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Abstract. Oxidative stress is one of the main pathogenic factors 
of neurodegenerative diseases. As the ligand of cannabinoid 
type 1 (cB1) and 2 (cB2) receptors, anandamide (AEA) exerts 
benign antioxidant activities. However, the instability of AEA 
results in low levels in vivo, which limit its further application. 
Based on the structure of AEA, N-linoleyltyrosine (NITyr) was 
synthesized in our laboratory and was hypothesized to possess 
a similar function to that of AEA. To the best of our knowl-
edge, the present study demonstrates for the first time, the 
activities and mechanisms of NITyr. NITyr treatment attenu-
ated hydrogen peroxide (H2O2)-induced cytotoxicity, with the 
most promiment effect observed at 1 µmol/l. Treatment with 
NITyr also suppressed the H2O2-induced elevation of reac-
tive oxygen species (ROS) and enhanced the expression of 
the autophagy-related proteins, Lc3-II, beclin-1, ATG 5 and 
ATG13. The autophagic inhibitor, 3-methyladenine, reversed 
the effects of NITyr on ROS levels and cellular viability. 
Furthermore, AM251, a cB1 receptor antagonist, but not 
AM630 (a cB2 receptor antagonist), diminished the effects of 
NITyr on cell viability, ROS generation and autophagy-related 
protein expression. However, NITyr increased the protein 

expression of both the cB1 and cB2 receptors. Therefore, NITyr 
was concluded to protect Pc12 cells against H2O2-induced 
oxidative injury by inducing autophagy, a process which may 
involve the cB1 receptor.

Introduction

Oxidative stress refers to the increase in free radicals or the 
weakening of the body's antioxidant protective ability following 
stimulation with harmful factors, leading to an imbalance 
in the oxidation and antioxidant systems (1). The excessive 
accumulation of reactive oxygen species (ROS) damages 
biological molecules, such as nucleic acids, proteins and lipids, 
resulting in the occurrence and development of cardiovascular 
diseases, Alzheimer's disease and other chronic degenerative 
diseases. Antioxidants can alleviate or inhibit cellular damage 
by neutralizing free radicals (2,3).

Autophagy is a process through which the body removes 
aged, damaged or defective proteins and organelles. during 
autophagy, the degradable contents of the cytoplasm are encap-
sulated in subcellular bilayer vesicles and then transported to 
lysosomes for degradation (4). Recent studies have suggested 
that autophagy exerts protective effects against neurodegen-
eration, in which autophagic deficiency was associated with 
a decline in learning and memory (5). The importance of 
autophagy in the reduction of oxidative stress has also been 
recognized, and several autophagy inducers have been tested 
for their therapeutic potential (6). Previous studies have indi-
cated that the autophagic flux is inhibited under conditions 
of oxidative stress in degenerative diseases (6,7); thus, it was 
hypothesized that the induction of autophagy may be a prom-
ising antioxidant approach.

It has been demonstrated that as the ligand for the cannabi-
noid type 1 (cB1) and 2 (cB2) receptors, anandamide (AEA) 
exerts neuroprotective effects by inhibiting oxidative stress 
and free radical formation (8). Additionally, cannabinoids 
and activating cannabinoid receptors induce autophagy in 
cardiovascular disease (9-11). However, the rapid metabolic 
inactivation of AEA in vivo has limited its further applica-
tion (12); thus, the development of novel AEA analogs is of 
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considerable importance. Based on the chemical structure of 
AEA (Fig. 1), its analogue, N-linoleyl tyrosine (NITyr), was 
previously synthesized in our laboratory (13). To the best of 
our knowledge, the present study aimed to demonstrate for 
the first time, the effects and potential mechanisms of NITyr 
on autophagy in rat pheochromocytoma (Pc12) cells under 
conditions of oxidative stress.

