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Delta Opioid Peptide [d-Ala2, d-Leu5]
Enkephalin (DADLE) Exerts a
Cytoprotective Effect in Astrocytes
Exposed to Oxygen-Glucose Deprivation
by Inducing Autophagy

Shuyan Wang1, Xiaoqiong Cao1, Yale Duan2 , and Guangming Zhang1

Abstract
Astrocytes protection and functional regulation are important strategies to protect against neuronal damage caused by
ischemia. Activation of the delta opioid receptor (DOR) could reduce astrocytes damage, although the mechanism remains
unclear. The present study aimed to test the effect of DOR activation on autophagy in astrocytes exposed to oxygen-glucose
deprivation (OGD), and to further investigate whether this effect has a protective effect on astrocytes. Primary cultured rat
cortical astrocytes were treated with various doses of [D-Ala2, D-Leu5]-Enkephalin (DADLE, a selective DOR agonist) fol-
lowed by 6 h OGD. Cell viability was evaluated by CCK-8 assay and lactate dehydrogenase release. Autophagic vacuole was
analyzed with LC3 immunofluorescent staining. The levels of autophagy and apoptosis-related proteins were analyzed by
western blot. Results demonstrated that treatment with 10 nM DADLE was sufficient to increase cell viability and induced
autophagy in astrocytes. The DADLE-induced autophagy displayed a cytoprotective effect on astrocytes. Inhibition of
autophagy by 3-methyladenine (3-MA, an autophagy inhibitor) reversed the protective effect of DADLE. Naltrindole (a DOR
antagonist) only partially antagonized the role of DADLE, which indicated that DADLE might have a cytoprotective mechanism
independent of DOR. Further results showed that DADLE significantly enhanced the level of Bcl-2 protein and reduced the
level of Bax protein in astrocytes exposed to OGD. Our results suggest a novel mechanism in which DADLE induces
autophagy in astrocytes and exerts cytoprotective effects by inhibiting apoptosis.
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Introduction

Stroke is one of the main reasons for death and disability in

the world. Approximately 87% of these acute neurological

diseases are ischemic and 13% are hemorrhagic1. The brain

is very sensitive to ischemia. Only 5 min of blocking blood

flow in the brain can lead to neuronal death2. Traditionally,

ischemic injury has been viewed from the axiom of neuronal

loss. However, more and more evidence indicates that astro-

cytes may play an important role in ischemic injury3. Astro-

cytes, which provide structural, trophic, and metabolic

support to neurons, are the most abundant type of glial cells

in the brain4. In addition to these physiological functions, astro-

cytes have neuroprotective effects in response to ischemic

injury5. Astrocyte damage and dysfunction will jeopardize

neuronal survival after ischemia6. Therefore, astrocyte
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protection and functional regulation are important strategies

to protect against neuronal damage caused by ischemia.

Autophagy, which involves the massive degradation of

organelles and cytoplasmic macromolecules in cells by the

lysosomal system, is an important process for the turnover of

intracellular substances7. Autophagy maintains a very low

baseline level under normal physiological conditions and

plays an important role in maintaining intracellular home-

ostasis8,9. In recent years, many experiments using ischemic,

hypoxic animals, and cell models have confirmed that mod-

erate activation of autophagy rather than overactivation can

promote cell survival5,10–13.

In our previous study, activation of the delta opioid recep-

tor (DOR) not only increased neuronal survival but also

reduced astrocyte damage in a rat model of global cerebral

ischemia14,15. However, the mechanism of activating DOR

to protect astrocytes in the ischemic condition is not clear.

Autophagy was slightly and continuously activated in pri-

mary cultured astrocytes exposed to oxygen-glucose depri-

vation (OGD). Inhibition of autophagy during OGD resulted

in increased apoptosis of astrocytes13. A recent study showed

that activation of DOR could protect against lipopolysac-

charide (LPS)-induced myocardial damage by promoting

autophagy16. In the present study, we aimed to test the effect

of DOR activation on autophagy of astrocytes in the OGD

model and further investigate whether this effect has a pro-

tective effect on astrocytes.

