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Honokiol, an active constituent extracted from the bark ofMagnolia officinalis, possesses anticancer effects. Apo-
ptosis is classified as type I programmed cell death, while autophagy is type II programmed cell death. We pre-
viously proved that honokiol induces cell cycle arrest and apoptosis of U87 MG glioma cells. Subsequently in
this study, we evaluated the effect of honokiol on autophagy of glioma cells and examined the molecular mech-
anisms. Administration of honokiol to mice with an intracranial glioma increased expressions of cleaved caspase
3 and light chain 3 (LC3)-II. Exposure of U87 MG cells to honokiol also induced autophagy in concentration- and
time-dependentmanners. Results from the addition of 3-methyladenine, an autophagy inhibitor, and rapamycin,
an autophagy inducer confirmed that honokiol-induced autophagy contributed to cell death. Honokiol decreased
protein levels of PI3K, phosphorylated (p)-Akt, and p-mammalian target of rapamycin (mTOR) in vitro and in
vivo. Pretreatment with a p53 inhibitor or transfection with p53 small interfering (si)RNA suppressed
honokiol-induced autophagy by reversing downregulation of p-Akt and p-mTOR expressions. In addition,
honokiol caused generation of reactive oxygen species (ROS), which was suppressed by the antioxidant, vitamin
C. Vitamin C also inhibited honokiol-induced autophagic and apoptotic cell death. Concurrently, honokiol-in-
duced alterations in levels of p-p53, p53, p-Akt, and p-mTORwere attenuated following vitaminC administration.
Taken together, our data indicated that honokiol inducedROS-mediated autophagic cell death through regulating
the p53/PI3K/Akt/mTOR signaling pathway.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Glioblastoma multiforme (GBM) is the most common and aggres-
sive primary malignant gliomas (Cheng et al., 2012). GBM patients
have poor prognoses and high mortality rates due to high mobility
and invasion of malignant gliomas (Gunther et al., 2003). The poor out-
comes may be because of uncontrolled cell proliferation, infiltrative
growth, angiogenesis, and resistance to apoptosis (Staudacher et al.,
2014). Honokiol is a bioactive polyphenol extracted from the roots,
stem, bark, and seed cones of the Chinese herb Magnolia officinalis
(Wolf et al., 2007). Honokiol has a variety of pharmacological actions,
al Sciences, College of Medicine,
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such as anti-inflammatory, antithrombotic, antiarrhythmic, neuropro-
tective, antioxidative, and anxiolytic activities (Xu et al., 2011). Studies
also demonstrated that honokiol has antitumor effects by inhibiting
proliferation, inducing apoptosis and cell cycle arrest, and suppressing
migration and angiogenesis (Hwang and Park, 2010; Chilampalli et al.,
2011; Nagalingam et al., 2012). Our previous study demonstrated that
honokiol can traverse the blood–brain barrier (BBB), induce apoptosis
of neuroblastoma cells via an intrinsic pathway, and induce p53-medi-
ated cell cycle arrest and apoptosis of glioma cells (Lin et al., 2012a). An-
other study also proved that honokiol induces caspase-independent
paraptosis of leukemia cells via reactive oxygen species (ROS) produc-
tion (Wang et al., 2013). Therefore, the mechanisms of honokiol-in-
duced toxicity of gliomas require further study.

Autophagy is an evolutionarily conserved process for degrading
long-lived and misfolded proteins, damaged and dysfunctional
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Fig. 1.Honokiol (HNK) induces autophagy of glioma cells in vivo and in vitro. Mice with an intracranial glioma and administration of HNK were described in “Materials andmethods” (A
and B). After being sacrificed, mice brains were removed for immunohistochemical assays of cleaved caspase 3 and light chain 3 (LC3) (A) and immunoblotting analysis of LC3 (B, top
panel). Levels of β-actin were analyzed as the internal control (B, bottom panel). LC3-II protein bands were quantified and statistically analyzed (C). Human glioma U87 MG cells were
exposed to 10, 20, 40, 80, and 100 μM honokiol for 72 h (D) or to 40 μM honokiol for 24, 48, and 72 h (E). The percentage of cells undergoing autophagy was quantified using flow
cytometry with acridine orange staining. U87 MG cells were exposed to 40 μM honokiol for 12, 24, 48, and 72 h (F and G). Levels of LC3 were immunodetected (F, top panel). β-Actin
was detected as the internal standard (bottom panel). These protein bands were quantified and statistically analyzed (G). Each value represents the mean ± SEM from three
independent experiments. * Values significantly differed from the respective control, p b 0.05. Scale, 50 μm.
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organelles, and foreign particles (Jain et al., 2013). During autophagy,
double-membrane vacuoles, called autophagosomes, are formed in
the cytoplasm. Microtubule-associated protein light chain 3 (LC3) is es-
sential for the formation of autophagosomes and is important for the
Fig. 2.Honokiol (HNK) induces autophagic cell death. Human glioma U87 MG cells were pretre
and then exposed to 40 μMHNK for another 72 h. Levels of LC3were immunodetected (A and D
protein bandswere quantified and statistically analyzed (B and E). The percentage of autophagy
was quantified using flow cytometry (G). Cell viability was analyzed using a colorimetric meth
symbols * and # indicate that values significantly (p b 0.05) differed from the respective contro
progression of autophagy. Therefore, LC3 is a consistent marker of au-
tophagy (Yoshimori, 2004). Cytoplasmic components embedded in
autophagosomes are delivered and degraded in an autolysosome struc-
ture (Morselli et al., 2009). Autophagy is critical for the maintenance of
ated with 1 mM 3-methyladenie (3-MA) (A-C) or 0.5 μM rapamycin (Rapa) (D–F) for 1 h,
, top panels). β-Actinwas detected as the internal control (A and D, bottom panels). These
wasquantified usingflow cytometrywith acridineorange staining (C and F). Cell apoptosis
od (H). Each value represents the mean ± SEM from three independent experiments. The
l and honokiol-treated groups, respectively.



