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Abstract. Hepatic ischemia/reperfusion (I/R) injury is a 
common pathophysiological process that occurs following 
liver surgery, which is associated with oxidative stress, and 
can cause acute liver injury and lead to liver failure. Recently, 
the development of drugs for the prevention of hepatic I/R 
injury has garnered interest in the field of liver protection 
research. Previous studies have demonstrated that [D‑Ala2, 
D‑Leu5]‑Enkephalin (DADLE) exerts protective effects 
against hepatic I/R injury. To further clarify the specific 
mechanism underlying the effects of DADLE on hepatic 
I/R injury, the present study aimed to observe the effects of 
various doses of DADLE on hepatic I/R injury in mice. The 
results indicated that DADLE, at a concentration of 5 mg/kg, 
significantly reduced the levels of alanine aminotransferase 
and aspartate aminotransferase in the serum, and the levels 
of malondialdehyde in the liver homogenate. Conversely, the 
levels of glutathione, catalase and superoxide dismutase in the 
liver homogenate were increased. In addition, DADLE was 
able to promote nuclear factor, erythroid 2 like 2 (Nrf2) nuclear 
translocation and upregulate the expression of heme oxygenase 
(HO)‑1, which is a factor downstream of Nrf2, thus improving 
hepatic I/R injury in mice. In conclusion, the present study 
demonstrated that DADLE was able to significantly improve 
hepatic I/R injury in mice, and the specific mechanism may be 
associated with the Nrf2/HO‑1 signaling pathway.

Introduction

Hepatic ischemia/reperfusion (I/R) injury, which often occurs 
in response to shock or liver surgery, is caused by a reduction 
in liver pedicle blood flow, and is an important factor affecting 
liver function following liver transplantation and liver lobe 
resection. The pathophysiological process associated with I/R 
injury is complex, and there are currently no effective preven-
tative methods available; therefore, research regarding its 
mechanism has recently garnered attention. Previous studies 
have indicated that reactive oxygen species (ROS) are closely 
associated with hepatic I/R injury (1‑3). In the early stage of 
hepatic I/R injury, ROS initiate lipid peroxidation damage 
in liver cells, protein oxidation, mitochondrial dysfunction 
and DNA damage (4). Kupffer cell activation and neutrophil 
chemotaxis further induces liver cell death, resulting in acute 
liver injury (5). Therefore, studying the association between 
hepatic I/R injury and oxidative damage may further aid the 
understanding of the mechanisms underlying hepatic I/R 
injury, and provide a novel therapeutic target and clinical 
treatment for hepatic I/R injury.

Nuclear factor, erythroid 2 like 2 (Nrf2) serves an impor-
tant role in cellular oxidative stress and exerts antioxidant 
effects on numerous organs (6‑9). Under physiological condi-
tions, Nrf2 and Kelch‑like ECH‑associated protein 1 (Keap1) 
form a complex in the cytoplasm to inhibit the activity of Nrf2. 
However, in response to various endogenous or exogenous 
stimuli, Nrf2 and Keap1 dissociate, allowing Nrf2 to translo-
cate into the nucleus and combine with antioxidant response 
elements (ARE) to initiate ARE‑regulated phase II detoxifica-
tion enzyme and antioxidative enzyme gene expression. Heme 
oxygenase (HO)‑1 is a major phase II detoxifying enzyme 
regulated by Nrf2 (10‑12) that protects the body from ROS 
damage and is the main mechanism that protects cells against 
oxidative damage (7,13,14). Previous studies have reported that 
Nrf2 has an important role in I/R injury of the small intestine 
and brain (15‑17); however, its role in hepatic I/R injury has yet 
to be elucidated.

The δ‑opioid receptor (DOR) belongs to a category of 
seven‑transmembrane G protein‑coupled receptors, and 
[D‑Ala2, D‑Leu5]‑Enkephalin (DADLE) is a synthetic 
DOR‑specific agonist. Previous studies have indicated that 
DADLE, as a DOR‑specific agonist, exerts protective effects 
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in the damage repair of the brain, heart, liver and other 
organs (18‑20). However, whether DADLE exerts protective 
effects on hepatic I/R injury, and its possible mechanism, 
remain unclear.