Materials and methods

Materials. NITyr was previously independently synthe-
sized (13). The following additional reagents were used in the 
present study: Polyclonal antibodies against Lc3, beclin-1, 
autophagy-related protein (ATG) 5 and the cB1 receptor 
(1:1,000, cat. nos. 14600-1-AP, 11306-1-AP, 10181-2-AP and 
17978-1-AP, respectively; ProteinTech Group, Inc.); cB2 
receptor rabbit polyclonal antibody (1:500; cat. no. 101550, 
cayman chemical company); ATG13 rabbit polyclonal 
antibody (1:1,000; cat. no. 500690, chengdu Zen Bioscience 
co., Ltd.); GAPdH rabbit polyclonal antibody (1:2,000; 
cat. no. 60004-1-AP, ProteinTech Group, Inc.); horseradish 
peroxidase (HRP)-conjugated goat anti-mouse/anti-rabbit 
IgG(H+L) (1:10,000; cat. no. AB0102, cat. no. AB0101, Abways 
Technology, Inc.); Alexa Fluor 594-conjugated goat anti-rabbit 
IgG (H+L) (1:500; cat. no. AB0141, Abways Technology, 
Inc.); cB1 receptor antagonist AM251 (cat. no. S2819, 
Selleck chemicals); cB2 receptor antagonist AM630 
(cat. no. SML0327, Sigma-Aldrich, Merck KGaA); 3-meth-
yladenine (3MA; cat. no. 19389, cSNpharm, Inc.); hydrogen 
peroxide (H2O2; cat. no. 20180610, chengdu Jinshan chemical 
Reagent Co., Ltd.); and Dulbecco's modified Eagle's medium 
(dMEM; cat. no. SH30809, Hyclone; cytiva).

Cell culture and experimental groupings. Pc12 cells were 
cultured in dMEM supplemented with 10% fetal calf serum, 
5,000 U/ml penicillin and 5 mg/ml streptomycin. The cells 
were cultured at 37˚C in an incubator supplemented with 5% 
cO2, and sub-cultured every 2 days. Subsequently, the cells 
were seeded and pre-incubated with combinations of NITyr 
(0.5, 1 or 5 µmol/l), 3MA (3 mmol/l), AM251 (3 µmol/l) and 
AM630 (3 µmol/l) for 24 h. This was followed by the addition 
of 250 µmol/l H2O2 and the cells were incubated for a further 
24 h. Following the drug treatments, the cells were stained 
with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazodium 
bromide (MTT), 4',6-diamidino-2-phenylindole (dAPI) or 
2',7‑dichlorofluorescin diacetate (DCFH‑DA), and western blot 
analysis and immunofluorescence evaluation were performed. 
The experimental groups were as follows: i) control; ii) 50, 
100, 250 or 500 µmol/l H2O2; iii) H2O2+ 0.5, 1 or 5 µmol/l 
NITyr, respectively; iv) H2O2 + 1 µmol/l NITyr and 3 µmol/l 
AM251; v) H2O2 + 1 µmol/l NITyr and 3 µmol/l AM630; 
vi) H2O2 + 3 µmol/l AM251; and vii) H2O2 + 3 µmol/l AM630; 
viii) control + 5 µmol/L NITyr. The concentrations of AM251 
and AM630 were determined according to the published 
literature and previous experimental findings (14,15).

Cell viability assay. Pc12 cells were seeded into 96-well plates 
at a density of 5x104 cells/100 µl, and cultured in an incubator 
at 37˚C (5% CO2) for 24 h. The cells were then treated with 
various concentrations of H2O2 (50, 100, 250 and 500 µmol/l) 

and NITyr (0.5, 1 and 5 µmol/l) for 12, 24 and 48 h, respec-
tively. Subsequently, 10 µl MTT solution (5 mg/ml) were added 
to each well and the plates were incubated for a further 4 h 
at 37˚C. The formamide was dissolved using dimethyl sulfoxide 
(100 µl/well), and the absorbance of each sample was detected 
at 560 nm using a VIcTOR Nivo™ multimode plate reader 
(PerkinElmer, Inc.).