Fig. 3. Honokiol (HNK) activates the PI3K/Akt/mammalian target of rapamycin (mTOR) signaling pathway. Human glioma U87 MG cells were exposed to 40 μMHNK for 12, 24, 48, and
72 h. Levels of PI3Kwas immunodetected (A, top panel). β-Actinwas detected as an internal control (bottom panel). These protein bandswere quantified and statistically analyzed (B). C,
Levels of p-Akt and p-mTOR were immunodetected (C and E, top panels). Akt, mTOR, and β-actin were detected as the internal controls (C and E, bottom two panels). These
immunorelated protein bands were quantified and statistically analyzed (D and F). Each value represents the mean ± SEM from three independent experiments. * Values significantly
differed from the respective control, p b 0.05.
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homeostasis and in certain diseases, such as viral infections, neurode-
generation, cardiovascular diseases, cancers, and aging (Kondo et al.,
2010; Mehrpour et al., 2010; Codogno and Mehrpour, 2011).

The mammalian target of rapamycin (mTOR) kinase is important in
regulating autophagy as controlled by growth receptors, nutrient deple-
tion, hypoxia, oxidative stress, or low energy (Pattingre et al., 2008). The
phosphatidylinosital-3 kinase (PI3K)/Akt signaling pathway activates
mTOR through phosphorylating and inactivating the tuberous sclerosis
Fig. 4.p53 contributes to honokiol (HNK)-induced autophagy. Human gliomaU87MG cellswer
for another 72 h. The level of LC3was immunodetected (A, top panel). β-Actinwas detected as t
analyzed (B). U87 MG cells were transfected with 80 nM of the negative control or p53 siRNA f
immunodetected (C), and these protein bands were quantified and statistically analyzed (D).
Levels of p-Akt and p-mammalian target of rapamycin (mTOR) were immunodetected (F, fi
second, fourth, and bottom panels). These protein bands were quantified and statistically
experiments. The symbols * and # indicate that values significantly (p b 0.05) differed from the
complex (TSC)1–TSC2 complex, which is inhibited by the LKB1/AMPK
signaling pathway (Hay and Sonenberg, 2004; Ding et al., 2011). Inhibi-
tion ofmTOR results in induction of autophagy (Jones, 2009). Activation
of p53, a tumor suppressor protein which regulates cell survival under
genomic stress by inducing cell cycle arrest and apoptosis, also stimu-
lates autophagy through inhibiting the mTOR pathway (Vousden and
Lu, 2002; Jones, 2009; Zhuang et al., 2009). Anticancer agents, such as
curcumin and naringin, can induce autophagy-mediated growth
e pretreatedwith 10 μMPFN-α, an inhibitor of p53, for 1 h, and then exposed to 40 μMHNK
he internal standard (bottompanel). LC3-II protein bandswere quantified and statistically
or 24 h and then treated with 40 μMHNK for another 72 h. Levels of LC3 and β-actin were
The percentage of cells undergoing autophagy was quantified using flow cytometry (E).
rst and third panels). Akt, mTOR, and β-actin were detected as the internal controls (F,
analyzed (G and H). Each value represents the mean ± SEM from three independent
respective control and honokiol-treated groups, respectively.
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inhibition of tumor cells (Aoki et al., 2007; Raha et al., 2015). However,
determining whether honokiol induces autophagy in glioma cells re-
quires further study. Thus, in this study, we investigated the effect and
mechanism of honokiol-induced autophagy of glioma cells.