Materials and Methods

Chemicals and Reagents

[D-Ala2, D-Leu5]-Enkephalin (DADLE, a selective DOR

agonist), 3-methyladenine (3-MA, an autophagy inhibitor)

and antibody against LC3 were obtained from Sigma-

Aldrich (St. Louis, MO, USA). Naltrindole (a DOR antago-

nist) was obtained from Tocris (Ellisville, MO, USA).

DMEM, FBS, 0.05% Trypsin-EDTA and normal goat serum

were obtained from Thermo Fisher Scientific (Waltham,

MA, USA). Cell Counting Kit-8 (CCK-8) kit, LDH kit, BCA

kit, Cyanine 3 (Cy3)-conjugated secondary anti-rabbit anti-

bodies, Alexa Fluor 488 goat anti-mouse IgG and Hoechst

were obtained from Beyotime (Nantong, Jiangsu, China).

PMSF (a protease inhibitor cocktail and a phosphatase

inhibitor cocktail) was obtained from KangChen (Shang-

hai, China). Antibodies against beclin 1, p62 and b-actin

were purchased from Cell Signaling Technology (Beverly,

MA, USA). Antibodies against glial fibrillary acidic pro-

tein (GFAP), Bcl-2, Bax and an anti-rabbit IgG antibody

linked with HRP were obtained from Bioworld (Shanghai,

China). An ECL kit was obtained from Millipore (Biller-

ica, MA, USA).

Primary Culture of Rat Astrocytes

Primary culture of astrocytes was performed according to

Juurlink17 and Kasproska’s13 methods. Newborn Wistar rats

were purchased from the SLAC Animal Center (Shanghai,

China). Briefly, the newborn Wistar rats were decapitated,

the meninges were removed and the cerebral cortex was

dissected. The cortex was dissociated mechanically in

ice-cold DMEM containing 20% FBS and 1% penicillin-

streptomycin. The cell suspension was filtered and inocu-

lated in a tissue culture dish. The culture was incubated at

37�C, 95% air and 5% CO2, 95% relative humidity. After 3–4

days, the medium was replaced with medium containing 10%
FBS. About 2 weeks later, the culture was shaken at 150 rpm

for 3 h in an orbital shaker to remove other types of cells. The

cells were further cultured for 2–3 days. Then the cells were

trypsinized and reseeded on the plates. Astrocytes purity was

assessed by staining with GFAP and Hoechst; *95% of cells

are GFAP positive. All experimental procedures involving

animals were performed in accordance with National Insti-

tutes of Health (NIH) guidelines and approved by the Animal

Care and Use Committee of the Shanghai Jiaotong University.

OGD

OGD was performed as described previously13. Briefly,

when cells reached approximately 80% confluency, the

medium was replaced with DMEM free of glucose, FBS,

and pyruvate. The astrocytes were then incubated in a

hypoxic incubator chamber filled with a mixed composition

of 94% N2/5% CO2/1% O2 for 6 h. For drug treatment,

various concentrations of DADLE (1 nM, 10 nM, 100 nM,

or 1 mM) were added at the beginning of OGD. Naltrindole

(10 mM), 3-MA (1 mM) was added 15 min before DADLE,

respectively.

Measurement of Cell Viability and Cytotoxicity

Cell viability was assessed by Cell Counting Kit-8 (CCK-8)

assay. Astrocytes were cultured in a 96-well plate and under-

went 6 h OGD. Then, CCK-8 reagent was added to each

well. The culture was incubated at 37�C for 2 h. Optical

density (OD) was measured at 450 nm using a Spectra Max

M5 reader (Molecular Devices, Sunnyvale, CA, USA).

Cytotoxicity was measured by lactate dehydrogenase

(LDH) assay. Samples of medium were prepared following

the manufacturer’s protocol for the LDH assay. The LDH

reagent was added to each well at room temperature for 30

min in the dark. Absorbance was read at 490 nm and 680 nm.

