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Fentanyl induces autophagy via activation of the ROS/MAPK
pathway and reduces the sensitivity of cisplatin in lung cancer cells
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Abstract. Cancer pain is the most common complica-
tion of lung carcinoma. Opioid agonist fentanyl is widely
used for relieving pain in cancer patients, and cisplatin
(DDP)-based chemotherapy is commonly used for the
treatment of advanced lung cancer; these two drugs are
always used together in lung carcinoma patients. However,
the mechanisms and related biological pathways by which
fentanyl influences cisplatin sensitivity are relatively poorly
reported. Here, we found that fentanyl reduces the sensi-
tivity of cisplatin in human lung cancer cells and induces
autophagy. Fentanyl induced reactive oxygen species (ROS)
generation and JNK activation. N-acetyl-L-cysteine is a ROS
scavenger and antioxidant, and the inhibition of JNK with
SP600125 prevented fentanyl-induced autophagy. We also
found that 3-methyladenine (3-MA; an autophagy inhibitor)
increased the sensitivity of DDP and weakened the inhibition
of fentanyl. In conclusion, fentanyl reduces the sensitivity
of cisplatin in lung cancer cells through the ROS-JNK-
autophagy pathway, whereas the autophagy inhibitor 3-MA
may weaken this effect.
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Introduction

Lung cancer is the most common cause of cancer-related
death in males and second most common cause in females (1).
Recently, the morbidity and mortality of lung carcinoma has
noticeably increased. Lung cancer is classified as non-small
cell lung cancer (NSCLC) and small cell lung cancer (SCLC).
NSCLC represents approximately 85% (2) of cases and has a
five-year survival of only 15% (3).

Pain relief is a fundamental and formidable task in the
treatment of cancer patients because most cancer patients have
severe pain (4). The p-opioid receptor was proposed as the
third step on the analgesic ladder and is used to relieve pain
for terminal cancer patients according to WHO guidelines.

Fentanyl is widely used for relieving pain and narcotizin.
Specifically, it is considered a good analgesic that is effective
against cancer pain in terminal cancer patients (5). Recently,
the effects of opioid analgesics on cancer patients have gained
increasing attention. Basic research indicates that opioids
induce tumour growth, inhibit apoptosis, and promote angio-
genesis. However, the effect of fentanyl on autophagy has not
been reported. We found that fentanyl increases autophagy in
lung cancer cells. Autophagy is an evolutionarily conserved
catabolic process that involves the degradation of cellular
components through the lysosomal machinery (6). Autophagy
may remove and assist long-standing proteins in metabolic
waste recycling to maintain a stable cell environment. A recent
study reported that autophagy exerts a protective effect when
cells experience increased pressure and contributes to cellular
survival by providing nutrients and energy to help cells adapt
to starvation or stress (such as hypoxia, X-rays and anticancer
drugs) (7).

LC3 and Beclin-1 are two key proteins involved in
autophagy. In this study, we demonstrate that fentanyl induces
higher levels of LC3-II. LC3-II formation is regarded as reli-
able biochemical evidence of autophagy as the amount of
LC3-II usually correlates well with the number of autopha-
gosomes. In our study, Beclin-1 expression also increased in a
dose-dependent manner. Beclin-1 plays a role in the initiation
step and is essential for autophagosome formation (8). In a
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previous study, the epidermal growth factor receptor (EGFR)
inhibitors gefitinib and erlotinib both induced autophagy in
lung cancer cells, and hypoxia-induced autophagy mediates
cisplatin resistance in lung cancer cells (9). Therefore, in
the present study, we investigated whether fentanyl, which is
commonly used, alters sensitivity to cisplatin in the human
lung cancer cell line A549.

Chemotherapy is the main method of treating lung cancer
in the early stages of disease, particularly as postoperative
adjuvant chemotherapy. Platinum drugs are the most common
chemotherapy agents used to treat lung cancer. Combining
cisplatin (DDP) and other chemotherapy drugs for middle-late
lung cancer patients has become a standardized treatment.
Although the rate of survival has improved, sensitivity has
decreased, which is a major obstacle in the clinical application
of chemotherapy. The direct effects of opioids on cancer cell
sensitivity to chemotherapy have not been adequately exam-
ined. Therefore, in the present study, we investigated whether
fentanyl, which is commonly used during general anaesthesia,
alters sensitivity to cancer chemotherapy in a human lung
cancer cell line (10).

