
RESEARCH PAPER

A novel mechanism for
cytoprotection against
hypoxic injury: δ-opioid
receptor-mediated increase
in Nrf2 translocation
Shan Cao1,2, Dongman Chao1, Honghao Zhou2, Gianfranco Balboni3

and Ying Xia1

1Department of Neurosurgery, University of Texas Medical School at Houston, Houston, Texas,

USA, 2Department of Clinical Pharmacology, Xiangya Hospital and Institute of Clinical

Pharmacology, Hunan Key Laboratory of Pharmacogenetics, Central South University, Changsha,

Hunan, China, and 3Department of Life and Environment Sciences, University of Cagliari,

Cagliari, Italy

Correspondence
Professor Ying Xia, Department
of Neurosurgery, University of
Texas Medical School at Houston,
6431 Fannin St., MSE R444,
Houston, TX 77030, USA. E-mail:
Ying.Xia@uth.tmc.edu
----------------------------------------------------------------

Received
25 July 2014
Revised
24 November 2014
Accepted
27 November 2014

BACKGROUND AND PURPOSE
Hypoxia/reoxygenation induces synthesis of reactive oxygen species (ROS) which can attack macromolecules and cause brain
injury. The transcription factor, nuclear factor (erythroid-derived 2)-like 2, (Nrf2), ia potent activator of genes with an
antioxidant responsive element and Nrf2 can counteract oxidative injury by increasing expression of several antioxidative
genes in response to ROS stress. Here, we show that activation of the δ-opioid receptor (DOR) increasedNrf2 protein
expression and translocation, thereby leading to cytoprotection.

EXPERIMENTAL APPROACH
We used HEK293t cells exposed to 0.5% O2 for 16 h and then reoxygenated for 4 h as a model of hypoxia-reperfusion (H/R)
injury. Real time PCR, Western blotting, siRNA and immunohistochemical techniques were used to follow Nrf2 expression and
activity. Cell viability and damage (as LDH leakage) were also measured.

KEY RESULTS
H/R injury triggered Nrf2 translocation into the nucleus and up-regulated expression of several downstream genes, relevant to
antioxidation, such as NAD(P)H:quinone oxidoreductase (NQO1). Incubation with the DOR agonist UFP-512 enhanced Nrf2
protein expression and translocation and up-regulated its downstream genes in normoxia and further increased Nrf2
expression and translocation after H/R, protecting the cells against loss of viability and damage. The effect of UFP-512 on Nrf2
nuclear translocation was blocked by the DOR antagonist, naltrindole. Also, DOR–mediated cytoprotection was strongly
inhibited after transfection of HEK293t cells with Nrf2 siRNA.

CONCLUSIONS AND IMPLICATIONS
The DOR agonist UFP-512 was cytoprotective against H/R injury and this effect was partly dependent on DOR-mediated
increase in Nrf2 function.

Abbreviations
ARE, antioxidant response element; DOR, δ-opioid receptor; GCLC, glutamate-cysteine ligase-catalytic subunit; GCLM,
glutamate-cysteine ligase-modifier subunit; H/R, hypoxia-reperfusion; HO-1, haem oxygenase 1; Keap1, Kelch-like ECH
associating protein 1; NQO1, NAD(P)H dehydrogenase [quinone] 1; Nrf2, nuclear factor (erythroid-derived 2)-like 2;
ROS, reactive oxygen species; siRNA, small interfering RNA
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Introduction

Reactive oxygen species (ROS) are excessively produced
during ischaemic/hypoxic stress and they mediate oxidative
insult by overcoming the capacity of endogenous intracellu-
lar antioxidant systems (Stankowski and Gupta, 2011;
Sanderson et al., 2013). Indeed, ROS have been recognized to
have a key role in the ischaemic/hypoxic injury (Jung et al.,
2010; Eltzschig and Eckle, 2011; Olmez and Ozyurt, 2012).
Several lines of evidence suggest that cellular antioxidant
activity is critically regulated by the transcription factor,
nuclear factor (erythroid-derived 2)-like 2 (Nrf2) (Nguyen
et al., 2009; Ungvari et al., 2010). Indeed, Nrf2 is the master
transcription factor that controls several antioxidant path-
ways to counteract the physiological and pathophysiological
outcomes of oxidant stress (Kensler et al., 2007; Ma, 2013).
Under normal conditions, Nrf2 is retained by the Kelch-like
ECH associated protein 1 (Keap1) in the cytoplasm. Once
ROS, electrophilic or other insults attack the Nrf2–Keap1
complex, Nrf2 is liberated from the antioxidant response
element (ARE) of Keap1 (Wakabayashi et al., 2003) and trans-
locates to the nucleus to regulate the activities of genes
involved in maintaining oxidation–reduction equilibrium
and to protect cells from oxidative stress (Leonard et al., 2006;
Kim et al., 2007). However, the precise mechanisms underly-
ing the cytoprotective action of Nrf2 against ischaemia/
hypoxia reperfusion injury have not been fully described.