To determine LDH activity, subtract the 680 nm absorbance

value from the 490 nm absorbance.

Immunofluorescent Staining

The astrocytic monolayer was fixed for 1 h in 4% parafor-

maldehyde at room temperature. To detection of autophagy,

cells were blocked with 10% normal goat serum with 0.2%
Triton X-100 for 1 h. Cells were then incubated with primary

antibody for LC-3 (1:200), GFAP (1:100) overnight at 4�C.

After washing three times in 0.1 M PBS, sections were
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incubated with Cyanine 3 (Cy3)-conjugated secondary anti-

rabbit antibodies or Alexa Fluor 488 goat anti-mouse IgG

(1:500) for 2 h at room temperature. Subsequently, cells were

washed three times with PBS and stained with Hoechst for 30

min at 37�C in the dark. Photomicrographs were taken under

an epifluorescence microscope (Olympus, Tokyo, Japan).

Western Blot Analysis

Western blot analysis was performed as previously

described18. Briefly, the cells were washed with cold PBS,

harvested, and lysed in RIPA lysis buffer with 1 mM PMSF,

then centrifuged at 14,000 g at 4�C for 5 min. Protein con-

centration was measured using a BCA kit. Equal amounts of

protein were loaded and separated on SDS polyacrylamide

gels. Then proteins were transferred to PVDF membranes

and incubated overnight at 4�C with antibody against LC3

(1:500), Beclin 1 (1:500), p62 (1:500), Bcl-2 (1:200), Bax

(1:200), and b-actin (1:1000). The membranes were incu-

bated with secondary antibodies. The proteins were visua-

lized using an ECL kit. The band intensity was detected

using a Quantity One Gel Doc XR gel imaging system

(Bio-Rad, Hercules, CA, USA). Relative protein levels of

each band were normalized to b-actin.

Statistical Analysis

The data were expressed as mean + SEM. Differences

among groups were compared using a one-way ANOVA

followed by LSD post hoc test. All results were repeated at

least three times from independent experiments. P < 0.05

was considered to be statistically significant. Statistical anal-

ysis was performed using the GraphPad Prism 6 software

(GraphPad Software Inc, La Jolla, CA, USA).

Results

Effects of DADLE on Cell Viability and LDH Release in
Astrocytes

The protective effects of DADLE against OGD exposure

are shown in Fig. 1A. It was found that cell viability

Fig. 1. DOR activation with DADLE attenuates OGD induced damage in astrocytes. (A) Cell viability was assessed using CCK8 assay.
(B) Cytotoxicity was measured by LDH assay. (C) Naltrindole and 3-MA pretreatment reduced the cell viability. (D) Naltrindole and 3-MA
pretreatment increased cytotoxicity. *P < 0.05 vs. control; #P < 0.05 vs. OGD group; !P < 0.05 vs. DADLE group. DAD, DADLE;
NAL, naltrindole; 3-MA, 3-methyladenine.
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increased progressively with the DADLE concentrations of

added, it reached the highest value at 10 nM and then

decreased. These results indicate that treatment with

10 nM DADLE was sufficient to increase cell viability

(P < 0.05) (Fig. 1A).

Compared with the control group, LDH release in the

OGD group was significantly elevated (P < 0.05). Com-

pared with the OGD group, OGD-induced LDH release was

significantly reduced by DADLE (P < 0.05); 10 nM

DADLE most significantly ameliorated the cytotoxicity,

as shown in Fig. 1B. Therefore, this dosage (10 nM) was

used in the following experiments

Naltrindole partly abolished DADLE-induced protection

in astrocytes in the OGD model (P < 0.05) (Fig. 1C). 3-MA

completely prevented the protective effects of DADLE

(P < 0.05) (Fig. 1D).