Increasing evidence indicates that multiple stress condi-
tions, such as oxidative stress (11), endoplasmic reticulum (ER)
stress and pathogen infection (12), induce autophagy through
different molecular pathways. Among them, reactive oxygen
species (ROS) function as signalling molecules not only in cell
growth, differentiation, proliferation and apoptosis (13) but
also in autophagy (14). ROS are active forms of oxygen gener-
ated as by-products from cellular metabolism. Furthermore,
ROS affect various signalling pathways, such as the MAPK
(including ERK, JNK and p38) signal transduction cascades.
Recently, it was demonstrated that p38 MAPK mediates
autophagy in response to chemotherapeutic agents (15). INK,
also known as the stress-activated protein kinase, has been
implicated in apoptosis and autophagy (15-17). In mammals,
there are three JNK genes: JNK1, JNK2 and JNK3 (18).
JNKI1 and JNK2 are ubiquitously expressed, whereas JNK3
is primarily expressed in the brain, cardiac smooth muscle
and testes (18). In particular, ROS induces JNK-dependent
autophagy (19,20).

Our data demonstrated that fentanyl, via the activation of
ROS-JNK-mediated autophagy, inhibits the chemotherapeutic
sensitivity of DDP. The autophagy inhibitor 3-methylad-
enine (3-MA) may weaken this effect.

Materials and methods

Reagents and antibodies. Fentanyl hydrochloride and DDP
was obtained from Northeast Pharmaceutical Group Co., Ltd.,
Shenyang, China). N-Acetyl-L-cysteine (NAC) were purchased
from Beyotime Institute of Biotechnology (Shanghai, China),
JNK inhibitor (SP600125), and 3-MA were purchased from
Selleck Chemicals (Houston, TX, USA).

Cell culture. The human NSCLC cell lines A549 and SPC-A1
were obtained from the Shanghai Institute of Biochemistry
and Cell Biology, Chinese Academy of Sciences (Shanghai,
China) and maintained in Dulbecco's modified Eagle's
medium (DMEM) supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin (all from Gibco-BRL,
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Invitrogen Life Technologies, Gaithersburg, MD, USA) in a
humidified cell culture incubator at 37°C and in 5% CO,.

Cell viability assay. The cells (3x10%/well) were seeded in
96-well plates and incubated overnight. After treatment,
10 pl of the Cell Counting Kit-8 (CCK-8) reagent (Dojindo
Molecular Technologies, Inc., Kumamoto, Japan) was added to
90 ul of media in each well, followed by a 2-h incubation, after
which the absorbance was measured at 450 nm using a micro-
plate reader (Thermo Fisher Scientific, Waltham, MA, USA).
Each assay was conducted in quadruplicate and repeated at
least three times.

Brightfield images. Cell monolayers were cultured for 24 h
in 2-well glass-covered chamber slides and then treated with
various drugs. After washing with PBS, micrographs were
taken using an Olympus inverted fluorescence microscope
(Olympus, Tokyo, Japan). The number of cells with increased
acidic vesicular organelles was determined by counting at
least three representative fields per treatment condition, and a
minimum of three replicate experiments was conducted.

Apoptosis assay. Apoptosis was assessed by Annexin V-binding
analysis of flow cytometry. For flow cytometric analysis, cells
(1x10°) were seeded in 6-cm dishes overnight before treatment.
Both adherent and floating cells were harvested and combined,
washed twice with PBS, resuspended in 500 pl of binding
buffer, and stained using an Annexin V-FITC/PI kit (Nanjing
KeyGen Biotech Co., Ltd., Nanjing, China) according to the
manufacturer's instructions. After incubation in the dark for
30 min, the cells were analyzed using FACSCalibur instru-
ment (FACSCalibur; BD Biosciences, San Jose, CA, USA). All
experiments were performed in duplicate with reproducibility.

DAPI staining. Cells were grown on glass coverslips. After
washing with PBS, cells were fixed in 4% paraformaldehyde-PBS
for 30 min and treatment followed with 0.1% Triton X-100 for
10 min at 4°C. Then stained with DAPI (Beyotime Institute
of Biotechnology), washed with PBS. Images were captured
with the inverted and confocal microscope (Olympus IX71;
Olympus) (Leica TCS SP5 II; Leica, Mannheim, Germany).

