damage to renal blood flow, after I/R injury, hypoxia-sensitive renal tissue and
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cells produce excessive ROS in an explosive manner, result-

ing in cell DNA damage and apoptosis and necrosis of cells

in renal tissue. In addition, free radicals are produced, which

may lead to the release of inflammation mediators and cell

apoptosis. As we know, kidneys are hyperperfusion organs

and sensitive to ischemia/reperfusion (I/R). I/R injury is

a complex process that can occur in shock patients, kidney

trauma, and kidney transplantation.8,9 As the incidence of

type 2 diabetes continues to increase, the incidence of I/R

injury in diabetic patients increases significantly, and the

renal function is obviously impaired, which can lead to

acute renal failure in severe cases.10 Thus, renal injury is

often caused by I/R treatment in diabetes.11,12 However,

studies on the renal I/R injury in diabetes are still inadequate

nowadays.

Apelin gene (APLN) encodes a 77-amino acid prepro-

apelin, which is later cleaved into 13-, 17-, and 36-amino

acid peptides from the C-terminus. Apelin is a peptide

that acts as a ligand for angiotensin I receptor-related

protein J receptor (APJ), a member of GPCR (G-protein-

coupled receptor) family.13 APJ is the only endogenous

receptor for apelin that mediates signal transduction via

G protein. Mounting evidence has reported the protective

role of Apelin in renal injury,14 ischemic stroke,15 lung

injury,16 and so on. The precise mechanism underlying

Apelin in renal I/R injury in diabetes needs further

investigation.

Nuclear factor erythroid 2-related factor 2 (Nrf2),

a transcription factor, is essential for downstream gene

regulation in mammals. Nrf2 can exert suppressive func-

tions in plenty of diseases. For example, activation of Nrf2

in osteoblasts represses osteoclastogenesis through

repression of IL-6.17 MiR-200a ameliorates doxorubicin-

produced cardiotoxicity by increasing Nrf2 levels in mice.18

Besides, astaxanthin improves the lipopolysaccharides-

caused subfertility of the mouse through Nrf2/HO-1

antioxidant pathway.19 It is also reported that melatonin

attenuates acute kidney I/R injury in diabetic rats by acti-

vating SIRT1/Nrf2/HO-1 pathway.20 Nevertheless, the

association between Apelin and Nrf2 in renal I/R injury in

diabetic rats has never been explored yet.

In the current research, we established the animal

models to induce renal injury. We observed the changes

of kidney function, histological structure, inflammatory

cytokines, ROS levels and cell apoptosis. The effects of

Apelin on renal I/R injury in diabetic rats were also

examined.

Materials and Methods
Animal Models and Grouping
In this study, male Sprague–Dawley rats (N=25, 180–200 g)

from Hunan SJA Laboratory Animal Co., Ltd (Changsha,

China) were used. These experimented rats were maintained

in the condition of 12 h light/dark cycle, 25°C and 30–45%

humidity. Following the principles in the NIH Guide for the

Care and Use of Laboratory Animals, all experimental proce-

dures were accomplished, which was also permitted by the

Laboratory Animal Ethics Committee at The Affiliated

HuaianNo.1 People’sHospital of NanjingMedical University.

Rats were given 1 week for acclimation and then allocated

to five different groups: Control, Db, Db+I/R, Db+I/R+NC,

and Db+I/R+AP, where Db represents diabetes, I/R represents

ischemia/reperfusion, and AP represents Apelin. Firstly, rats in

the control group were fed standard rat chow and rats in the

Db group were fed a high-fat diet (HFD) as previously

described.21 In the sixth week, control rats and Db rats were,

respectively, injected with saline and streptozotocin (STZ)

(30mg/kg). Three days post STZ injection, a glucometer

was employed to measure fasting blood glucose (FBG) level.