We and others have demonstrated that the δ-opioid recep-
tor (DOR) mediates responses to stressful stimuli, such as
hypoxia and ischaemia, and activation of DOR is cytoprotec-
tive against hypoxic/ischaemic injury in various in vitro and
in vivo tissue and cell sources, including primary cultured
neuron (Zhang et al., 2002), HEK293t cells (Chen et al., 2014),
PC12 cells (Wang et al., 2014) and intact animals (Borlongan
et al., 2009; Yang et al., 2009; Johnson and Turner, 2010;
Staples et al., 2013; Tian et al., 2013). One of the potential
mechanisms underlying DOR neuroprotection is related to its
ability to attenuate ROS oxidative stress and increase antioxi-
dant capacity in the ischaemic brain (Yang et al., 2009). As
DOR signalling is coupled with PKC (Tang et al., 2011; Chao
et al., 2012; Higuchi et al., 2012) and PKC is involved in the
function of Nrf2 (Huang et al., 2000; Bloom and Jaiswal,
2003), we hypothesized that DOR could act as an upstream

regulator of Nrf2 function and that the DOR-mediated pro-
tection against hypoxic/ischaemic injury was directly related
to its interaction with Nrf2.

Here, we have tested this hypothesis by addressing several
fundamental questions regarding the regulation of Nrf2 in
hypoxia-reperfusion (H/R) stress and in normoxia. We have
also assessed the potential role of DOR in Nrf2-mediated
events. Firstly, we determined the effect of DOR activation on
the expression, translocation and function of Nrf2 in nor-
moxia and after H/R using several molecular approaches.
Furthermore, we investigated whether DOR-induced cytopro-
tection against H/R injury was dependent upon Nrf2. Finally,
we explored the mechanism underlying the DOR-Nrf2 cyto-
protection. Our data have elucidated the role of DOR-induced
Nrf2 translocation and transactivation in the endogenous
capacity of cells to provide cytoprotection against oxidative
stress.

Methods

Cell culture and treatment
HEK293t cells were obtained from ATCC (Manassas, VA, USA;
Cat. No. CRL-1126). The cells were maintained in DMEM
(Sigma-Aldrich; Cat. No. D5796) supplemented with 10%
(v/v) FBS (Sigma-Aldrich; Cat. No. F4135). Cells were grown
at 37°C in an atmosphere of 5% CO2 and 21% O2, which was
referred to as normoxia. To model stress after H/R, the cells
were placed in a hypoxic chamber (Galaxy 48R, New Brun-
swick, Edison, NJ, USA) at 37°C containing 0.5% O2, 5% CO2

for 16 h and then were immediately exposed to normoxic
conditions for 4 h. Levels of O2 in the chamber were strictly
kept at 0.5% by constantly flushing with nitrogen that was
automatically controlled by an Oxygen Sensor. All experi-
ments were carried out at ∼80% confluency with the medium
pH being maintained at 7.3–7.5 throughout during the
period of normoxia or hypoxia. For treatments under nor-
moxia, UFP-512 (5 μM), naltrindole (1 μM) or UFP-512
(5 μM) plus naltrindole (1 μM) were added to the culture
medium and cells incubated for the times shown. In our
studies on H/R, UFP-512 and/or naltrindole were added to
cultures of HEK293t cells and then immediately exposed to
the H/R procedure as described above.

Tables of Links

TARGETS

GPCRsa Enzymesb

DOR, δ opioid receptor Akt

KOR. κ opioid receptor PI3K

MOR, μ opioid receptor PKC

HO-1, haem oxygenase 1

LIGANDS

Calphostin C

Keap1

LY294002

Naltrindole

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (a,bAlexander et al., 2013a,b).
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Small interfering RNA (siRNA) transfection
The patented ON-TARGET plus modification pattern SMART
siRNA pool targeted to human NFE2L2 gene and negative
control pool of four siRNAs were purchased from Dharmacon
(Carlsbad, CA, USA). After the cultures of HEK293t cells
reached 30–40% confluency, they were transfected with
either Nrf2 siRNA (50 nM) or non-target siRNA (50 nM) with
the same volume of Lipofectamine RNAi Max (Invitrogen,
Grand Island, NY, USA; Cat: 13778075) for 36 h.

Cell viability assay
Cell viability was measured using CellTiter 96® AQueous
Assay (MTS assay; Promega, Madison, WI, USA; Cat. No.
G3580). Exponentially growing cells were plated at 5000 cells
per well in a 96-well flat bottom plate and allowed to incubate
for 24 h before experimental treatments. Wells containing
100 μL of DMEM without cells were set as the control for
background readings. Twenty microlitres per well of One
Solution Reagent were added and then the cells were incu-
bated at 37°C for 2 h. The absorbance was recorded at 490 nm
using a microplate reader (Bio-Rad, Hercules, CA, USA).

Measurements of LDH leakage
Potential cytotoxicity was assessed by measuring LDH leakage
into the culture medium using Cytoscan-LDH cytotoxicity
assay kit (G-Biosciences, St. Louis, MO, USA; Cat. No. 786-
210). The cells were treated with indicated compound(s) and
incubated for the desired period. Plates containing 10× lysis
buffer and 100 μL of culture medium with or without cells
were set as maximum control or spontaneous control respec-
tively. After treatment, the supernatant was transferred to a
fresh 96-well plate (50 μL per well) and mixed with the recon-
stituted substrate mix (50 μL per well). Then, these mixtures
were incubated at 37°C for 20 min. After that, 50 μL per well
of the Stop Solution was added to terminate the reaction. The
absorbance of the solution was recorded by a microplate
reader (Bio-Rad) at 490 nm wavelength.