DAPI and DCFH‑DA staining. Intracellular dNA damage 
and ROS generation were assessed using dAPI (1:1,000; 
Beyotime Institute of Biotechnology) and dcFH-dA probes 
(1:1,000; dalian Meilun Biology Technology co., Ltd.), 
respectively. Following drug treatment, Pc12 cells (at a 
density of 2.5x105 cells/well) were incubated in serum-free 
dMEM containing dAPI at room temperature for 10 min, 
or DCFH‑DA at 37˚C for 20 min. The 6‑well plate was then 
rinsed 3 times in PBS (5 min each) and immediately analyzed 
using a fluorescence microscope (magnification x20 and x40; 
Olympus Corporation). The relative fluorescence intensity of 
DCFH‑DA was analyzed using a fluorometer (Thermo Fisher 
Scientific, Inc.).

Immunofluorescence assay. Pc12 cells were seeded onto 
coverslips at a density of 25x104 cells/well and placed into 
6-well plates. Following drug treatment, the cells were treated 
according to a previously described immunofluorescence 
protocol (16). The coverslips were rinsed 3 times with PBS 
for 5 min each time, immobilized with 4% paraformaldehyde 
for 15 min and permeabilized with 0.5% Triton X-100 for 
20 min in room temperature. The cells were rinsed again and 
blocked with 5% bovine serum albumin (BSA) for 1 h at room 
temperature. Each coverslip was then incubated with the corre-
sponding primary antibodies (Lc3, beclin-1, ATG5, ATG13, 
cB1 and cB2) diluted in Tris-buffered saline with Tween-20 
(TBST) (1% BSA) overnight at 4˚C, and subsequently washed 
with 1X TBST (3 times for 3 min each) prior to incubation 
with an Alexa Fluor 594-conjugated secondary antibody for 
1 h at room temperature in the dark. Subsequently, 1 µg/ml 
dAPI was added to detect the cell nuclei, and the cells were 
finally washed 5 times with 1X TBST for 8 min each time and 
observed using a BX63 fluorescence microscope (magnifica-
tion x20 and x40; Olympus corporation).

Western blot analysis. Pc12 cells were seeded at a density 
of 1x106 cells/well and cultured in 6-well plates for 24 h. 
Following drug treatment, the cells were treated according to 
the following western blotting protocol: The cells were washed 
3 times with PBS for 5 min each time, and then incubated on 
ice for 30 min in prepared lysis buffer (RIPA lysis buffer, 
protease inhibitor and EdTA at a 100:1:1 ratio; all Beyotime 
Institute of Biotechnology, Inc.). Following lysis, the cells 
were centrifuged at 12,000 x g for 20 min at 4˚C, and the 
supernatants were collected. The protein concentration was 
then detected and adjusted according to the instructions of the 
Easy II Protein Quantitative Kit (BcA, TransGen Biotech co., 
Ltd.), and the samples were then denatured at 100˚C for 6 min. 
To detect proteins with different molecular weights, 50 µg 
protein per lane were separated using 10% polyacrylamide 
gels (Tris-Hcl system), and then transferred onto polyvi-
nylidene difluoride membranes (Merck Millipore Ltd.). The 
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membranes were blocked with 5% BSA on a shaking platform 
at 37˚C for 1 h, and then incubated with the corresponding 
primary antibodies (Lc3, beclin-1, ATG5, ATG13, cB1 and 
CB2) overnight at 4˚C; a GAPDH rabbit polyclonal antibody 
was used to detect the internal control. Subsequently, the 
membranes were washed with TBST 3 times for 5 min each, 
and then incubated with secondary HRP-conjugated anti-
bodies at room temperature for 1 h. Finally, the membranes 
were washed with TBST as aforementioned, and treated with 
chemiluminescent HRP substrate (EMd Millipore) for protein 
band detection. Images were captured using a chemidoc 
system (Bio-Rad Laboratories, Inc.), and the gray values of the 
proteins were quantified using Image J software 1.8.0 (NIH) 
with GAPdH as the comparative internal control.