Western blot analysis. Cells were washed with PBS (pH 7.4),
and incubated with 2X concentrated electrophoresis sample
buffer (125 mM Tris-HCI, pH 6.8, 5% glycerol, 2% SDS, 1%
p-mercaptoethanol) for 30 min on ice. Protein concentra-
tion was determined with Coomassie protein assay reagent
using bovine serum albumin (BSA) as a standard, and equal
aliquots of protein (40 mg) were separated using 8-15%
SDS-PAGE. The proteins were transferred onto a nitrocel-
lulose membrane (Millipore Corp., Billerica, MA, USA),
which was blocked in TBST (TBS containing 0.1% Tween-
20) with 5% non-fat dry milk for 2 h at room temperature
and was then incubated overnight at 4°C with the respective
antibodies diluted in TBS/T/BSA (50 mM Tris-HCl, pH 8.0,
150 mM NaCl, 0.05% Tween-20, 0.1% BSA). The membranes
were immunoblotted with the respective antibodies and then
incubated with horseradish peroxidase-conjugated secondary
antibodies. Enhanced chemiluminescence (ECL) detection
system (Bio-Rad Laboratories, Richmond, CA, USA) was



ONCOLOGY REPORTS 36: 3363-3370, 2016

used to visualize immunoreactive bands. Antibodies against
Beclin-1, P62 were purchased from ProteinTech Group, Inc.
(Wuhan, China), LC3B was purchased from Sigma-Aldrich
(St. Louis, MO, USA), p-c-JUN and c-JUN were from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). LC3B and
phospho-JNK, INK were from Cell Signaling Technology,
Inc. (Beverly, MA, USA). All of the primary antibodies were
used at a 1:1,000 dilution. All of the western blot analyses
were replicated a minimum of three times, and densitometry
comparing the proteins of interest with GAPDH as a loading
control was conducted using ImagelJ software.

LysoTracker Red. After washing twice with PBS, the mono-
layer A549 cells were labeled with 50 nM LysoTracker Red
(Beyotime Institute of Biotechnology) for 30 min in serum-free
DMEM under 5% CO, at 37°C. Images were obtained using
the fluorescence microscope (Olympus).

Monodansylcadaverine (MDC) staining. Cell monolayers
were cultured for 24 h in 2-well glass-covered chamber slides
and then treated with various drugs. The slides were washed
with culture medium without serum. Then, the cells were
exposed to 50 mM MDC (Nanjing KeyGen Biotech Co., Ltd.),
an autofluorescent dye, for 10 min at 37°C and visualized using
a confocal laser scanning microscope (Olympus IX71 and
Leica TCS SP5 II). At least 3 areas per well were analysed.
Two wells were analysed per treatment and per time. The
experiment was repeated three times.

Transmission electron microscopy. A549 cells were fixed with
2.5% glutaraldehyde and post-fixed with 1% osmium tetroxide.
After being dehydrated in increasing concentrations of alcohol,
the cell pellets were embedded in epon. Representative areas
were chosen for ultrathin sectioning and examined on a
transmission electron microscope (JEM-2000EX; Jeol, Ltd.,
Tokyo, Japan).

DCFH-DA. Intracellular ROS generation was measured
withan ROS assay with dichlorofluorescein diacetate
(DCFH-DA; Beyotime Institute of Biotechnology). Briefly, the
cells were plated at a density of 2x10° cells/well in six-well
plates. Following treatment, intracellular ROS were detected
via fluorescence microscope using DCFH-DA staining. Then,
the cells were incubated with DCFH-DA (5 M) for 30 min at
37°C in the dark and were washed three times with serum-free
medium. The levels of ROS were determined by Olympus
BX83 fluorescence microscope (Olympus).

Statistical analysis. The data are expressed as the means + stan-
dard deviations (SDs) of at least 3 separate experiments.
SPSS 19.0 software was used for statistical analysis. Multiple
group comparisons were analysed by one-way ANOVA;
2-group comparisons were performed with Student's t-test.
p<0.05 was considered statistically significant.