Western blot analysis
The cells were treated with various compounds, as indicated in
the Results section. After different treatments, the cells were
rinsed with ice-cold Dulbecco’s PBS (DPBS) for three times and
then lysed in RIPA buffer for total protein extraction or in
NE-PER buffer for nuclear and cytoplasmic protein extraction.
Protein concentration was determined by the bicinchoninic
acid method (Thermo Scientific, Rockford, IL, USA; Cat. No.
23227). Proteins were denatured by heating at 100°C for
8 min. Equal amounts of protein were separated on SDS-PAGE
gel and blotted onto PVDF membranes (Millipore, Billerica,
MA, USA; Cat. No. IPVH00010) using Trans-Blot semi-dry
apparatus (Bio-Rad). The blots were incubated with anti-Nrf2
(1:1,000), anti-β-actin (1:5000) or anti-Lamin B (1:1000) anti-
body. The membrane was washed with TBST and its composi-
tion (Tris-buffered saline, pH 8, with 0.1% Tween 20) for three
times with 15 min each time and then incubated with the
recommended dilution of labelled secondary antibody in 2%
blocking buffer in TBST at room temperature for 1 h. After
then, the membrane was washed with TBST for three times
with 10 min each time. Blots were visualized with enhanced

chemiluminescence plus Western blotting detection reagents
(Amersham Biosciences, Uppsala, Sweden; RPN2132).

RNA isolation and reverse transcription
real-time PCR analysis
Total cellular RNA was extracted with TRIzol Reagent (Invit-
rogen; Cat. No. 15596-018) according to the manufacturer’s
instructions. RNA concentration was determined by measur-
ing UV absorption with Nanodrop 2000c (Thermo Scientific,
Waltham, MA, USA), and samples with A260/A280 ratios
around 1.85–2.1 were used for reverse transcription-PCR by
using Transcriptor First Strand cDNA synthesis kit (Roche,
Mannheim, Baden-Wurttemberg, Germany; Cat. No.
04379012001). The sequences of the PCR primer pairs used
for the amplification of human Nrf2, Keap1, NQO-1, haem
oxygenase 1 (HO-1), glutamate-cysteine ligase-catalytic
subunit (GCLC), glutamate-cysteine ligase-modifier subunit
(GLCM) and GAPDH are shown in Table 1. Real-time PCR was
carried out by using SBYR Green MIX I (Roche; Cat. No.
04707516001) with a real-time system (CFX96; Bio-Rad) and
thermal cycler (Bio-Rad). Amplification conditions were 45
cycles of 10 s at 95°C, 20 s at 59°C and 30 s at 72°C.

Immunocytochemistry
The cells were seeded on chamber slides that were pre-coated
with poly-L-lysine and then allowed to grow for 24 h. After
treatment, the cells were washed with DPBS, fixed in 4%
paraformaldehyde for 30 min at room temperature, permea-
bilized with 1% Triton X-100 for 10 min and blocked with 1%
BSA in PBS for 15 min. The cells were then incubated with
anti-Nrf2 (1:100) antibody for 16 h overnight at 4°C, fol-
lowed by incubation with Alexa Fluor-conjugated anti-rabbit
secondary antibody (1:500) for 1 h. The coverslips were
mounted on slides using mounting with DAPI medium (Cat.
No. P36935; Life Technology). Fluorescence images were visu-
alized with fluorescence microscope.

Table 1
Primers for real-time PCR

Gene name Primers

NFE2L2 F – tcagcgacggaaagagtatga

R – ccactggtttctgactggatgt

KEAP1 F – gtgtccattgagggtatccacc

R – gctcagcgaagttggcgat

NQO1 F –gaagagcactgatcgtactggc

R – ggatactgaaagttcgcaggg

HO-1 F – aagactgcgttcctgctcaac

R – aaagccctacagcaactgtcg

GCLM F – catttacagccttactgggagg

R – atgcagtcaaatctggtggca

GCLC F – ggaggaaaccaagcgccat

R – cttgacggcgtggtagatgt

GAPDH F – acaactttggtatcgtggaagg

R – gccatcacgccacagtttc
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Data analysis
Data are expressed as mean ± SEM. Statistical significance was
examined using one-way ANOVA followed by the post hoc test
of least significant difference. P < 0.05 was considered statis-
tically significant.