The present study aimed to investigate the effects of 
DADLE on acute liver injury induced by hepatic I/R injury 
in mice and its possible mechanism. The results indicated that 
DADLE was able to significantly improve liver I/R injury, 
possibly via the Nrf2/HO‑1 pathway, which may provide a 
novel theoretical basis for the treatment of hepatic I/R injury.

Materials and methods

Animals. Male C57BL/6 mice (age, 35‑42  days; weight, 
18‑22 g; 6 mice in each group) were provided by the Animal 
Experimental Center of Guilin Medical University (animal 
quality certificate number: 45000800000013). The mice were 
housed in cages, under controlled temperature (24±2˚C) and 
humidity (50±10%) conditions with 12 h light/dark cycles and 
were given free access to food and water All experiments were 
approved by the Animal Ethics Committee of the Affiliated 
Hospital of Guilin Medical University (Guilin, China).

Antibodies and reagents. DADLE, the DOR antagonist 
naloxone and pentobarbital sodium were purchased from 
Sigma‑Aldrich (Merck KGaA, Darmstadt, Germany). 
Superoxide dismutase (SOD), glutathione (GSH), catalase 
(CAT) and malondialdehyde (MDA) kits (catalog nos. A001‑3, 
A006‑2, A007‑1 and A003‑1, respectively) were purchased 
from Nanjing Jiancheng Bioengineering Institute (Nanjing, 
China). Nucleic acid protein and cytoplasmic protein extrac-
tion kit was purchased from Nanjing KeyGen Biotech Co., 
Ltd. (Nanjing, China). Nrf2 antibody (catalog no. sc‑722) was 
obtained from Santa Cruz Biotechnology, Inc. (Dallas, TX, 
USA); β‑actin antibody (catalog no. TA890010) was purchased 
from OriGene Technologies, Inc. (Beijing, China); HO‑1 
antibody (catalog no. ab13248) was purchased from Abcam 
(Cambridge, UK); and proliferating cell nuclear antigen 
(PCNA) antibody (catalog no. 13110) was obtained from Cell 
Signaling Technology, Inc. (Danvers, MA, USA).

Animal models and groups. Forty‑eight mice underwent 70% 
liver ischemia for 45 min. Six mice were sacrificed at each 
reperfusion time points (0, 1, 2, 4, 6, 8, 12 and 24 h). The altera-
tions in serum alanine aminotransferase (ALT) and aspartate 
aminotransferase (AST) were measured at different time 
points after reperfusion in mice. Thirty mice were randomly 
divided into five groups (n=6 mice/group) and intraperitoneally 
injected with different concentrations of DADLE (1, 3, 5, 7 and 
10 mg/kg) for 15 min prior to ischemia. After 45 min ischemia, 
mice were sacrificed at the same time point according to the 
previous experiment. The effects of different concentrations of 
DADLE on serum ALT and AST were observed. Twenty‑four 
mice were randomly divided into four groups (n=6 mice/group) 
as follows: Sham group, Model group (I/R), DADLE group and 
DOR antagonist naloxone + DADLE group (N/D). The mice in 
the Sham group underwent anesthesia, laparotomy, separation 
of the perihepatic ligament and abdomen closure. The mice in 
the I/R group were anesthetized with 2% diethyl ether inhala-
tion and were intraperitoneally injected with 50 mg/kg sodium 

pentobarbital; subsequently, their abdomens were opened, and 
the blood vessels and bile ducts in the left and middle lobes of 
the liver were occluded with vascular clamps to result in 70% 
liver ischemia. Blood supply was restored after 45 min and 
the abdomen was immediate sutured after release of vascular 
clamps. In the DADLE group, 5 mg/kg DADLE solution was 
injected intraperitoneally 15 min prior to I/R, whereas in the 
N/D Group, 2.5 mg/kg naloxone was administered intraperito-
neally at a fixed time each day for a week prior to surgery, and 
5 mg/kg DADLE was injected intraperitoneally for 15 min 
prior to I/R as control. The mice were sacrificed 6 h after the 
blood supply was restored, and biological samples were taken 
for use in subsequent experiments.

Determination of serum transaminase levels. A total of 6 h 
postreperfusion, 1 ml whole blood was collected from the 
mice via the inferior vena cava. The blood samples were main-
tained at room temperature for 1 h and were then centrifuged 
at 1006.2 x g, 4˚C for 15 min. The serum levels of alanine 
transaminase (ALT) and aspartate transaminase (AST) were 
measured using an automated chemical analyzer (Roche 
Cobas 8000; Roche Diagnostics, Basel, Switzerland). Values 
were expressed as units per liter (U/l).