2. Materials and methods

2.1. Animal orthotopic brain tumor model and drug treatment

All procedures were performed according to the Guide for the Care
andUse of the Laboratory Animalspublished by theUSNational Institutes
of Health (NIH Publication no. 85-23, revised 1996) and approved by
the Institutional Animal Care and Use Committee of Taipei Medical Uni-
versity (Taipei, Taiwan). Six-week-old female nude mice (BALB/c nu/
nu) purchased from the National Laboratory Animal Center, Taipei, Tai-
wan were housed in a sterile environment (in a specific pathogen-free
room) with a 12/12-h light/dark cycle and were allowed free access to
food and water for 1 week. An intracranial glioma model was created
as described previously (Lin et al., 2016). Briefly, animals were anesthe-
tized by inhalation of isoflurane and thenwere stereotactically inoculat-
edwith 2 × 105 U87MG cells (in 3 μl phosphate-buffered saline; PBS) in
the right frontal lobe (2mm lateral and 1mmanterior to the bregma, at
3mm in depth from the skull base) using aHamilton syringe (Reno, NV)
and a syringe pump (SINGA Technology, Taipei, Taiwan). Intracranial
glioma-bearing mice were randomly divided into two groups (n = 3/
group) 4 days after tumor implantation and were intraperitoneally
injected with 20 mg/kg honokiol or vehicle (10% dimethyl sulfoxide
(DMSO) in PBS) two times per week for 2 weeks. Mice were sacrificed
3weeks after implantation of glioma cells. Brainswere removed for fur-
ther analyses. Gliomas were measured according to body weight loss, a
Kaplan–Meier survival analysis, and immunohistochemical analyses of
epidermal growth factor receptor and caspase-3 as described previously
(Lin et al., 2016).

2.2. Histology and immunohistochemistry

Brain tissues were fixed in 4% paraformaldehyde in PBS, embedded
in paraffin, and sectioned. Sections were deparaffinized with xylene,
rehydrated with a graded alcohol series, followed by antigen target re-
trieval for 20 min. Endogenous peroxidase activity was quenched in a
3% H2O2 solution. Slides were incubated in blocking solution (Vector
Laboratories, Burlingame, CA) for 1 h. Primary antibodies for cleaved
caspase 3 and LC3 (1: 300, Cell Signaling, Beverly, MA) were incubated
at 4 °C overnight followed by incubation with biotin-conjugated sec-
ondary antibodies, for 1 h at room temperature. Slides were subse-
quently detected using a Vectastain ABC kit (Vector Laboratories).
3,3′-Diaminobenzidine (DAB, Vector Laboratories) is a substrate for per-
oxidase. Sections were counterstained with hematoxylin, followed by
dehydration in a graded alcohol series and xylene, with the addition of
a coverslip. Photomicrographs were taken at 200× magnification with
a Nikon microscope equipped with a digital camera (Nikon, Melville,
NY).

2.3. Cell culture and drug treatment

The human glioma U87 MG cell line was purchased from the Amer-
ican Type Culture Collection (Manassas, VA). Cells were maintained in
minimum essential medium (Gibco-BRL Life Technologies, Grand Is-
land, NY) supplemented with 10% fetal bovine serum, 2 mM L-
Fig. 5. Reactive oxygen species (ROS) are involved in honokiol (HNK)-induced autophagic d
intracellular ROS were analyzed by flow cytometry (A). U87 MG cells were pretreated with 2
of intracellular ROS were analyzed (B). Levels of LC3 and pro- and cleaved caspase-3 were imm
(C and E, bottom panels). These protein bands were quantified and statistically analyzed (D
colorimetric method. Each value represents the mean ± SEM from three independent experi
respective control and honokiol-treated groups, respectively.
glutamine, 100 IU/ml penicillin, 100mg/ml streptomycin, 1mM sodium
pyruvate, and 1 mM nonessential amino acids at 37 °C in a humidified
atmosphere of 5% CO2. Cells were grown to confluence before drug
treatment. Honokiol was purchased from Sigma (St. Louis, MO) and
was freshly dissolved in DMSO. Cells were exposed to different concen-
trations of honokiol and/or other agents indicated in the text for various
intervals.

2.4. Detection of acidic vesicular organelles (AVOs)

Flow cytometry with acridine orange staining as described in a pre-
vious study was used to detect and quantify the AVOs, one of the char-
acteristics of autophagy (Kanzawa et al., 2003). At the end of individual
experiments, U87MG cells were collected in phenol red-free RPMI 1640
medium. Green (FL-1) and red (FL-3) fluorescences of acridine orange
were measured using a flow cytometer and CellQuest software (Becton
Dickinson, San Jose, CA). The sum of the upper-left and upper-right
quadrants of the cytogram was used to estimate the percentage of
cells undergoing autophagy.