Materials
UFP-512, a specific and potent DOR agonist (Balboni et al.,
2002; Chao et al., 2007), was synthesized by our research
team. Naltrindole (a specific and potent DOR antagonist)
and mouse monoclonal anti-β-actin antibody were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). LY294002,
a highly selective inhibitor of PI3K, and calphostin C, a
potent and selective inhibitor of PKC, were purchased from
Tocris Cookson (Bristol, BS, UK; Cat. No. 1130, 1626). Rabbit
monoclonal anti-Nrf2 and anti-Lamin B for Western blots
were obtained from Cell Signaling Technology (Danvers,
MA, USA; Cat. No. 8882, 9087). Mouse or rabbit HRP-
conjugated secondary antibodies were purchased from GE
Healthcare (Waukesha, WI, USA; Cat. No. NA9310, NA9340).
Anti-Nrf2 antibody for immunofluorescence was purchased
from Abcam (Cambridge, MA, USA; Cat. No. ab31163), and
Alexa Fluor-conjugated donkey anti-rabbit IgG (H + L) was
from Life Technology (Grand Island, NY, USA; Cat. No.
A31572).

Results

DOR activation increased Nrf2 translocation
from cytoplasm to nucleus
To explore potential interactions between DOR and Nrf2, we
used UFP-512 (5 μM), a potent and specific agonist of DOR
(Balboni et al., 2002; Chao et al., 2007), added to the culture
media of HEK293t cells and then extracted the whole cell
protein at 0, 2, 8, 16 and 24 h after the administration of
UFP-512 to determine if DOR activation altered Nrf2 protein
levels in the cells. Our results showed that after 2 h of expo-
sure to UFP-512, the total cellular content of Nrf2 protein
tended to increase but this trend did not reach significance
over 8h of incubation with UFP-512 (Figure 1A).

Nrf2 exerts its transcriptional activity after liberation
from its cytosolic anchor protein Keap1. The free Nrf2 is then
rapidly translocated from the cytosol to the nucleus where it
induces gene expression (Itoh et al., 1999; 2010; Tong et al.,
2006). To explore whether activation of DOR affected Nrf2
translocation, we measured Nrf2 protein levels in the cyto-
plasmic and nuclear extracts, separately, in response to DOR
activation. In sharp contrast to the lack of significant change
in the whole cell extracts, cytoplasmic Nrf2 protein clearly
decreased by 40–50% after 2–24 h of exposure to UFP-512
(Figure 1B), whereas nuclear Nrf2 protein significantly

Figure 1
Effect of UFP-512 on Nrf2 expression in different fractions of HEK293t cells. Representative Western blots (upper) and relative quantitation (lower)
of Nrf2 in the total protein of HEK293 cells (A); in the cytoplasmic fraction (B); in the nuclear fraction (C). After treatment with UFP-512 for 0,
2, 4, 8, 16 and 24 h in normoxia, the total, cytoplasmic and nuclear fractions of HEK293t cells were extracted for Western blots. Levels of Nrf2
were determined with anti-Nrf2 antibody. Lamin B was chosen as an internal standard for Western blot analysis of the nuclear protein. At least
three independent experiments were carried out. *P < 0.05, **P < 0.01, ***P < 0.001, significantly different from 0 h. Note that there are no
significant changes in the Nrf2 protein after UFP-512 treatment in whole cell protein, although UFP-512 tended to increase it. UFP-512 decreased
Nrf2 density in the cytoplasmic fraction but increased it in the nuclear fraction, suggesting translocation of Nrf2 from cytoplasm to nucleus.
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Figure 2
Reversal of UFP-512 induced alteration in Nrf2 protein level by the DOR antagonist naltrindole. Representative Western blots (upper) and relative
quantitation (lower) of cytoplasmic Nrf2 protein (A) and nuclear Nrf2 protein (B). The cells were treated with UFP-512 (5 μM), naltrindole (2 μM)
or control vehicle for 2 h. Then, cytoplasmic and nuclear proteins were extracted for Western blots and Nrf2 determined with anti-Nrf2 antibody.
C, normoxic control. U, UFP-512. N, naltrindole. U + N, simultaneous administration of UFP-512 and naltrindole. At least three independent
experiments were conducted in each group. *P < 0.05, significantly different from control. Note that the DOR agonist UFP-512 increased Nrf2
translocation from the cytoplasm to nucleus, whereas addition of the DOR antagonist naltrindole abolished such translocation.

Figure 3
Effect of UFP-512 on Nrf2-targeted gene expression in normoxia. The mRNA expression of Nrf2-dependent genes NQO1, HO-1, GCLC and GCLM
was assessed by quantitative real-time PCR in the HEK293t cells after treatment with UFP-512 (U), naltrindole (N) or UFP-512 plus naltrindole (U
+ N). *P < 0.05, **P < 0 0.01, ***P < 0.005, significantly different from control (C). ##P < 0.01, ###P < 0.005, significantly different from UFP-512
alone. Note that all the genes studied significantly increased or tended to increase their mRNA expression after UFP-512 treatment and that
addition of the DOR antagonist naltrindole fully blocked the effects of UFP-512.
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increased with increasing exposure duration and reached its
peak level at 16–24 h of UFP-512 exposure (Figure 1C). These
results indicated that activation of DOR increased the trans-
location of Nrf2 protein from cytoplasm to nucleus.