DADLE Induced Autophagy in Astrocytes

Autophagic vacuole analysis with LC3 staining showed a

mildly increasing number of fluorescent particles in astro-

cytes after OGD. DADLE further increased the number of

fluorescent particles in astrocytes. Naltrindole and 3-MA

resisted the action of DADLE (Fig. 2).

Fig. 2. Representative images of LC3 fluorescence staining. Astrocytes were stained using GFAP antibody. Autophagic vacuoles were
stained using LC3 antibody, and the cell nuclei were stained with Hoechst. Photomicrographs were taken under an epifluorescence
microscope (magnification, x400). DAD, DADLE; NAL, naltrindole; 3-MA, 3-methyladenine.

778 Cell Transplantation 28(6)



The expression of proteins of autophagy markers was

investigated to assess the status of autophagy flux in astro-

cytes exposed to OGD. As shown in Fig. 3, a statistically

significant increase in the level of Beclin 1 and the ratio of

LC3-II/ LC3-I was observed in OGD in comparison with

control (P < 0.05). A significant reduction in p62 expression

was observed in OGD (P < 0.05), which was coincident with

the increase in the level of LC3-II.

Compared with the OGD group, the level of Beclin 1

and the ratio of LC3-II/ LC3-I in astrocytes were signifi-

cantly increased after treatment with 10 nM DADLE

(P < 0.05). It is notable that the level of LC3-I remained

almost unchanged in all experimental groups. Analysis of

p62 expression demonstrated that the levels of p62 were

decreased after DADLE treatment (P < 0.05). DADLE-

induced autophagy in astrocytes was blocked by addition

of 3-MA (P < 0.05), and partly by naltrindole (P < 0.05)

(Fig. 3).

DADLE-Induced Autophagy Inhibited Apoptosis

It is well known that Bcl-2 has an anti-apoptotic effect, while

Bax has an effect of inducing apoptosis19. In our study, the

level of Bcl-2 expression was reduced significantly in OGD

and increased in DADLE treated astrocytes (P < 0.05). How-

ever, 3-MA and naltrindole inhibited the protein expression

of Bcl-2 (P < 0.05).

As expected, the results of western blot demonstrated that

the level of Bax expression was obviously increased in the

OGD group and decreased in the DADLE group (P < 0.05).

3-MA and naltrindole promoted the protein expression of

Bax (P < 0.05) (Fig. 4).

Discussion

In the past few decades, great efforts and impressive

advances in neuroprotective agents for the treatment of acute

ischemic stroke have been developed in the laboratory, but

all of these neuroprotective agents have failed in clinical

trials. The central nervous system is a neural network com-

posed of a variety of cells. Protecting neurons alone may not

be enough to benefit all cell types, especially astrocytes, in

the post-stroke brain.

In ischemic brain, astrocytes exhibited cell hypertrophy

and proliferation, which isolated the injured site from viable

tissue and prevented uncontrolled tissue damage cascades20.

Fig. 3. Effects of treatment with DADLE on the protein expression of autophagy markers. (A) Western blotting was used to measure the
protein expression of LC3, Beclin 1, p62, and b-actin. (B) DADLE treatment significantly increased the ratio of LC3-II/LC3-I. (C) DADLE
treatment significantly increased Beclin 1 expression. (D) DADLE treatment significantly decreased the protein expression of p62. *P < 0.05
vs. control; #P < 0.05 vs. OGD group; !P < 0.05 vs. DADLE group. DAD, DADLE; NAL, naltrindole; 3-MA, 3-methyladenine.
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Astrocytes provide important metabolic support for neurons

during cerebral ischemia, and destruction of astrocytes func-

tion may lead to neuronal death21. It has been demonstrated

that astrocytes are more resistant than neurons to ischemia22,

and, even within the ischemic core, some astrocytes

remained viable and metabolically active23. Enhanced astro-

cyte survival has been shown to provide neuroprotective

effects in a rat model of middle cerebral artery occlusion

(MCAO)24. If there are no astrocytes, the neurons are not

viable, so neuroprotective therapeutics should consider

protecting both neurons and astrocytes.