Liver histopathological observation and assessment of liver 
injury. Liver sections (0.3‑0.5 cm) were fixed in 10% formalin, 
embedded in paraffin, dewaxed with xylene and passed 
through a graded series of alcohol. Subsequently, the sections 
were stained with hematoxylin at 25˚C for 5 min and rinsed 
under running water for 10 min; the color was differentiated 
using 1% hydrochloric acid. The sections were further rinsed 
under running water for 10 min, stained with eosin for 30 sec 
at 25˚C, dehydrated under an alcohol gradient, cleared with 
xylene and sealed with neutral gum. The histopathological 
alterations of the liver tissue were observed under an optical 
microscope. The degree of liver injury was graded according 
to the Suzuki criteria (21): 0 to 4 according to occlusion of 
the liver sinus, and necrosis, swelling and degeneration of liver 
cells.

Measurement of SOD, GSH, CAT and MDA in liver homog‑
enates. The levels of SOD, GSH, CAT and MDA in the liver 
tissue homogenates from each group were detected, according 
to the manufacturer's protocols.

Reverse transcription‑polymerase chain reaction (RT‑PCR) 
analysis. Total RNA was extracted from the liver tissues 
using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA). The absorbance (A) 260/A280 
ratio was confirmed to be between 1.8 and 2.0, and the purity 
was >90%. Subsequently, RNA was reverse transcribed into 
cDNA (Tiangen Biotech Co., Ltd., Beijing, China) and used as 
a template for PCR amplification. The following primers were 
used: HO‑1, upstream 5'‑CAG​AAG​AGG​CTA​AGA​CCG​CC‑3', 
downstream 5'‑CTC​TGA​CGA​AGT​GAC​GCC​AT‑3'; and 
GAPDH (internal reference), upstream 5'‑ACC​ACA​GTC​CAT​
GCC​ATC​AC‑3' and downstream 5'‑TCC​ACC​ACC​CTG​TTG​
CTG​TA‑3'. PCR was conducted using SYBR Premix Ex Taq II 
(Takara Biotechnology Co., Ltd., Tokyo, Japan) according to 
the manufacturer's protocol in a 20‑µl reaction system under 
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the following reaction conditions: 95˚C for 2 min; followed by 
35 cycles of 94˚C for 45 sec, 60˚C for 30 sec and 72˚C for 
2 min, and a final extension step at 72˚C for 10 min. The ampli-
fied products were analyzed by 1% agarose gel electrophoresis 
and GelRed (Biotium, Inc., Freemont, CA, USA), and the 
target bands were scanned using a gel imaging system; G:Box 
chemi‑XR5 GENESys version 1.2.5.0 (Syngene, Frederick, 
MD, USA).

Western blotting. Whole cell, nuclear and cytoplasmic proteins 
were separately extracted from the samples using a Nuclear and 
cytoplasmic protein extraction kit (cat. no. KGP1100) purchased 
from Nanjing KeyGen Biotech Co., Ltd. (Nanjing, China) and 
the bicinchoninic acid method was used to quantify protein 
levels. The protein samples were mixed with loading buffer 
and boiled for 5 min for protein denaturation. Subsequently, 
5‑10  µg samples were separated by 10% polyacrylamide 
gel electrophoresis and were transferred to polyvinylidene 
fluoride membranes under constant pressure for 1 h. The 
membranes were washed three times with TBS containing 
0.05% Tween 20 (TBST; 10 min/wash), and were then incu-
bated with β‑actin (1:1,000), Nrf2 (1:200), PCNA (1:1,000) and 
HO‑1 (1:500) antibodies at 4˚C overnight. Subsequently, the 
membranes were washed three times with TBST (15 mi/wash) 
and were incubated with the corresponding secondary anti-
body (1:8,000) for 1 h at 37˚C. The secondary antibodies were 
obtained from Santa Cruz Biotechnology, Inc. (cat. no. ab6789 
and ab150077). The membranes were washed three times with 
TBST (10 min/wash), and the antibodies were detected using 
an enhanced chemiluminescence system (Beyotime Institute 
of Biotechnology, Haimen, China). Gray value analysis was 
performed using Quantity One software version 4.62 (Bio‑Rad 
Laboratories, Inc., Hercules, CA, USA).