To examine this novel finding further, we determined the
effects of a DOR antagonist on the UFP-512-induced translo-
cation of Nrf2. We treated HEK293t cells with naltrindole
(2 μM), a specific antagonist of DOR (Filizola and Devi, 2012;
Granier et al., 2012), added at the same time as the UFP, and
then repeated the assays described above. The results showed
that the Nrf2 translocation induced by UFP-512 was abol-

ished by naltrindole, whereas naltrindole itself had no appre-
ciable effect on Nrf2 translocation in HEK293t cells in
normoxia (Figure 2A and B).

DOR activation enhanced
Nrf2-regulated transactivation
As DOR activation increased Nrf2 translocation from the
cytoplasm to the nucleus, we next asked if such activation
would lead to enhanced transcriptional function of Nrf2.
Therefore, we investigated the effects of UFP-512 on tran-
scriptional changes in some Nrf2-regulated genes such as

Figure 4
Role of Nrf2 in DOR-mediated protection against H/R injury. In (A), cell viability (with MTS) and, in (B), cell damage (LDH leakage) were measured
under different conditions: vehicle treatment in normoxia (C) and after H/R (0.5% O2 for 16h followed by 21% O2 for 4h) vehicle (−), UFP-512
(U), naltrindole (N), or UFP-512 plus naltrindole (U + N) exposure. In (C) and (D), HEK293t cells were transfected with Nrf2 siRNA and assayed
for Nrf2 content 24 or 36h later, in normoxia. In (E ) and (F), cells were transfected with Nrf2 or non-target (non-tar) siRNA and exposed to H/R,
without further treatment or incubation with UFP-512 (U), naltrindole (N), or UFP-512 plus naltrindole (U + N). In (E), results from assays of cell
viability and, in (F), of LDH leakage are compared with those of the control cells transfected with non-target siRNA. Data shown are means ± SEM
of three independent experiments. —, H/R alone. *P < 0.05, **P < 0.01, ***P < 0.005, significantly different from control (the non-treated) cells
in normoxia; # P < 0.05, ##P < 0.01, ###P < 0.005, significantly different from non-treated cells after H/R stress. ◊P < 0.05, significantly different
from UFP-512 after H/R stress. n = 4 per group. Note that H/R decreased cell viability and increased LDH leakage, effects attenuated by UFP-512
(A and B). Co-treatment with naltrindole abolished the UFP-512-induced protection. After Nrf2 siRNA transfection, Nrf2 protein was knocked
down (C and D) and DOR activation with UFP-512 no longer induced any protective effect on the cells. In the control cells with non-target siRNA
transfection, however, treatment with UFP-512 was still cytoprotective (E and F).
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NAD(P)H dehydrogenase, quinone 1 (NQO1) (Jaiswal, 1994;
Venugopal and Jaiswal, 1996), haem oxygenase 1 (HO-1)
(Alam et al., 2000), glutamate-cysteine ligase-modifier
subunit (GCLM) and glutamate-cysteine ligase-catalytic
subunit (GCLC) (Solis et al., 2002) with quantitative real-time
PCR analysis. In our sample size, the expression of GCLC did
not show any significant change in response to incubation
with UFP-512. However, all other genes studied showed a
significant increase in their mRNA expression. As shown in
Figure 3, NQO1, HO-1 and GCLM were increased by ∼40, ∼85
and ∼45% (P < 0.01, P < 0.001 and P < 0.005), respectively,
after 2 h of exposure to UFP-512 (Figure 3). Consistent with
the changes in Nrf2 proteins, the increase in the expression of
these genes in response to UFP-512 exposure was markedly
attenuated or abolished by co-exposure to the DOR antago-
nist naltrindole (2 μM), suggesting that it was the activation
of DOR that up-regulated the expression of Nrf2-regulated
genes.

DOR activation induced cytoprotection
against H/R injury via Nrf2 translocation and
up-regulation of its downstream
antioxidant-related genes
We have recently demonstrated that DOR activation is pro-
tective against hypoxic insults (Chao and Xia, 2010; He et al.,

2013) and we therefore tested if this protection might be
mediated by the regulation of Nrf2 activity. We exposed
HEK293t cells to the H/R procedure (incubation in hypoxia –
0.5% O2 – for 16 h immediately after adding UFP-512 and/or
naltrindole to the medium, followed by 4 h in normoxia
-21% O2), and then evaluated cell damage and viability with
LDH and MTS assays respectively.

As shown in Figure 4A, cell viability, as evaluated by MTS
assay, was significantly decreased after H/R, compared with
the viability of the cells in normoxia. Incubation with UFP-
512 (5 μM) clearly increased cell viability after H/R and addi-
tion of the DOR antagonist naltrindole (2 μM) abolished
UFP-512-induced cytoprotection. Naltrindole alone did not
modify the loss of cell viability after H/R (Figure 4A). To
confirm this observation, we also conducted LDH assays to
evaluate cell damage under the same conditions (Figure 4B).
In these assays, LDH leakage was increased after H/R, com-
pared with cells in normoxia and exposure to UFP-512
decreased this LDH leakage, suggesting less cell damage. Nal-
trindole (2 μM) abolished the effect of UFP-512 on LDH
leakage, although naltrindole alone induced a slight increase
in LDH leakage after H/R (Figure 4B). Altogether, these data
are consistent with our earlier observations of DOR-mediated
cytoprotection in neurons (Zhang et al., 2000; 2002; 2006) .