Rats with FBG levels of more than 11.1mmol/L were con-

firmed as type 2 diabetes rats. Secondly, diabetic rats were

provided with normal water and diet ad libitum for another

2 months before renal I/R. Rats were anesthetized with 3%

pentobarbital sodium in a dose of 50mg/kg before the midline

laparotomy. Thereafter, the right kidney was resected and the

left renal pedicle was clamped in a non-traumatic way for

about 45 mins. When kidney color ranged from red to pale,

ischemia was successfully induced. After clampwas removed,

kidney color changed back to red, suggesting that blood flow

restoration was successful. After that, rats were put on

a heating pad at 37°C until their consciousnesses were recov-

ered. Post 24 h of reperfusion, rats were allowed for recovery

for 3 d before sacrifice. Tail vein injection of lentivirus vectors

or Apelin lentivirus was performed in rats. After the sacrifice

of rats, the blood samples were gathered for renal function

examination, and left kidneys were gained and sliced into two

pieces for future use.

Biochemical Analysis and Histological

Examination
Blood samples were collected through the abdominal aorta.

Two indexes, blood urea nitrogen (BUN) and serum creati-

nine (SCR), were estimated with kits procured from Nanjing

Jiancheng Bioengineering Institute (Nanjing, China).
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Isolated kidneys were fastened in 10% formalin for

1 d and subsequently embedded in paraffin. Sections

(5 μm) of kidney tissues were cut from paraffin-

embedded samples and dyed with hematoxylin and eosin

(H&E). In subsequence, slides were evaluated via using

a light microscope (Nikon E600W, Japan). Expert investi-

gators with no idea of the experiment and data evaluated

each slide for degrees of histological damage (none, mild,

moderate and severe).

Enzyme-Linked Immunosorbent Assay

(ELISA)
Separation of serum by 10 min of centrifugation at 4000

rpm was performed, followed by collection and reposition

at −80°C. Serum levels of pro-inflammatory cytokines

comprising of tumor necrosis factor (TNF)-α, interleukin
(IL)-1β, IL-6 and monocyte chemoattractant protein-1

(MCP-1) were analyzed through the application of rat-

specific ELISA kits strictly following the protocols of the

manufacturer (Elabscience Biotechnology Co., Ltd,

Wuhan, China). The optical density (OD) values were

assessed via an automatic microplate reader (Thermo

Fisher Scientific, Waltham, MA, USA). Pro-inflammatory

cytokines in kidney tissues were also investigated through

ELISA. Before the assay, the tissue homogenate was cen-

trifugated (5000 × g) for 5 to 10 min and stored at −80°C.

Reverse Transcription-Quantitative PCR

(RT-qPCR)
The mRNA expression of TNF-α, IL-1β, IL-6 and MCP-1

in kidney tissues was explored utilizing RT-qPCR. Trizol

Reagent (Takara, Dalian, China) was utilized to harvest

total RNA, followed by cDNA synthesis by Frist Strand

cDNA Synthesis Kit (Takara, Dalian, China), as guided by

the instructions. Thereafter, relative mRNA expression

was quantified with the help of SYBR Green qPCR

Master Mix kit (Thermo Scientific, Wilmington, DE) in

triplicates. The parameters of RT-qPCR amplification reac-

tion were as follows: 40 cycles of 95°C for just 10 s

(denaturation) and 72°C for about 30 s (annealing/exten-

sion). Other mRNA expression levels were normalized to

that of GAPDH.

Detection of Reactive Oxygen Species

(ROS)
ROS levels in the serum and kidney tissues were, respec-

tively, assessed. In detail, serum ROS levels were measured

utilizing Fenton’s reaction and Griess reagent chromogenic

method, and those in kidney tissues were determined with

the DCFH-DA method as directed by the manufactures. All

kits were procured from the Nanjing Jiancheng

Bioengineering Institute (Nanjing, China).