Results
Fentanyl reduces the sensitivity of cisplatin in lung cancer

cells. The viabilities of A549 and SPC-A1 cells concurrently
treated with fentanyl and cisplatin for 24 h were analysed
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using a CCK-8 assay. As shown in Fig. 1A, fentanyl reduced
the cisplatin-induced inhibition of cell viability in a concen-
tration-dependent manner in the two cell lines, and brightfield
images yielded the same result (Fig. 1B). Cisplatin-induced
cell death in lung cancer cells potentially involves multiple
signalling pathways. Among these pathways, apoptotic events
play a critical role. To confirm this possibility, we assayed cell
apoptosis by flow cytometry. The data, as indicated by the
Annexin V-FITC assay, revealed that the apoptosis rates were
5.57,23.97,4.12 and 10.23% in the control, cisplatin, fentanyl
and combined groups, respectively (Fig. 1C), indicating that
fentanyl attenuates the apoptosis induced by cisplatin. Nuclear
condensation was investigated by DAPI staining in fentanyl
and cisplatin-treated lung cancer cells. As shown in Fig. 1D,
cisplatin increased the frequency of apoptotic nuclei in the
A549 cell lines, and fentanyl reversed this process.

Fentanyl promotes autophagy in A549 cells. We proposed
that the impact of fentanyl on cisplatin was exerted primarily
through the promotion of autophagy (21). To determine
whether fentanyl induces autophagy, we treated A549 cells
with fentanyl at two concentrations. The conjugation of the
soluble form of LC3 (LC3-I) with phosphatidylethanolamine
and the conversion of LC3-I to a nonsoluble form (LC3-II)
have been generally recognized as useful signs of autophagy.
Thus, we examined LC3B-II expression. After treatment
with fentanyl (0.01 or 0.1 yM), LC3B-II levels increased in
a concentration-dependent manner (Fig. 2A). However, we
could not ascertain whether the increase in LC3B-II levels was
due to the activation of autophagy or the blockade of autopha-
gosome-lysosome fusion. Thus, we subsequently measured the
protein level of p62, a selective substrate of autophagy, because
activation of the autophagic flux leads to p62 degradation. It is
now recognized that although autophagosome formation is a
necessary component of the autophagic process, formation can
occur without completion of autophagy and degradation of the
autophagosomal content (22). To evaluate autophagic flux, p62
protein levels were monitored by western blot analysis (21). As
Fig. 2A shows, a marked decrease in p62 was detected (23).
LysoTracker Red and MDC are fluorescent substances often
used to detect the occurrence of autophagy. As shown in
Fig. 2B, compared with the control group, fentanyl induced
far more red spots and a stronger punctate fluorescence of
MDC at the 24-h recovery point in the cytoplasms of A549
cells. To further evaluate the effects of fentanyl on A549
cells at the ultrastructural level, TEM was performed on the
fentanyl-treated cells (8). Compared with the control group,
the number of autophagic vacuoles of the fentanyl group were
markedly increased. Taken together, these results demonstrate
that fentanyl promotes autophagy in A549 cells (24).

ROS mediates fentanyl-induced autophagy in A549 cells.
To investigate whether ROS play a role in fentanyl-induced
autophagy, A549 cells were labelled using DCFH-DA, a
fluorochrome that detects hydroperoxide generation. The
percentage of A549 cells exhibiting increased hydroperoxide
was greatly increased after one day of exposure to fentanyl
compared with the control cells (Fig. 3A). Pre-incubation with
NAC (5 mmol/l), a typical antioxidant, markedly inhibited
fentanyl-induced ROS generation (Fig. 3C). We then tested
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Figure 1. Fentanyl reduces the sensitivity of cisplatin in lung cancer cells. (A) A549 and SPC-A1 cells were treated with DDP at concentrations of 0, 5, 10, 20,
40 and 80 #M and combined with fentanyl at a concentration of 0.01 or 0.1 M. The CCK-8 assay was performed. The 50% inhibitory concentration (ICs) is
indicated by the dashed line. The results are presented as the means + standard deviations (SDs) for at least three independent experiments. “p<0.01, “p<0.05.
(B) The two cell lines were either untreated (control) or treated with fentanyl, DDP or combined for 24 h, and brightfield images were obtained. (C) Apoptosis
was measured by Annexin V/PI double-staining followed by flow cytometry analysis. (D) A549 cells were treated as in (B), followed by DAPI staining to
investigate nuclear condensation. The arrow heads indicate cells with nuclear condensation.

the effect of NAC on autophagy by western blot analysis,
LysoTracker Red and MDC staining. As shown in Fig. 3B, NAC
inhibited fentanyl-induced autophagy, LC3BII and Beclin-1
protein levels were downregulated and P62 levels were upreg-
ulated. LysoTracker Red and MDC staining indicated similar
results. Taken together, fentanyl induces ROS overproduction,
which contributes to autophagy in A549 cells (23).