DOR—a member of the G-protein-coupled receptor fam-

ily—is distributed widely in various tissues and organs of the

human body, including brain, heart, liver, lungs, and gastro-

intestinal and reproductive tracts25. In recent years, the neu-

roprotective effects of DOR have received increasing

attention. Pharmacological studies found that DOR activa-

tion by DADLE significantly promoted neuronal survival in

multiple animal models15,26–28. Studies in cultured neurons

suggested that DOR-mediated neuroprotection was associ-

ated with ionic homeostasis, cellular transcription, antioxi-

dative stress, and antiapoptosis29,30.

DOR is expressed in both neurons and astrocytes31,32.

This might mean that DOR has a regulatory effect on both

neurons and astrocytes. In our previous study, activation of

DOR improved neuronal survival while reducing death of

astrocytes in a rat model of global cerebral ischemia14,15. In

vitro, the levels of DOR expression increased in astrocytes

under hypoxic conditions, but there was no change in neu-

rons. DOR activation effectively protected both the neurons

and astrocytes against hypoxic insult. Researchers consid-

ered that the protective effects of DOR were related to inhi-

bition of tumor necrosis factor-alpha (TNF-a) levels in

astrocytes33. The cited studies demonstrated the effects of

DOR on astrocyte function and the mechanism of protecting

neurons, but the mechanism by which DOR reduced astro-

cyte damage remained unclear.

A recent study found that activation of DOR with

DADLE could promote autophagy and protected against

LPS-induced myocardial damage. The selective DOR

antagonist naltrindole exerted opposite effects16, suggesting

that autophagy might be one of the mechanisms by which

DOR plays a cytoprotective role. In the present study,

DADLE significantly induced autophagy and attenuated

OGD-induced injury in primary cultures of rat astrocytes.

3-MA completely blocked the role of DADLE in inducing

autophagy and protecting astrocytes. These results showed

that the cytoprotective mechanism of DOR was related to

autophagy. But, interestingly, naltrindole could only par-

tially antagonize the role of DADLE. Tian’s study showed

that DADLE could directly inhibit cellular transcription in

neurons, and that DOR was not involved in this process30.

These data indicated that DADLE might have a cytoprotec-

tive mechanism independent of DOR.

The BCL-2 and Bax protein act as key regulators in the

apoptosis pathway. Bcl-2 protein plays a role in inhibiting

apoptosis and promoting cell survival, while Bax has the

opposite effect34. In the present research, we found that

DADLE significantly enhanced the level of Bcl-2 protein,

and reduced the level of Bax protein in astrocytes exposed to

OGD. These results indicated that DADLE-induced autop-

hagy exerted a cytoprotective effect by inhibiting apoptosis.

In summary, DADLE exerted a cytoprotective effect on

astrocytes exposed to OGD, partially through DOR activa-

tion. Based on our results, DADLE shows the effect of

Fig. 4. DADLE inhibited the expression of apoptosis-related pro-
teins. (A) Western blotting was used to measure the protein
expression of Bcl-2 and Bax. (B) DADLE treatment significantly
increased the protein expression of Bcl-2. (D) DADLE treatment
significantly decreased Bax expression. *p < 0.05 vs. control;
#p < 0.05 vs. OGD group; !p < 0.05 vs. DADLE group. DAD,
DADLE; NAL, naltrindole; 3-MA, 3-methyladenine.
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inducing cell autophagy and inhibiting apoptosis by regulat-

ing expression of the proteins Bcl-2 and Bax. These results

may suggest a novel mechanism for the cytoprotective effect

of DADLE. Of course, this study has its limitations. For

example, more methods should be used to prove the conclu-

sion, and there is no further study on the function of astro-

cytes. Additional research, both in vivo and in vitro, will be

required to confirm the effect of DADLE to protect against

ischemic injury in preclinical settings.
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