Statistical analysis. Data are presented as the mean ± standard 
deviation and were repeated 3 times, and were analyzed using 
SPSS 16.0 statistical software (SPSS, Inc., Chicago, IL, USA). 
Initially, a test of the homogeneity of variance was conducted 
for the data from each group using a single‑factor analysis of 
variance for multiple group comparisons and a least signifi-
cant difference test for the homogeneity of variance. When 
variance was not homogeneous, the data were converted to 
achieve homogeneity prior to analysis. P<0.05 was considered 
to indicate a statistically significant difference.

Results

Effects of DADLE on hepatic dysfunction caused by hepatic 
I/R injury. To determine the time course of hepatic I/R, 
the serum levels of AST and ALT were detected in the I/R 
group at various time points (0, 1, 2, 4, 6, 8, 12 and 24 h). 
The results indicated that the ALT and AST levels were 
highest at 6 h following I/R, confirming that the model was 
successful (Fig. 1A). To determine the appropriate concentra-
tion of the DOR agonist for use in subsequent experiments, 
the serum levels of ALT and AST were detected in response 
to various concentrations of DADLE (1, 3, 5, 7 and 10 mg/kg). 
The results demonstrated that the serum levels of ALT and 
AST were markedly lower following treatment with 5 mg/kg 
DADLE. Therefore, subsequent experiments were conducted 

6 h following I/R, and DADLE was used at a concentration of 
5 mg/kg (Fig. 1B).

DADLE alleviates hepatic I/R injury. Compared with in 
the Sham group, the AST and ALT levels were significantly 
higher in the I/R group (P<0.01), and hematoxylin and eosin 
(HE) staining detected obvious alterations in lobe tissue 
structure, including hepatic sinus block, hepatocyte swelling, 
degeneration and necrosis, and inflammatory cell infiltration. 
Conversely, the serum levels of AST and ALT in the serum 
DADLE group were significantly lower compared with the I/R 
and N/D group (Fig. 2A; P<0.05). HE staining detected fewer 
alterations in lobe structure, reduced hepatocellular swelling 
and degeneration, and decreased inflammatory cell infiltration 
in the DADLE group when compared with the I/R and N/D 
group (Fig. 2B; however, there was no significant alteration in 
the serum levels of AST and ALT, nor were there any altera-
tions in the histological structure of the lobe tissue in the N/D 
group when compared with the I/R group (Fig. 2A; P>0.05). 
The Suzuki score demonstrated that liver injury was increased 
in the I/R group compared with in the Sham group (P<0.01; 
Fig. 2C and Table I), and the degree of injury was significantly 
lower in the DADLE group compared with in the I/R and N/D 
group (P<0.05; Fig. 2C).

DADLE increases the ability of the liver to resist oxidative 
damage. Compared with in the Sham group, the levels of 
SOD, GSH and CAT in the I/R group were significantly 
decreased, whereas the levels of MDA were significantly 
increased (P<0.05). Compared with in the I/R group, the levels 
of SOD, GSH and CAT in the DADLE group were signifi-
cantly increased, whereas the MDA levels were significantly 
decreased (Fig. 3; P<0.05). There were no significant altera-
tions in the levels of SOD, GSH, CAT and MDA between the 
I/R and N/D groups (P>0.05; Fig. 3).