The ROS-activated JNK pathway contributes to
fentanyl-induced autophagy. ROS are inducers or mediators
of the activation of MAPK family members, including JNK,
p38 and ERK1/2 (25). Additionally, studies have shown that
MAPKSs play a pivotal role in autophagy (16,26,27). In this
study, we observed that fentanyl induced JNK phosphorylation
in a concentration-dependent manner (Fig. 4A). Therefore,
we next asked whether fentanyl-induced autophagy involves
JNK. To this end, a selective inhibitor of INK, SP600125, was
employed. As shown in Fig. 4A, pretreatment with SP600125
potently inhibited the activation of the JNK pathway and the
LC3-II expression induced by fentanyl. MDC and LysoTracker
Red staining yielded similar results (Fig. 4C). To investigate
the role of ROS induction in fentanyl-induced autophagy and
the activation of the JNK pathway more extensively, the ROS

scavenger NAC was utilized. As shown in Fig. 4B, upregula-
tion of fentanyl-induced c-Jun phosphorylation, and LC3-II
expression was attenuated significantly by pretreatment
with NAC. In conclusion, the ROS/JNK axis is involved in
fentanyl-associated autophagy.

Inhibition of autophagy restores lung cancer cell sensi-
tivity to cisplatin under fentanyl exposure. The data above
demonstrated that fentanyl protected A549 and SPC-Al
cells from cisplatin. It has recently been reported that under
adverse conditions, such as hypoxia, cancer cells make
themselves adaptive by activating autophagy (9); thus, we
hypothesized that autophagy may contribute to the fentanyl-
induced cisplatin sensitivity decline in lung cancer cells. To
test this hypothesis, we inhibited autophagy using 3-MA.
Cell viability was assessed by CCK-8, DAPI staining was
performed to evaluate nuclear condensation, and autophagy-
related proteins were detected by western blot analysis. First,
we found that pretreatment with 3-MA for 1 h followed by
DDP treatment for 24 h greatly increased DDP-induced
A549 cell death (Fig. 5A). DAPI had similar result (Fig. 5B).
These data indicate that autophagy may act as a suppressor
of A549 cells in conjunction with DDP treatment (28). Next,
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Figure 2. Promotion of autophagy by fentanyl in A549 cells. (A) Western blot analysis of the autophagy hallmark proteins P62, Beclin-1 and LC3 after incu-
bating the A549 cells with 0.01 or 0.1 uM fentanyl for 24 or 48 h. GAPDH was utilized as a loading control. The results are presented as the means + standard
deviations (SDs) for at least three independent experiments. (B) LysoTracker Red and MDC staining of the autophagic vesicles was performed, and images
were taken using an inverted fluorescence microscope and by confocal microscopy. (C) A549 cells were treated with 0.1 uM fentanyl for 24 h and were
subjected to electron microscopy. Autophagic vacuoles are indicated by the arrows. The scale bars indicate the magnification.
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Figure 3. Reactive oxygen species (ROS) mediates fentanyl-induced autophagy in A549 cells. (A) A549 cells were treated with 0.01 or 0.1 uM fentanyl for 24 h
and then loaded with DCFH-DA for 30 min. The levels of ROS were determined by fluorescence microscopy. (B) A549 cells were treated with 0.1 #M fentanyl
in the absence or presence of the antioxidant NAC (0.5 mM) for 24 h. The protein levels of P62, Beclin-1 and LC3B II were detected by western blot analysis,

and GAPDH was utilized as a loading control. (C) The cells were treated as (B), and LysoTracker Red, MDC and DCFH-DA staining patterns were observed
using an inverted fluorescence microscope and by confocal microscopy.