Statistical analyses. SPSS statistical software 17.0 (SPSS, Inc.) 
was used for statistical experimental analysis and all data are 
expressed as the means ± standard deviation. For comparisons 
between groups, the data were evaluated by one-way ANOVA 
followed by Tukey's test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

NITyr protects PC12 cells against H2O2 insults. Following 
exposure to H2O2, cell viability was assessed by MTT assay 
and was shown to be significantly decreased in a time‑ and 
concentration-dependent manner. The cell survival rates 
decreased gradually as a result of exposure to 100, 250 and 
500 µmol/l H2O2, respectively (P<0.05 and P<0.001, respec-
tively; Fig. 2A). Ultimately, the concentration of 250 µmol/l 
H2O2 was selected to induce cellular damage, as this induced 
a plateau in the cell viability results, and 500 µmol/l induced 
further cellular damage without an obvious difference in 
viability. Following exposure to 250 µmol/l H2O2, the cell 
survival rates decreased gradually at the 12, 24 and 48 h 
time points, respectively (Fig. 2B). As exposure to H2O2 for 
48 h resulted in considerable cellular injury, the following 
experiments were conducted with 250 µmol/l H2O2 for 24 h. 
Additionally, the numbers of the nuclei in the H2O2-treated 
group were decreased compared with those in the control 
group (Fig. 2c and d). However, treatment with NITyr (0.5, 1 
and 5 µmol/l) conferred a benign effect against H2O2-induced 
injury, with optimal recovery occurring at the concentration of 
1 µmol/l NITyr (F=14.841, P<0.05 and P<0.01; Fig. 2E), and 

NITyr alone did not affect cellular viability compared with the 
control group. In addition, the results of dAPI staining indi-
cated that detrimental changes in cellular morphology were 
prevented by various concentrations of NITyr (Fig. 2d), which 
was consistent with the results of MTT.

NITyr inhibits ROS‑mediated H2O2‑induced cellular injury. 
considering the importance of ROS in H2O2-induced cytotox-
icity, the levels of ROS in Pc12 cells were evaluated following 
pre-treatment with 0.5, 1 or 5 µmol/l NITyr. As shown 
in Fig. 3A, an increased number of green dots (representing 
dcFH-dA fluorescence) was observed in the Pc12 cells 
exposed to H2O2 compared with the control cells. NITyr effec-
tively decreased the number of green dots induced by H2O2, 
indicating a reduction in ROS production. Furthermore, the 
relative fluorescence intensity of DCFH‑DA was detected by 
fluorometry, and the elevation in H2O2‑induced fluorescence 
was inhibited in the NITyr group (0.5, 1 and 5 µmol/l) with 
optimal rescue occurring at 1 µmol/l (F=16.052, P<0.01 and 
P<0.05; Fig. 3B); thus, the concentration of 1 µmol/l NITyr was 
used in the following experiments to investigate the underlying 
mechanisms of NITyr.

3MA attenuates the effects of NITyr on cell viability and ROS 
levels. As shown in Fig. 4A, pre-treatment with 3MA following 
H2O2 exposure had no significant effect on the number of 
cell nuclei or ROS levels compared with H2O2 exposure, 
and the DCFH‑DA fluorescence intensity of the 3MA group 
approached that of the H2O2 group. 3MA combined with 
NITyr exerted a weaker effect on cell viability and ROS levels 
than treatment with 1 µmol/l NITyr following H2O2 exposure. 
Moreover, the relative dcFH-dA fluorescence intensity 
and cell viability were detected by fluorometry and MTT 
assay, respectively. The results were consistent with those of 
dcFH-dA and dAPI staining (F=15.704, F=27.591, P<0.05; 
Fig. 4B and c).