DADLE promotes nuclear translocation of Nrf2 and upregu‑
lates HO‑1 expression. The expression levels of HO‑1 and the 
nuclear translocation of Nrf2 were analyzed using RT‑PCR 
and western blotting (Fig. 4). Compared with in the Sham 
group, the mRNA expression levels of HO‑1 were significantly 
increased in the I/R group (P<0.05). In addition, the mRNA 
expression levels of HO‑1 were significantly increased in 
the DADLE group compared with in the I/R group (P<0.01). 
However, compared with in the I/R group, HO‑1 mRNA 
expression was not significantly altered in the N/D group 
(P>0.05; Fig. 4A and D). The western blotting results indicated 
that the nuclear expression of Nrf2 protein was significantly 
higher in the DADLE, I/R and N/D groups compared with in 
the Sham group (P<0.01), and the nuclear expression of Nrf2 
was significantly higher in the DADLE group compared with 
in the I/R and N/D group (P<0.01; Fig. 4C and F). The protein 
expression levels of cytoplasmic Nrf2 were significantly 
different in all groups (Sham group vs. I/R group; I/R group 
vs. DADLE group; DADLE group vs. N/D group), and the 
trend in its expression was opposite to its trend in the nucleus 
(P<0.05, P<0.01 and P<0.01, respectively); however, the protein 
expression levels of total Nrf2 in all groups (Sham group vs. 
I/R group; I/R group vs. DADLE group; DADLE group vs. 
N/D group) were not statistically significant (P>0.05; Fig. 4B 
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and E). In addition, the present study detected the expression 
levels of HO‑1, which is an antioxidant protein downstream of 
Nrf2. The results indicated that the protein expression levels 
of HO‑1 were significantly increased in the I/R, DADLE and 
N/D groups compared with in the Sham group, and HO‑1 
expression was most obviously increased in the DADLE group 
(P<0.01; Fig. 4B and E).

Discussion

I/R injury is an important factor affecting liver function 
following liver transplantation and liver resection. The genera-
tion of ROS, and the activation of Kupffer cells, lymphocytes 
and neutrophils, induces a series of damaging cellular 
responses, leading to inflammation and cell death. DADLE 
is a synthetic DOR‑specific agonist, the molecular formula 
of which is C29H39N5O7. DADLE has a high affinity for the 
G protein‑coupled DOR and is currently the most studied 
DOR agonist. In recent years, numerous studies  (18‑20) 

have focused on the protective effects of DADLE on organs 
affected by I/R injury, and DADLE has been reported to 
improve tissue oxygen utilization and maintain the tissue 
oxygen metabolism balance, thus reducing disordered tissue 
energy metabolism induced by hypoxia, and cell and tissue 
damage (22). DADLE has also been demonstrated to serve 
a protective role against cellular hypoxic injury via various 
mechanisms. DADLE can activate protein kinase C (PKC), 
and PKC in the cytoplasm can activate adenosine triphos-
phate (ATP)‑sensitive potassium channels (KATP channels), 
resulting in the opening of mitochondrial KATP channels to 
promote potassium efflux  (23), inhibit Ca2+ channel flow, 
shorten the action potential duration and reduce the consump-
tion of ATP, thereby serving a role in organ protection. 
Activated PKC can also be translocated to the membrane by 
phosphorylation. Nrf2 in the cytoplasm is a substrate protein 
that can be activated by PKC and transferred to the nucleus, 
where it may regulate the expression of various phase II 
detoxification enzymes and antioxidant enzyme genes, 

Figure 2. (A) Serum levels of ALT and AST in each group of mice. (B) Pathological alterations in the liver samples from each group (hematoxylin and 
eosin staining; magnification, x200). Each experiment was repeated three times. ALT, alanine aminotransferase; AST, aspartate aminotransferase; DADLE, 
(D‑Ala2, D‑Leu5)‑Enkephalin; I/R, ischemia/reperfusion; N/D, naxolone + DADLE. (C) Suzuki score of pathological in each group. *P<0.05, **P<0.01.

Figure 1. (A) Analysis of the serum levels of ALT and AST in mice at various time points (0, 1, 2, 4, 6, 8, 12 and 24 h) after I/R. (B) Effects of various concentra-
tions of DADLE (1, 3, 5, 7 and 10 mg/kg) on hepatic I/R injury. Each experiment was repeated three times. ALT, alanine aminotransferase; AST, aspartate 
aminotransferase; DADLE, (D‑Ala2, D‑Leu5)‑Enkephalin; I/R, ischemia/reperfusion.
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including HO‑1 (24). The subsequent increase in tissue HO‑1 
expression enhances its antioxidative capacity and reduces 
I/R injury (25). Finally, the antioxidative activity may be 
attributed to the increased production of carbon monoxide 
(CO), which is an end product of the enzymatic activity of 
HO‑1. Wei et al indicated that exogenous CO released by 
CO‑releasing molecule (CORM)‑2 can be applied to reduce 
hepatic I/R injury (26). Numerous studies have also demon-
strated that the immunomodulatory influence of CORM may 
occur in some immunological diseases, including experi-
mental autoimmune uveoretinitis, type 1 diabetes, multiple 
sclerosis and allergic encephalomyelitis (27‑30). These studies 
demonstrated that CORM as a potential therapeutic molecule 
for the treatment of immunological diseases owing to its 
anti‑inflammatory and anti‑apoptotic properties. Hepatic I/R 
injury induces formation of reactive oxygen species, hepato-
cyte apoptosis and release of pro‑inflammatory cytokines, 
which together causes liver damage and organ dysfunction. 
DADLE alleviates hepatic I/R injury and may be used to 
exploit the potent antioxidant, anti‑inflammatory and cyto-
protective effects of CORM.