To explore whether DOR-mediated cytoprotection was
critically dependent on the presence of Nrf2, we transfected

Figure 5
UFP-512-induced Nrf2 translocation from the cytoplasm to nucleus after H/R. (A) Representative Western blots of nuclear Nrf2 protein after DOR
activation and/or inhibition in normoxia and H/R. (B) Relative quantitation of Nrf2 protein in the nucleus. (C) Relative quantitation of Nrf2 protein
in the cytoplasm. After treatment with UFP-512 and/or naltrindole during the H/R procedure, nuclear and cytoplasmic fractions of the HEK293t
cells were extracted for Western blotting and Nrf2 determined with anti-Nrf2 antibody. C, normoxic control. —, H/R alone. U, DOR activation with
UFP-512. N, DOR inhibition with naltrindole. U + N, UFP-512 and naltrindole co-administration.*P < 0.05, **P < 0.01, ***P < 0.005, significantly
different from control in normoxia, #P < 0.05, ##P < 0.01, significantly different from H/R alone. ◊P < 0.05, significantly different from UFP-512
after H/R stress. At least three independent experiments were performed. Note that H/R stress decreased cytoplasmic Nrf2 protein and increased
nuclear Nrf2 protein, suggesting a translocation from the cytoplasm to nucleus. DOR activation with UFP-512 further enhanced such translocation,
whereas DOR antagonism with naltrindole abolished the UFP-512-enhanced Nrf2 translocation.
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HEK293t cells with Nrf2 siRNA to knock down Nrf2 expres-
sion and then tested the effect of UFP-512 on cell viability
and injury after H/R. As shown in Figure 4C, Nrf2 protein
expression in cells treated with the appropriate siRNA was not
significantly changed at 24 h after the transfection but more
clearly reduced at 36 h; these experiments were carried out in
normoxia. Transfected cells were then exposed to the H/R
procedure after 16h, giving a total incubation time of 36h, as
in the experiments in normoxia (see Figure 4C and 4D). The
transfected+H/R cells were also treated with DOR ligands and
both MTS and LDH assays carried out. As shown in Figure 4E
and 4F, DOR activation with UFP-512 was still cytoprotective
against H/R induced injury in HEK293t cells transfected with
the non-target siRNA but no longer induced any cytoprotec-
tive effect in the cells with Nrf2 siRNA transfection, suggest-
ing that Nrf2 was critical to DOR-mediated cytoprotection
following H/R.

To further elucidate how Nrf2 could mediate DOR cyto-
protection, we examined the effect of UFP-512 on Nrf2 trans-
location after H/R. We found that treatment with the DOR
agonist significantly increased Nrf2 accumulation in the
nucleus, whereas cytosolic Nrf2 was reduced. after UPF-512
treatment. These changes were reversed by co-administration
of naltrindole (Figure 5A–C). Moreover, our fluorescence
imaging studies indicated high levels of Nrf2 in the nucleus
after DOR activation with UFP-512 after H/R (Figure 6A and
B). No such accumulation was found in the cells without
DOR activation (Figure 6A). Furthermore, we measured
NQO1, HO-1, GCLM and GCLC expressions (Figure 7A–D)
using relative quantitative real-time PCR and found that UFP-
512 increased the mRNA levels of these Nrf2-regulated genes
after H/R, except for GCLC which showed no change, results
comparable to those obtained under normoxic conditions, as
shown in Figure 3.

Figure 6
DOR-induced Nrf2 translocation from the cytoplasm to nucleus after H/R, as assayed by immunofluorescence. Panel (A) shows that after DOR
activation with UFP-512 during H/R, Nrf2 staining (red) was merged with the (blue) nucleus stained by DAPI, suggesting high levels of Nrf2 in
the nucleus. This accumulation was attenuated by adding the DOR antagonist naltrindole during H/R, as shown by Nrf2 staining outside the
nucleus. Panel (B) displays a larger viewing area to further demonstrate the accumulation of Nrf2 in the nucleus induced by UFP-512. Scale bars
= 100 μm in (A) and 200 μm in (B).
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DOR-mediated regulation of Nrf2
differentially involved PKC and
PI3K signalling
The Keap1–Nrf2 complex plays a central role in the protec-
tion of cells against oxidative injury (Kensler et al., 2007;
Vergura et al., 2008; Baird and Dinkova-Kostova, 2011).
Keap1 interacts with Nrf2 and the actin cytoskeleton to retain
Nrf2 in the cytoplasm to maintain a basal level of gene
expression of the cytoprotective molecules and proteins in
quiescent cells under normal physiological conditions. Oxi-
dative and/or electrophilic stimuli liberate Nrf2 from its
Keap1–Nrf2 complex and allow Nrf2 activity to be expressed.
To determine whether UFP-512 regulated both Keap1 and
Nrf2, we examined both Keap1 and Nrf2 expression simulta-
neously, under normoxia or after H/R, using quantitative
real-time PCR analysis. Unexpectedly, we found that activa-
tion of DOR by UFP-512 had no direct effect on Nrf2 mRNA
expression either in normoxia or after H/R. However, mRNA
for the anchor protein Keap1 was down-regulated by UFP-512
in normoxia and after H/R but this down-regulation was not
reversed by the DOR antagonist naltrindole (Figure 8A–D),
suggesting a DOR-independent mechanism.