Effects of NITyr on the expression of autophagy‑related 
proteins. As shown in Fig. 5, compared with the control group, 
cell numbers in the H2O2 group were notably decreased (as 
indicated by the decreased level of blue fluorescence) and 
shriveling of the nuclei was apparent. Reduced levels of red 
fluorescence indicate decreased protein expression of LC3, 
beclin-1, ATG5 and ATG13, which was reversed by treatment 
with NITyr.

Figure 1. chemical structure of (A) AEA and (B) NITyr. AEA, anandamide; NITyr, N-linoleyltyrosine.
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Figure 2. Effects of NITyr on Pc12 cell viability. (A) cellular injury induced by treatment with 50, 100, 250 and 500 µmol/l H2O2 for 24 h. (B) cellular injury 
induced by 250 µmol/l H2O2 at different time points (12, 24 and 48 h). (C) Cell nuclei were stained using DAPI and visualized by fluorescence microscopy. 
Scale bar, 20 µm. (D) Quantification of the number of nuclei in PC12 cells. (E) PC12 cells were pre‑treated with or without NITyr (0.5, 1 or 5 µmol/l) for 24 h 
prior to 250 µmol/l H2O2 exposure, and viability was assessed by MTT assay. Statistical values are expressed as the mean ± Sd from 6 independent experi-
ments. *P<0.05 and ***P<0.001 vs. the control group; #P<0.05, ##P<0.01 and ###P<0.001 vs. the H2O2 group. NITyr, N-linoleyltyrosine; H2O2, hydrogen peroxide.
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Effects of CB receptor antagonists on cell viability and ROS 
production. compared with H2O2 exposure, pre-treatment 
with the cB1 receptor antagonist, AM251, or the cB2 antago-
nist, AM630, following H2O2 exposure had negligible effects 
on cell viability and ROS levels (Fig. 6A and c). However, 
AM251, but not AM630, diminished the effects of NITyr 
(1 µmol/l) on cell viability and ROS generation. Moreover, the 
relative DCFH‑DA fluorescence intensity and cell viability 
were detected by fluorometry and MTT assay, respectively, 
and the results were consistent with those of dcFH-dA and 
dAPI staining (F(dcFH-dA)=11.502, F(dAPI)=14.973, P<0.05; 
Fig. 6B and d).

Effects of the CB1 receptor antagonist, AM251, on autophagy‑
related proteins. According to the aforementioned experimental 
results, the Pc12 cells were treated with a combination of 
1 µmol/l NITyr and 3 µmol/l AM251. compared with the H2O2 
group, negligible effects on the protein expression of Lc3-II, 
ATG5 and ATG13 (P>0.05), but significant effects on beclin‑1 
protein expression (P<0.05) were observed in the AM251 
group following H2O2 exposure (Fig. 7A and c-F). When 
used in combination with AM251, 1 µmol/l NITyr exerted 
diminished effects on autophagy-related protein expres-
sion than when used alone (F(Lc3-II)=5.786, F(Beclin-1)=533.174, 
F(ATG-5)=15.479, F(ATG-13)=11.639, P<0.05; Fig. 7A and c-F). In 

Figure 3. NITyr reduces H2O2‑induced ROS generation. (A) Levels of ROS were detected by fluorescence microscopy with DCFH‑DA as the fluorescent probe. 
Scale bar, 20 µm. (B) Relative DCFH‑DA fluorescence intensity was detected using a fluorometer. Statistical values are expressed as the mean ± SD from 
6 independent experiments. *P<0.05, **P<0.01 and ***P<0.001 vs. the H2O2 group. NITyr, N-linoleyltyrosine; H2O2, hydrogen peroxide; ROS, reactive oxygen 
species; DCFH‑DA, 2',7‑dichlorofluorescin diacetate.
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Figure 5. Effects of NITyr on the expression of autophagy-related proteins. The protein expression levels of beclin-1, Lc3, ATG5 and ATG13 were detected 
using immunofluorescence staining. Scale bar, 50 µm. NITyr, N‑linoleyltyrosine; ATG, autophagy‑related protein.