In the present study, AST and ALT levels reached a relative 
peak at 6 h after reperfusion, which is consistent with the find-
ings of previous studies (31,32); therefore, these time points 
were used for subsequent experiments. In the present study, the 
hepatoprotective effects of DADLE were not dose‑dependent; 
at lower concentrations, the levels of transaminases were 
higher and protection was not significant. In addition, at higher 
concentrations, the levels of transaminases were also higher, 
which may be due to activation of the κ‑opioid receptor by the 
high concentration of DADLE, resulting in a ‘reverse precon-
ditioning effect’ (33). Therefore, the present study selected 
5 mg/kg DADLE for subsequent experiments.

The results of the present study demonstrated that hepatic 
I/R injury significantly increased the serum levels of ALT and 
AST in mice; however, intraperitoneal injection with DADLE 
prior to I/R resulted in a significant decrease in the serum 
levels of ALT and AST. Histopathological analysis indicated 
that liver cell degeneration, swelling and necrosis, and the 
degree of inflammatory cell infiltration, were significantly 
reduced in response to DADLE, and the Suzuki scores also 
further supported these pathological observations. Mice in 
the N/D group were intraperitoneally injected with naloxone 
every day for 1 week prior to I/R, in order to block the opioid 
receptors, and were then pretreated with DADLE. In the N/D 

group, neither ALT and AST levels were decreased compared 
with in the I/R group, and histopathological analysis detected 
hepatocellular degeneration, swelling and necrosis, and 
inflammatory cell infiltration, thus indicating that DADLE 
pretreatment had a protective effect on hepatic function during 
hepatic I/R injury, whereas antagonizing the DOR reversed 
the protective effects of DADLE on hepatic function.

To evaluate liver oxidation, the levels of SOD, GSH, CAT 
and MDA were detected in the liver tissue homogenate. The 
results demonstrated that the levels of MDA were significantly 
reduced in the DADLE pretreatment group, whereas the levels 
of SOD, GSH and CAT were increased. The use of naloxone 
to antagonize the opioid receptors offset these effects. 
These experimental results confirmed that DADLE activation 
of the DOR may effectively reduce hepatic I/R‑induced oxida-
tive damage.

It has previously been reported that DADLE activates the 
DOR, thus resulting in DOR‑associated neuronal protection, 
via PKC (34). In addition, Cao et al (35) demonstrated that 
signal transduction via the DOR‑PKC‑Nrf2 pathway may 
exert a protective effect against cell hypoxia‑reoxygenation 
injury. The present study indicated that the protein expres-
sion levels of total Nrf2 were higher in the I/R, DADLE and 
N/D groups compared with in the Sham group; however, 
this finding was not significant. In addition, the expres-
sion levels of nuclear Nrf2 were significantly higher in 
the I/R group compared with in the Sham group, whereas 
the expression of nuclear Nrf2 in the DADLE group was 
more obviously increased compared with in the I/R and 
N/D groups. These findings suggested that DADLE exerts 
protective effects against hepatic I/R injury. Activation of 
Nrf2 may therefore be considered a potential target for the 
prevention of I/R injury, partly due to the possibility that 
DADLE activates the DOR‑PKC‑Nrf2 axis, resulting in Nrf2 
nuclear translocation and activation of downstream phase 
II detoxification enzymes and antioxidant genes. HO‑1 is a 
Nrf2‑regulated phase II enzyme, and its antioxidative effects 
have been confirmed (36). Red blood cells damaged by I/R 
injury increase resistance to blood flow, and heme released 
from red blood cells enhances the oxidation process. HO‑1 
is a scavenger, which degrades heme and consumes oxygen 
molecules in the degradation process, thus reducing free 
oxygen radicals. The results of the present study demon-
strated that the mRNA and protein expression levels of 
HO‑1 were significantly higher in the I/R, DADLE and N/D 
groups compared with in the Sham group, and the expres-
sion in the DADLE group was significantly higher. These 
findings suggested that DADLE pretreatment may activate 
the DOR‑PKC‑Nrf2 pathway to upregulate the expression of 
HO‑1, and possibly CO, which serves an antioxidative role 
during I/R. However, DADLE may participate in protection 
against hepatic I/R injury through various mechanisms and 
pathways; this hypothesis requires further study.