TUNEL Staining
Cell apoptosis was estimated via TUNEL assay. Before

the assay, paraffin-embedded sections suffered deparaf-

finage and rehydration. In accordance with the guide-

book, TUNEL assay with an InSitu Cell Death

Detection Kit (Roche, Mannheim, Germany) was carried

out to detect apoptotic cells. TUNEL-positive cells at

six random areas were calculated through an Olympus

BX60 microscope that was equipped with a digital

CCD. Apoptosis rate was figured out as follows: number

of TUNEL-positive nuclei/total number of cells per

field×100%.

Western Blot Analysis
Kidney tissues were subjected to sonication in pre-cold

RIPA buffer (Beyotime, Haimen, China) for the late

quantification of protein concentrations by the BCA

method. 20–80 μg of protein was isolated with the

employment of SDS-PAGE, which was sequentially

transferred to PVDF membranes for further immunode-

tection. Next, the membranes were blocked with defatted

milk at indoor temperature. Culture with primary antibo-

dies for one night at 37°C and secondary goat-anti-mouse

horseradish peroxidase (HRP)-conjugated antibody for 2

h were sequentially performed. Eventually, the intensity

of protein bands was tested by enhanced chemilumines-

cence (ECL) reagents (Thermo Fisher Scientific) and

evaluated via the use of Quantity One 1-D Analysis

Software. Primary antibodies, containing Bax, cleaved

caspase-3, Bcl2, Nrf2, catalase (CAT), NAD(P)H dehy-

drogenase, quinone 1 (NQO1), superoxide dismutase

1 (SOD1), glutathione synthetase (GSS), glutamate-

cysteine ligase modifier subunit (GCLM), glutamate-

cysteine ligase catalytic (GCLC) and GAPDH, were

purchased from Abcam.

Immunohistochemistry (IHC)
Paraffin-embedded samples were cut into different sec-

tions, deparaffinized, and rehydrated. Next, they were

blocked using methanolic 3% hydrogen peroxide. Citrate

buffer was applied for antigen retrieval. Post the incuba-

tion with the primary antibody against anti-Nrf2 and the
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HRP-labelled goat-anti-mouse antibody, the detection was

implemented with the Iview DAB detection kit (Catalog

number 760–091, Ventana, Tucson, AZ).

Statistical Analysis
Each assay was conducted at least three times.

Experimental data analyzed via GraphPad Prism

Software (GraphPad software, Inc., La Jolla, CA) were

expressed as the mean ± standard deviation (SD). The dif-

ferences among groups were dissected utilizing one-way

ANOVA. P value below 0.05 meant that statistics were

significant.

Results
Apelin Reduced Renal I/R Injury in

Diabetic Rats
Renal I/R injury of diabetic rats were induced for this study.

We firstly detected the serum levels of BUN and SCR, two

indexes of kidney function. The results revealed that in the

serum of Db rats, BUN and SCR levels were significantly

increased. In comparison with Db group, I/R treatment further

elevated the serum levels of BUN and SCR, which was

decreased when Apelin was added (Figure 1A). H&E staining

found that histological injury induced in Db group was further

promoted after I/R treatment, and this promotion was inhibited

Figure 1 Effects of Apelin on the function and histological structure of kidneys. (A) Relative biochemical kits for detection of BUN and SCR levels in the serum of rats in five

groups. (B) H&E staining of histopathological changes in five groups of kidney tissues. ***P<0.001 vs Control; ###p<0.001 vs Db; ΔΔΔp<0.001 vs Db+I/R+NC.
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when Apelin was up-regulated (Figure 1B). These data

demonstrated that Apelin could inhibit renal I/R injury in

diabetic rats.

Apelin Decreased the Levels of

Inflammatory Factors in the Serum and

Kidney Tissues
We further examined the inflammation responses in differ-

ent groups. ELISA and RT-qPCR were, respectively,

applied to test the levels of inflammatory cytokines, such

as TNF-a, IL-1β, IL-6 and MCP-1. It was observed in

ELISA assay that TNF-a, IL-1β, IL-6 and MCP-1 were

dramatically raised in Db group, and I/R treatment accel-

erated the elevation. After Apelin addition, TNF-a, IL-1β,

IL-6 and MCP-1 were distinctly lessened (Figure 2A).