Lastly, we identified a role for PKC in this DOR-mediated
regulation of Nrf2 and compared it with that for PI3K. Cal-
phostin C (a PKC inhibitor, 100 mM) or LY294002 (a PI3K
inhibitor, 10 μM) was co-applied with UFP-512 to the

HEK293t cells in normoxia. Then, the levels of cytosolic and
nuclear Nrf2 were examined in these cells 16 h later. After
blocking the PKC pathway, DOR activation did not increase
nuclear Nrf2. In sharp contrast, however, blocking the PI3K
pathway further enhanced the increase in nuclear Nrf2
induced by UFP-512. In terms of cytosolic Nrf2, adding
calphostin C significantly reduced cytosolic Nrf2, whereas
LY294002 had no significant effect (Figure 9A–C).

Taken together, these data suggest that although DOR
activation may not have direct effects on Nrf2 transcription,
it may increase Nrf2 translation to change its protein level via
a specific signalling pathway. More importantly, DOR-
mediated signalling enhanced Nrf2 translocation from the
cytoplasm to the nucleus.

Discussion and conclusions
Our study demonstrated that (i) DOR-mediated cytoprotec-
tion against H/R injury relied, at least partly, on the function
of Nrf2; (ii) DOR activation increased Nrf2 protein expression
and translocation, at least under normoxia, via a PKC-
dependent pathway; and (iii) DOR up-regulated, through
Nrf2 translocation, the expression of Nrf2-targeted genes rel-
evant to antioxidative action. These novel findings suggest a
causal connection between activation of DOR, PKC action

Figure 7
DOR-induced expression of Nrf2-regulated genes after H/R. The expression of Nrf2-targeted gene NQO1, HO-1, GCLC and GCLM (D) mRNAs in
the HEK293t cells exposed to UFP-512 and/or naltrindole in H/R condition was assessed by quantitative real-time PCR. C, normoxic control. —,
no treatment after H/R . U, UFP-512 during H/R. N, naltrindole during H/R. U + N, UFP-512 and naltrindole co-treatment during H/R. *P < 0.05,
**P < 0.01, ***P < 0.005, significantly different from the normoxic control (C). #P < 0.05, ##P < 0.01, ###P < 0.005 significantly different from
H/R alone. ◊P < 0.05, ◊◊P < 0.01, ◊◊◊P < 0.005, significantly different from UFP-512 and H/R stress. At least three independent experiments were
carried out per group. Note that except for GCLC, all other genes increased their mRNA expression after DOR activation during H/R, an effect
blocked by DOR antagonism with naltrindole.
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and the transcription factor Nrf2 (the ‘DOR-PKC-Nrf2 axis’)
in providing cytoprotection against H/R injury.

In this study, we used the HEK293t cell line for several
reasons. Firstly, although derived by transformation of
primary cultures of HEK cells, they express the neurofilament
(NF) subunits NF-L, NF-M, NF-H and α-internexin as well as
many other proteins typically found in neurons (Shaw et al.,
2002). Secondly, these cells normally express a significant
amount of Nrf2. Thirdly, a recent study using absolute quan-
titative real-time RT-PCR showed that the kidney was, in terms
of the opioid receptors, predominantly a ‘DOR tissue’ because
DOR expression was almost 45-fold higher than that of KOR,
with no detectable expression of MORs (Peng et al., 2012).
Indeed, the present study and another independent study in
our laboratory (Chen et al., 2014) have detected DOR expres-
sion at both mRNA and protein levels. Therefore, this cell line
is ideal for exploring the role of DOR in the regulation of Nrf2,
as a first step. In fact, our recent results on neurons and glia are
consistent with the findings made in the present study.

The transcription factor Nrf2 is a well-known regulator of
cellular resistance to oxidants and it controls the basal and
induced expression of a group of ARE-dependent genes to
combat oxidative stress (Ma, 2013). In the present work, we
found that knock-down of Nrf2 expression by Nrf2 siRNA
abolished the DOR-mediated protection against H/R injury,
suggesting the involvement of Nrf2 in DOR protection
against H/R. Indeed, DOR activation induced Nrf2 accumu-
lation in the nucleus and increased transcriptional effect, not

only after H/R but also in normoxia. Therefore, we are con-
fident that DOR-mediated cytoprotection against H/R injury
is partly mediated through the regulation of Nrf2.

Our previous studies have established the importance of
PKC in DOR-mediated cytoprotection (Ma et al., 2005) and
PKC is also involved in Nrf2 regulation (Huang et al., 2000;
Bloom and Jaiswal, 2003). Several lines of evidence have
suggested that PKC regulates phosphorylation of Nrf2 at Ser40,
which is required for Nrf2 translocation (Huang et al., 2000;
Bloom and Jaiswal, 2003). We observed that a non-selective
PKC inhibitor abolished the Nrf2 translocation induced
by UFP-512 and reduced the total Nrf2 protein expression.
This finding suggests that PKC plays a critical role in the
regulation of Nrf2, and that DOR agonists regulate Nrf2 activ-
ity via a PKC-dependent pathway. However, more evidence is
needed to fully validate the role of this pathway in the DOR-
mediated regulation of Nrf2.