Figure 4. Effects of NITyr and 3MA on cell viability and ROS generation. (A) Nuclei were stained with DAPI and visualized by fluorescence microscopy. 
Levels of ROS were detected by fluorescence microscopy with DCFH‑DA as the fluorescent probe. Scale bar, 20 µm. (B) Cell viability was assessed using 
an MTT assay. (C) Relative DCFH‑DA fluorescence intensity was detected with a fluorometer. Statistical values are expressed as the means ± SD from 6 
independent experiments. **P<0.01 and ***P<0.001 vs. the H2O2 group. #P<0.05 vs. the H2O2 + NITyr group. NITyr, N-linoleyl tyrosine; 3MA, 3-methyladenine; 
H2O2, hydrogen peroxide; ROS, reactive oxygen species; DCFH‑DA, 2',7‑dichlorofluorescin diacetate.
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addition, compared with the control group, negligible effects 
of NITyr were observed on the protein expression of Lc3-II, 
Beclin-1, ATG5 and ATG13 (P>0.05; Fig. 7B, G and H).

Effects of NITyr on CB1 and CB2 receptor expression. 
Significant effects on CB1 and CB2 protein expression were 
observed in the H2O2 + NITyr group compared with the H2O2 
group (P<0.05; Fig. 8A, c and d). In addition, negligible effects 
were observed on the protein expression of cB1 and cB2 in 
the control + NITyr group compared with the control group 
(P>0.05). As shown in Fig. 8B, red fluorescence represents the 
protein expression of the cB1 and cB2 receptors. compared 
with the control group, cB1, but not cB2 receptor expression 
levels were downregulated in the H2O2 group. Furthermore, 
pre-treatment with 1 µmol/l NITyr increased the intensity of 
red fluorescence compared with H2O2 exposure alone.

Discussion

AEA has been shown to exert benign antioxidant activity, but 
its short half-life is a limitation to its clinical application (8,17). 
In previous studies, the saturated fatty acyl amino acid, NSTyr, 
was synthesized based on the structure of AEA, and this 
compound was found to possess strong antioxidant proper-
ties (18-20). However, NSTyr must be used at a considerably 
higher concentration than AEA to elicit a moderate antioxidant 
effect (21). Based on the level of activity, the structure of AEA 
was compared with that of NSTyr, and AEA was found to 
possess unsaturated bonds, while NSTyr did not. The method 
for NSTyr synthesis was subsequently improved to include 
the incorporation of unsaturated bonds. due to the strong 
antioxidant activities of AEA and NSTyr, it was speculated 
that NITyr also possessed antioxidant properties. Therefore, 

Figure 6. Effects of NITyr, AM251 and AM630 on cell viability and ROS levels. (A) Levels of ROS were detected by fluorescence microscopy with DCFH‑DA 
as the fluorescent probe. Scale bar, 20 µm. (B) Relative DCFH‑DA fluorescence intensity was detected using a fluorometer. (C) Nuclei were stained with DAPI 
and visualized by fluorescence microscopy. Scale bar, 20 µm. (D) Cell viability was assessed by MTT assay. Statistical values are expressed as the means ± SD 
from 6 independent experiments. **P<0.01 and ***P<0.001 vs. the H2O2 group. #P<0.05 vs. the H2O2 + NITyr group. NITyr, N-linoleyltyrosine; ROS, reactive 
oxygen species; DCFH‑DA, 2',7‑dichlorofluorescin diacetate; H2O2, hydrogen peroxide.
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the aim of the present study was to determine the potential 
antioxidant effects of NITyr, and the underlying mechanisms 
through which these effects are elicited.