Moreover, RT-qPCR experiment discovered that Db-

increased levels of inflammatory factors were improved

when I/R treatment was performed. And the promotion

was repressed in response to Apelin overexpression

(Figure 2B). Taken together, boosted inflammation

response in renal I/R injury of rats with diabetes was

inhibited when rats were injected with Ad-Apelin.

Apelin Lowered ROS Levels in the Serum

and Kidney Tissues
Then, ROS levels in five different groups were separately

measured. Serum levels of ROS fromDb rats were obviously

high compared with control rats. I/R treatment enhanced the

ROS levels activated by induction of diabetes; however, this

phenomenon was markedly restrained with the addition of

Apelin. Similarly, in kidney tissues, elevated ROS levels in

Db group were facilitated after I/R injury, and compared with

Db+I/R+NC group, ROS levels were significantly sup-

pressed in Db+I/R+Ap group (Figure 2C). These findings

told us that promoted ROS levels in diabetes I/R-caused renal

injury was lowered after Apelin treatment.

Apelin Decreased the Stimulated Cell

Apoptosis in Kidney Tissues
Cell apoptosis was subsequently examined. In TUNEL assay,

we observed that cell apoptosis of Db group was dramatically

activated compared to control group, and I/R injury further

accelerated the apoptosis. Apelin treatment hampered the

induced cell apoptosis (Figure 3A and B). Results of

Western blot affirmed these findings. Protein levels of Bax

Figure 2 Effects of Apelin on inflammatory cytokines and oxidative stress. (A, B) TNF-a, IL-1β, IL-6 and MCP-1 levels were separately estimated via the usage of ELISA and

RT-qPCR experiments in the serum and kidney tissues. (C) The expression of ROS was estimated via ROS kits. **p<0.01,***P<0.001 vs control; ###p<0.001 vs Db;
ΔΔΔp<0.001 vs Db+I/R+NC.
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and cleaved caspase-3 were increased but Bcl2 protein levels

were decreased after diabetes induction, which was strength-

ened with I/R treatment. Thereafter, Apelin lowered the ele-

vated protein levels of Bax and cleaved caspase-3 and

enhanced the lessened protein levels of Bcl2 (Figure 3C). In

summary, induced cell apoptosis in renal I/R injury was hin-

dered in the context of Apelin.

Apelin Activated Nrf2 Signaling During

Renal I/R Injury in Diabetic Rats
To investigate the regulatory mechanism under Apelin in renal

I/R injury, we used Western blot to detect the expression

changes of Nrf2 and its downstream factors. Protein levels of

Nrf2, CAT, NQO1, SOD1, GSS, GCLM and GCLC were

markedly reduced under diabetes and I/R treatment, alone

and in combination, whereas the supplement of Apelin

reversed these decreases (Figure 4). IHC assay displayed that

Nrf2 expression was lessened in Db group, and the reduction

was enhanced after I/R treatment. However, Apelin treatment

rescued the down-regulation of Nrf2 (Figure 5). All in all,

Apelin activated Nrf2 signaling to ameliorate diabetes I/

R-activated renal injury.

Discussion
Recently, increasing reports have discussed about the renal

ischemia/reperfusion (I/R) injury in diabetes. For instance,

Figure 3 Impacts of Apelin on the apoptosis. (A) TUNEL assay was utilized to measure cell apoptosis in five groups. (B) Statistical analysis of apoptosis. (C) Western blot

assessed the protein levels of apoptosis-related proteins. **p<0.01, ***p<0.001 vs control; #p<0.05, ###p<0.001 vs Db; ΔΔΔp<0.001 vs Db+I/R+NC.
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calcium-sensing receptor plays a stimulative role in strepto-

zotocin-caused diabetic rats with renal I/R injury.22 P2X7

receptor depletion prevents against ischemic acute kidney

injury of mice.23 Captopril has protective effects on diabetic

rats along with I/R renal injury.24 Both telmisartan and pio-

glitazone develop renoprotective functions in I/R-induced

kidney damage in diabetic rats.25 In view of the complexity

of I/R-induced renal damage in diabetic rats, present

researches are still inadequate and we need to conduct more

researches to further comprehend the pathogenesis of renal

I/R injury in diabetes.