In sharp contrast, inhibition of PI3K markedly increased
the accumulation of Nrf2 protein in the nucleus without
changing the level of Nrf2 protein in the cytoplasm. This
interesting finding further demonstrates the specificity of
the PKC effect discussed above and lends further support for
the possibility that PI3K inhibition leads to an increase in the
synthesis of Nrf2 protein and thus increases its translocation
to the nucleus. It is noteworthy that a previous study showed
that the inhibition of PI3K/Akt by LY294002, for a relatively
short time (from 20 min to 2 h) prevented redistribution of
Nrf2 towards the nucleus triggered by oxidative stress. In this

Figure 8
Effects of UFP-512 on Nrf2 and KEAP1 mRNA expression after H/R. In HEK293t cells treated with DOR activation and/or inhibition, Nrf2 and KEAP1
mRNAs were measured by relative quantitative real-time PCR in both normoxia and after H/R. C, normoxic control. —, H/R alone. U, DOR
activation with UFP-512 during H/R condition. N, DOR inhibition with naltrindole during H/R condition. U + N, UFP-512 and naltrindole
co-administration during H/R condition. *P < 0.05, **P < 0.01, ***P < 0.005, significantly different from control cells in normoxia. ##P < 0.01,
significantly different from H/R alone. At least three independent experiments were carried out for each group. Note that UFP-512 had no direct
effect on Nrf2 expression.
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case, PI3K/Akt inhibition may activate GSK-3β that phospho-
rylates Fyn at an unknown threonine residue (Niture et al.,
2014). The phosphorylated Fyn may be translocated to the
nucleus and phosphorylate Nrf2 (Jain and Jaiswal, 2006;
Kaspar and Jaiswal, 2011), which leads to nuclear export and

degradation of Nrf2. In the present study, we treated HEK293t
cells with LY294002 for a much longer period (16 h). Such a
long-term inhibition of the PI3K axis may exhaust the func-
tion of GSK-3β and eventually lead to an increased accumula-
tion of Nrf2 in the nucleus. It seems that PI3K signalling has a
negative impact on Nrf2 activity and needs to be further
investigated.

Keap1 is an anchor protein that negatively regulates Nrf2
function. Keap1 interacts with both Nrf2 and the actin
cytoskeleton to retain Nrf2 in the cytoplasm and to maintain
it at a low level by promoting its degradation by the ubiquitin-
proteasome pathway, in quiescent cells under normal physi-
ological conditions (Kensler et al., 2007). During oxidative
stress, ROS stimuli liberate Nrf2 from its Keap1-mediated
cytoplasmic binding. The free Nrf2 is rapidly translocated to
the nucleus with the assistance of a nuclear localization
sequence, where it functions as a strong transcriptional acti-
vator of ARE-responsive genes in partnership with other tran-
scription factors (Kensler et al., 2007). In sharp contrast to the
increase in Nrf2 translation after DOR activation, KEAP1
mRNA expression was reduced by DOR activation at both
normoxic and H/R conditions. The reduction of Keap1 expres-
sion may increase the liberation of Nrf2 in the cytoplasm and
enhance Nrf2 function in the nucleus. However, the UPF-512
induced reduction of Keap1 mRNA expression was not
reversed by naltrindole, suggesting that UFP-512 suppressed
Keap1 expression via mechanisms other than DOR activation.
More studies are required to clarify this issue.

As Nrf2 regulates several downstream genes, we assessed
the expression of some Nrf2-regulated genes after DOR acti-
vation to further confirm the existence of the DOR-Nrf2 axis.
In the representative genes we studied, NQO1 [NAD(P)H:qui-
none oxidoreductase] codes for a two-electron reductase that
can either bioactivate or detoxify ROS-containing quinones
and is transcriptionally activated exclusively by Nrf2
(Venugopal and Jaiswal, 1996). We found that its expression
correlated well with the accumulation of Nrf2 in the nucleus.
Interestingly, GCLC is less sensitive to DOR activation than
other Nrf2-targeted genes. There are several possible explana-
tions for this difference. GCLC is regulated not only by Nrf2,
but also by Nrf1. The up-regulation of Nrf2 achieved in our
system, by itself may not be enough to increase GCLC expres-
sion. Moreover, different Nrf2-regulated genes may respond
to Nrf2 with different latencies of action and over a range of
times. Therefore, they can display different expression pro-
files at a fixed time point, as shown in this study. All these
findings raise new and interesting questions that should be
addressed in further studies.

In summary, we have established a DOR-PKC-Nrf2 axis as
a part of the mechanism underlying cytoprotection against
H/R injury. Our data may provide clues to the development of
new therapeutic strategies for the prevention and/or treat-
ment of H/R injury in vivo, as may occur in a range of clini-
cally important conditions including stroke, myocardial
infarction, traumatic injury and transplantation.
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