due to a high demand for oxygen in brain tissue, the central 
nervous system is particularly vulnerable to hypoxia, and cell 
membranes are prone to attack by oxygen free radicals. In 
general, oxidative stress has been confirmed to be elevated in 
neurodegenerative diseases (22,23). There is also increasing 
evidence that excessive intracellular H2O2 is toxic to the cell 
membrane and contributes to oxidative stress through virous 
ways, such as formation of reactive oxygen species, etc. 
Therefore, in the present study, Pc12 cells were stimulated 
with H2O2 to establish an oxidative damage model (23). The 
fact that oxidative stress activates contradictory signaling 
pathways of survival and death implies that there must be 
sophisticated crosstalk between these opposite signals that 
dictate cells fate. A number of Akt substrates have been 
identified as elements of the initiation and execution phases of 
apoptosis. Akt appears to be a substrate of caspase-3 in vitro. 
So Akt signaling pathway is not only related to cell survival, 
but also to cell apoptosis (24,25). combined with the literature, 

it is hypothesized that under the early stimulation of low 
concentration of H2O2, cells will activate their own defense 
mechanism to resist damage via AKT activation, resulting in 
cells proliferation. However, under the long stimulation of high 
concentration of H2O2, the defense mechanism initiated by 
cells is not sufficient to resist the injury; thus, cell viability is 
reduced. Therefore, the activation of the Akt pathway induced 
by H2O2 leads to cell proliferation or cell death, which may be 
related the concentration and time of H2O2 stimulation (26). In 
a previous study, NITyr activated the Akt signaling pathway to 
delay cell injury in the ischemia-reperfusion model (13). NITyr 
was demonstrated to markedly suppress H2O2-induced cellular 
damage and ROS generation, and this protective effect was 
amplified with NITyr treatement. The optimum concentra-
tion of NITyr was 1 µmol/l, and a plateau effect was reached 
at 5 µmol/l. collectively, the results of the present study indi-
cate that H2O2 promotes cellular injury, and that NITyr inhibits 
ROS-induced damage resulting from H2O2 exposure.

Autophagy is a highly conserved catabolic process for the 
removal of damaged organelles that can result in the produc-
tion of intracellular ROS (27). The presence of excess ROS 

Figure 7. Effects of NITyr and AM251 on the expression of autophagy-related proteins. (A and B) Protein expression levels of Lc3, beclin-1, ATG5 and ATG13 
were determined by western blot analysis. (c) Lc3-II, (d) Beclin-1, (E) ATG5 and (F) ATG13 expression was normalized to that of GAPdH. (G) Lc3-II and 
Beclin-1 expression were normalized that of GAPdH. (H) ATG5 and ATG13 expression levels were normalized to those of GAPdH. Statistical values are 
expressed as the means ± Sd from 3 independent experiments. *P<0.05, **P<0.01 and ***P<0.001 vs. the H2O2 group. #P<0.05 vs. the H2O2 + NITyr group. NITyr, 
N-linoleyltyrosine; ATG, autophagy-related protein.
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stimulates an autophagic response, which in turn restores 
intracellular ROS levels. decreased autophagy increases the 
accumulation of damaged organelles and ROS, which are 
involved in the pathogenesis of various diseases, including 
neurodegenerative conditions (28-30). According to the initial 
results of the present study, NITyr plays a considerable role 
in preventing H2O2-mediated cellular injury and ROS eleva-
tion, and therefore, the role of autophagy in these processes 
was investigated. When autophagy occurs, Lc3 facilitates 
the formation of the autophagic membrane. A small segment 
of the cytoplasmic form of Lc3 (Lc3-I) is enzymatically 
degraded, and as such, Lc3-I is transformed into membranous 
Lc3 (Lc3-II). The level of Lc3-II, which is widely used to 
indicate overall autophagic degradation, has been significantly 
associated with the number of autophagosomes (31), and 
beclin-1 promotes the localization of autophagic proteins to 
autophagic vesicles (32). ATG13 is essential for autophagic 
vesicle formation (33), and ATG5 is a key regulator involved in 
the membrane extension of phagocytes into these vesicles (34). 
Thus, Lc3, beclin-1, ATG5 and ATG13 play important roles 
in the formation and extension of autophagic vesicles. In the 
present study, NITyr was found to upregulate the protein 
expression levels of Lc3-II, beclin-1, ATG5 and ATG13, 
indicating that it induces autophagy. To further elucidate the 
association between autophagy and oxidative stress, Pc12 
cells were treated with the autophagy inhibitor, 3MA, which 
was found to diminish the effects of NITyr on ROS generation 
and cellular viability. However, 3MA alone with H2O2 expo-
sure did not affect cellular viability and the ROS levels. These 
results indicate that NITyr protects against cytotoxicity and 
excessive ROS production by activating autophagy.