3368 YAO et al: FENTANYL INDUCES AUTOPHAGY AND REDUCES THE SENSITIVITY OF CISPLATIN

A Fen(uM) 0 0.01 0.1 0 0.01 0.1 B Fen(uM) 0 01 0 0.1
SP600125 NAC
p-JNK 1 p-JNK 1
p-JNK2 p-JNK2
JNK 1 JNK 1
JNK 2 JNK 2
p-c-JUN p-c-JUN
c-JUN c-JUN
LC3-ll LC3-ll
C
b Control Fen NAC
[
-
Q
-
Q
o
i_
(=]
w
==
-
Q
a
=

Figure 4. Reactive oxygen species (ROS) activation of the JNK pathway contributes to fentanyl-induced autophagy. (A) The cells were pretreated with
SP600125 (20 #M) for 1 h and were then incubated with 0.01 or 0.1 M fentanyl for 24 h. The cells were harvested and subjected to western blot analysis with
the indicated antibodies. GAPDH was utilized as a loading control. (B) The cells were pretreated with NAC (5 mM) for 1 h and were then incubated with
0.1 uM fentanyl for 24 h. The cells were harvested and subjected to western blot analysis with the indicated antibodies. GAPDH was utilized as a loading
control. (C) A549 cells were treated with SP600125 (20 M) for 1 h and were then incubated with 0.1 xM fentanyl for 24 h. LysoTracker Red and MDC staining
was observed using an inverted fluorescence microscope and by confocal microscopy.
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Figure 5. 3-Methyladenine (3-MA) weakens the effect of fentanyl on cisplatin in A549 cells. (A) A549 cells were treated with cisplatin at concentrations of 0,
5, 10,20, 40 and 80 M for 24 h combined with fentanyl (0.1 M) or 3-MA, and cell viability was assessed by CCK-8. The IC, is indicated by the dashed line.
(B) DAPI staining was used to investigate nuclear condensation. The arrowheads indicate cells with nuclear condensation. (C) A549 cells were pretreated with
3-MA (0 or 10 mM) for 1 h, followed by exposure to fentanyl (0 or 0.1 zM) and cisplatin (0 or 10 xM) for 24 h. P62, Beclin-1 and LC3B II expression levels
were detected by western blot analysis. GAPDH was utilized as a loading control. ImageJ software was used to quantitatively analyse the protein expression
profiles observed in the western blot assay. The results are presented as the means + SEM for at least three independent experiments. “p<0.01, “p<0.05.
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we found that cisplatin significantly induced the expression of
LC3-II and Beclin-1 protein levels in A549 cells. Interestingly,
cisplatin-induced expression levels of the above proteins were
significantly increased when combined with fentanyl (Fig. 5C).
These data imply that autophagy mediates the sensitivity
decline of cisplatin resistance in lung cancer cells and that the
inhibition of autophagy restores lung cancer cell sensitivity to
cisplatin therapy.

Discussion

Cancer patients often need to use both analgesic and anti-
tumour drugs simultaneously. As a result, research focused
on how an analgesic influences the effect of an antitumour
drug is necessary. However, there have been very few studies
describing the role of fentanyl in the chemoresistance of cancer
cells (29). Therefore, this study aimed to investigate whether
fentanyl reduces the sensitivity of cisplatin in NSCLC cells.

It is believed that autophagy plays a critical role in the
pathogenesis of diverse diseases, such as inflammatory bowel
disease, neuronal degeneration, ageing and cancer (28,30). In
recent years, autophagy has become increasingly relevant in
cancer research (31). One study found that the activation of
autophagy induces cell death, but autophagy protects the effect
of antitumour therapy by inhibiting tumour cell apoptosis (22).

Recent studies have struggled to reveal the complex para-
doxical role of autophagy in cancer development and cancer
therapy (32). Wu et al demonstrated that the augmented
induction of autophagy by hypoxia decreased lung cancer cell
susceptibility to cisplatin-induced apoptosis (9). Activated
autophagy protects tumour cells from targeted therapies,
including trastuzumab in breast cancer, imatinib mesylate
in Philadelphia chromosome-positive cells, and proteasome
inhibitors in prostate cancer (33). Li er al reported that
autophagy was activated as a protective mechanism against the
cellular effects of 5-fluorouracil (5-FU)-treatment and that the
inhibition of autophagy by 3-MA augmented 5-FU-induced
apoptosis in colon cancer cells (34). Tang et al found that
glycerrhetinic acid (GA) induces cytoprotective autophagy
in NSCLC cells by activating the IRE1-JNK/c-jun pathway.
Autophagy induced by gefitinib in lung cancer cells is cytopro-
tective (35,36). Furthermore, crizotinib activates autophagy in
lung cancer cells (37).