Commonly, renal function damage, histopathological

changes, ROS damage, inflammation response, and cell apop-

tosis are pivotal phenotypes of renal damage, which has been

yet reported by several researches.26–28 Dabrafenib can exert

a protective role in renal I/R injury via improving renal func-

tion, as well as reducing histological injury, inflammation and

cell death.29 MAPK-ERK-CREB pathway mediates renal tub-

ular inflammation response and cell death under hypoxia-

reoxygenation injury.30 Also, targeting ROS and cPLA2/

COX2 can decrease renal damage to obese mice with

endotoxemia.31 Hence, further research paid much attention

to the changes of cellular functions under various treatments.

In this work, we aimed to investigate the Apelin

role and the downstream molecules under Apelin in

renal I/R injury of diabetic rats. Apelin has been illu-

strated to repress renal I/R injury by affecting multiple

cellular activities. For example, Apelin hormone pre-

vents renal I/R-activated oxidative damage in rats.13

Apelin protects against acute renal injury through

Figure 4 Apelin had a promotive effect on Nrf2 and its downstream genes. Western blot detection of Nrf2, CAT, NQO1, SOD1, GSS, GCLM and GCLC levels under five

treatments. **p<0.01, ***p<0.001 vs control; ##p<0.01, ###p<0.001 vs Db; ΔΔΔp<0.001 vs Db+I/R+NC.

Figure 5 Apelin had a promotive effect on Nrf2. IHC analysis of Nrf2 expression changes under five kinds of treatments.
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repression of TGF-β1.32 Moreover, Apelin and leptin

have protective impacts on renal functions following

renal I/R damage.33 However, up to now, there is no

study about the function of Apelin in renal I/R damage

in diabetes. In the present paper, we divided rats into

five groups to observe the effect of Apelin on renal I/R

injury in diabetic rats. The results indicated that renal

function damage, histological injury, and the improved

levels of inflammation response, ROS and apoptosis

occurred under renal I/R injury in diabetic rats were

all reversed with the addition of Apelin.

Further, we sought to probe the exact mechanism of

Apelin in diabetic renal I/R injury. Nuclear factor erythroid

2-related factor 2 (Nrf2) is a researched protector against

diabetes I/R-caused renal injury. Nrf2 is found to be up-

regulated under naringin and trimetazidine that develop

protective properties in the remote effect of acute renal

injury by inhibition of oxidative stress and myocardial

injury.34 Moreover, inhibition of glycogen synthase

Kinase-3β activates Nrf2/HO-1 axis to attenuate renal I/R

damage in rats suffering from diabetes.35 Thus, we sup-

posed that Apelin might exert its inhibitory effect on renal

I/R damage in diabetic rats via stimulation of Nrf2. Our

current study revealed that protein levels of Nrf2 and its

downstream antioxidative enzymes were reduced in

response to renal I/R injury of diabetic rats, which were

recovered with the up-regulation of Apelin. IHC results

confirmed the expression changes of Nrf2 among different

groups. It was the first time that the association between

Apelin and Nrf2 in I/R-induced renal damage in diabetic

rats was uncovered.

Conclusion
In conclusion, this study disclosed that Apelin might pro-

tect renal from I/R injury in diabetic rats by modulating

Nrf2 and its downstream genes. These data would offer

a promising treatment method for diabetes patients with

renal I/R injury.

Data Sharing Statement
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request.
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