AEA is an endogenous ligand of the cannabinoid 
receptor which has been reported to play an attenuative role 

in the pathogenesis and progression of neurodegenerative 
diseases (35). The cB1 receptor may be indirectly involved 
in oxidative stress (36). conversely, the cB2 receptor is 
directly involved in counteracting oxidative stress (37). 
Additionally, AEA analogs have been associated with 
autophagy (9-11), and the protective functions of cB1 have 
also been linked to autophagy in various diseases (38). As 
an AEA analogue, NITyr may play a similar role to AEA. 
In the present study, Pc12 cells were pre-treated with selec-
tive antagonists of the cB1 and cB2 receptors (AM251 and 
AM630, respectively), and AM251 pre-treatment blocked 
the protective effects of NITyr on H2O2-stimulated Pc12 
cells, while AM630 had no such effect. Moreover, AM251 
and AM630 alone following H2O2 exposure did not affect 
cellular viability and the ROS levels. Therefore, the role 
of the cB1 receptor in NITyr-associated protection was 
the primary focus of the following experiments. Further 
experiments revealed that AM251 diminished the effects 
of NITyr on autophagy‑related proteins, and confirmed that 
NITyr induced autophagy via the cB1 receptor, resulting in 
an antioxidant effect. Moreover, cB2 receptor expression in 
the presence of H2O2 remained the same as that under the 
control conditions, while the expression of the cB1 receptor 
was downregulated; these findings suggest that the cB2 
receptor is highly stable, and that the cB1 receptor is more 
sensitive to oxidative stimuli. NITyr increased the expres-
sion of both the cB1 and cB2 receptor, whereas the cB2 
receptor antagonist, AM630, was unable to inhibit the effects 
of NITyr. This may be due to the fact that the cB2 receptor 
is not highly expressed in Pc12 cells, and that it is more 
prone to inflammatory stimulation, but not oxidative stress. 
It was further confirmed that the CB1 receptor may be the 
antioxidant target of NITyr.

Figure 8. Effects of NITyr on the protein expression of the cB1 and cB2 receptors. (A) Protein expression levels of cB1 and cB2 were determined by western 
blot analysis. (B) CB1 and CB2 receptor protein expression were detected using immunofluorescence staining. (C) CB1 expression was normalized that of 
GAPdH. (d) cB2 expression was normalized that of GAPdH. *P<0.05 and **P<0.01 vs. the H2O2 group. Scale bar, 20 µm. NITyr, N-linoleyltyrosine; cB1 
cannabinoid type 1; cB2 cannabinoid type 2.
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To the best of our knowledge, the present study demonstrates 
for the first time that NITyr alleviates H2O2-induced injury 
and oxidative stress in Pc12 cells by promoting autophagy. 
Furthermore, NITyr significantly maintained intracellular 
ROS homeostasis, reduced cellular injury and enhanced 
autophagy via the CB1 receptor. These findings suggest that 
NITyr inhibits oxidative stress through the cB1/ROS pathway 
with the involvement of autophagy. NITyr may therefore serve 
as a potential antioxidant by regulating the cB1 receptor.
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