However, there is no research focused on the analgesic
effect of autophagy in cancer cells. Our study is the first to
demonstrate that fentanyl improves the level of autophagy
in A549 cells and then reduces the sensitivity to cisplatin.
After treatment with cisplatin for 24 h, the IC;, values of the
A549 and SPC-A1 cells were 10 and 5 uM; when combined
with 0.01 or 0.1 uM fentanyl, the IC;, values were higher.
Brightfield images demonstrated similar results. Flow cytom-
etry and DAPI staining all indicate that fentanyl weakens
cisplatin-induced apoptosis. In this study, we investigated the
functional role of autophagy in A549 cells exposed to fentanyl,
as evidenced by the accumulation of LysoTracker Red and
MDC-positively-stained acidic vesicles, the formation of
autophagosomes observed via TEM and the enhanced conver-
sion of LC3-II and Beclin-1.

Autophagy occurs when cisplatin induces apoptosis in
A549 lung cancer cells, which ultimately results in cancer cell
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survival. Similarly, Fig. 5 shows that cisplatin itself induced
autophagy and that when the cells were pretreated with 3-MA
for 1 h followed by DDP treatment for 24 h, DDP-induced A549
cell death was greatly increased (Fig. 5A). These data indicated
that autophagy may act in a protective manner to suppress
A549 cells in conjunction with cisplatin treatment. Cisplatin-
induced autophagy was significantly increased when combined
with fentanyl, resulting in reduced sensitivity to cisplatin.

Recent investigations demonstrate that autophagic cell
death is associated with alterations in ROS levels and/or
the JNK signalling pathway (38). ROS are highly reactive
molecules formed by incomplete one-electron reduction of
oxygen, including oxygen ions and peroxides. ROS form as a
natural by-product of the normal metabolism of oxygen and
participate in cell signalling and homeostasis at low levels.
However, under environmental stress, high levels of ROS cause
irreversible oxidative damage to cellular structures (39). In this
study, we found that fentanyl treatment resulted in an increase
in ROS in A549 cells. The ROS inhibitor, NAC, attenuated
fentanyl-induced autophagy.

Several studies report that the activation of the JNK
signalling pathway by ROS represents a novel mechanism of
autophagic induction (40,41). In the present study, fentanyl
induced significant increases in ROS generation and JNK
phosphorylation. The ROS inhibitor, NAC, completely
reversed the fentanyl-induced inhibition of cell proliferation,
apoptosis and autophagy. In addition, the JNK inhibitor also
significantly attenuated these effects. In the present study,
for the first time, we demonstrate that ROS-JNK-autophagy
was activated rather than suppressed in fentanyl-treated cells
compared with controls, which was blocked by the inhibitors
NAC and SP600125 (42).

Blocking cancer cell autophagy is emerging as a novel
approach to enhancing the efficiency of chemotherapy in
cancer treatment. Currently, inhibitors of autophagy that
sensitize chemoresistant cells to anticancer therapy are
being investigated in clinical trials (43,44). As activation of
hVps34/PtdInsKC3 is important for the development of the
autophagosome, we evaluated whether the class III PtdIns3K
inhibitor, 3-MA, inhibits autophagy and improves the cytotoxic
effects of cisplatin (45). When lung cancer cells were treated
with 3-MA, the cytotoxic effects of cisplatin were significantly
enhanced, and the rate of apoptosis increased, which opposed
the effects of fentanyl (9).

In conclusion, our study is the first to demonstrate that
fentanyl reduces the sensitivity of cisplatin through the
ROS-JNK-autophagy pathway. This compelling evidence
expands our understanding of the benefits and clinical applica-
tions of fentanyl therapy and suggests that adding an autophagy
inhibitor maybe an effective way of solving this problem.
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