CORM is an end product of the enzymatic activity of 
HO‑1, which serves an important role in protecting against 
several immunoinflammatory and autoimmune diseases. 
Therefore, DADLE may represent a promising therapeutic 
approach for the treatment of I/R, and immunoinflammatory 
and autoimmune diseases, by activating HO‑1 and possibly 
CO (37‑39).

Table I. Suzuki scores.

Group	 Score

Sham	 0.55±0.0339a

I/R	 2.10±0.0663b

DADLE	 1.15±0.0731c

N/D	 2.17±0.1164

Sham vs. I/R, aP<0.01; I/R vs. DADLE, bP<0.05; DADLE vs. 
N/D, cP<0.05. I/R, ischemia/reperfusion; DADLE, [D‑Ala2, 
D‑Leu5]‑Enkephalin; N/D, naloxone + DADLE group.

https://www.spandidos-publications.com/10.3892/mmr.2017.7393


ZHOU et al:  DADLE IMPROVES HEPATIC I/R INJURY IN MICE VIA ACTIVATION OF THE Nrf2/HO-1 PATHWAY 6219

Prevention of I/R injury in organs has garnered much atten-
tion in recent years. Numerous studies have reported that some 
compounds can induce upregulation of the Nrf2/HO‑1 pathway 
to exert protective effects on various I/R models (40‑43). The 
present study demonstrated that targeting the Nrf2/HO‑1 
pathway may provide a novel strategy for preventing hepatic 
I/R injury.

In conclusion, DADLE pretreatment is able to improve 
liver histopathology and liver function, significantly enhances 

liver antioxidant capacity and reduces oxidative damage. The 
underlying mechanism by which DADLE exerts its effects may 
be as follows: DADLE activates Nrf2, resulting in its nuclear 
translocation and the subsequent upregulation of HO‑1, which 
is a downstream antioxidative factor that may serve an anti-
oxidative role in hepatic I/R injury in mice. The present study 
may provide a novel therapeutic strategy for the treatment of 
hepatic I/R injury caused by hepatic resection, shock and liver 
transplantation.

Figure 4. (A‑F) Effects of DADLE on HO‑1 and Nrf2 expression in the liver of mice with I/R. (A and D) mRNA expression levels of HO‑1, as determined by 
polymerase chain reaction. (B and E) Protein expression levels of HO‑1, Nrf2‑C and Nrf2‑T, as determined by western blotting. (C and F) Protein expression 
levels of Nrf2‑N, as determined by western blotting. Each experiment was repeated three times, and the data are presented as the mean ± standard devia-
tion. DADLE, (D‑Ala2, D‑Leu5)‑Enkephalin; HO‑1, heme oxygenase‑1; I/R, ischemia/reperfusion; N/D, naloxone + DADLE; Nrf2, nuclear factor, erythroid 
2 like 2; Nrf2‑C, cytoplasmic Nrf2; Nrf2‑N, nuclear Nrf2; Nrf2‑T, total Nrf2; PCNA, proliferating cell nuclear antigen. *P<0.05, **P<0.01.

Figure 3. Alterations in liver oxidative damage in each group of mice. Levels of (A) MDA, (B) GSH, (C) CAT and (D) SOD in liver tissue homogenates. 
Each experiment was repeated three times, and the data are expressed as the mean ± standard deviation. *P<0.05. CAT, catalase; DADLE, (D‑Ala2, 
D‑Leu5)‑Enkephalin; GSH, glutathione; I/R, ischemia/reperfusion; MDA, malondialdehyde; N/D, naxolone + DADLE; SOD, superoxide dismutase. 
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