2.5. Quantification of apoptotic and necrotic cells

The mode of cell death was analyzed by flow cytometry with
annexin V/propidium iodide (PI) double-staining to detect membrane
events according to a previous study (Lin et al., 2012a, 2012b). After in-
dividual treatments, whole cells were collected in 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) buffer containing 10 mM
HEPES (pH 7.4), 140 mM NaCl, and 2.5 mM CaCl2. Cells were subse-
quently stained with annexin V (2.5 μg/ml) and PI (2 ng/ml) for
20 min, followed by analysis by flow cytometry (Beckman Coulter).
Cytograms of the four quadrants in the figure were used to distinguish
normal (annexin V−/PI−), early apoptotic (annexin V+/PI−), late apo-
ptotic (annexin V+/PI+), and necrotic cells (annexin V−/PI+). The
sumof early apoptosis and late apoptosis is presented as total apoptosis.

2.6. Cell viability assay

Cell viability was assayed using 3-(4.5-dimethylthiazol-2-yl)-2.5-di-
phenyltetrazolium bromide (MTT). U87 MG cells were seeded on a 96-
well plate at 8 × 103 cells/well for 24 h, followed by drug treatment for
another 72 h. Before the end of treatment, 0.5 mg/ml MTTwas added to
each well for 4 h. Supernatants were carefully aspirated, and formazan
crystals were dissolved in DMSO. Absorbance was measured at
550 nm with an Anthos 2020 Microplate Reader (Biochom, Holliston,
MA).

2.7. Immunoblotting

After drug treatment, U87MG cells or tumor tissues were lysedwith
ice-cold lysis buffer (25 mM HEPES, 1.5% Triton X-100, 0.1% sodium
dodecylsulfate (SDS), 0.5 M NaCl, 5 mM EDTA, and 0.1 mM sodium
deoxycholate) containing a protease inhibitor cocktail. Protein concen-
trations were quantified using a bicinchonic acid protein assay kit
(Thermo, San Jose, CA). An equal amount of protein from each group
was separated using SDS-polyacrylamide gel electrophoresis (PAGE),
followed by transfer to nitrocellulosemembranes. Membranes were in-
cubated with a 5% skim milk solution (blocking solution) for 1 h, and
then incubated with indicated antibodies at 4 °C for 16 h. Membranes
were probed with the appropriate horseradish peroxidase-conjugated
eath. Human glioma U87 MG cells were treated with 40 μM HNK for 0–72 h. Levels of
50 μM vitamin C (Vit. C) for 1 h and then with 40 μM HNK for another 6 h, and amounts
unodetected (C and E, top panels). β-Actin was immunodetected as the internal control
and F). Cell apoptosis (G) and cell viability were analyzed using flow cytometry and a

ments. The symbols * and # indicate that values significantly (p b 0.05) differed from the
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secondary antibodies for 1 h at room temperature. Immunoreactive
proteins were detected using an enhanced chemiluminescence reagent
(Western Lightning™ Plus-ECL, PerkinElmer, Waltham, MA) and then
imaged using a Syngene G:BOX iChemi camera (Syngene, Cambridge,
UK) and GeneSnap software (vers. 7.09, Syngene). Anti-LC3, PI3K, p-
Akt, Akt, p-mTOR, mTOR, p-p53, and caspase 3 antibodies were pur-
chased from Cell Signaling Technology (Beverly, MA). Anti-p53 and
p62 antibodies were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). An anti-β-actin antibody was purchased from Sigma (St.
Louis, MO). The density of bandswas determinedwith Gel-Pro Analyzer
densitometry software.

2.8. Knockdown of p53

The p53 small interfering (si)RNA and control siRNA were obtained
from Santa Cruz Biotechnology. U87 MG cells were transfected with
siRNA using the lipofectamine RNAimax reagent (Invitrogen, San
Diego, CA) according to the manufacturer's instructions. In brief, cells
were incubated with the lipofectamine RNAimax reagent and 80 nM
of siRNA for 6 h; the medium was subsequently refreshed, followed by
incubation for 24 h. Transfected cells were treatedwith honokiol for an-
other 72 h and analyzed by the indicated experiments.

2.9. Measurement of ROS production

Levels of intracellular ROS were detected using the probe 2,7-
dihydrodichlorofluorescein diacetate. U87 MG cells were collected
after the indicated treatments. After trypsinization, cells were resus-
pended in PBS and stained with 10 μM DCFH-DA for 30 min at 37 °C
in the dark. The fluorescence was measured on a flow cytometer
(Beckman Coulter, Brea, CA). The mean fluorescence intensity was cal-
culated by CellQuest software and represents the level of ROS
production.

2.10. Statistical analysis

The statistical significance of differences between the control and
drug-treated groups was evaluated using Student's t-test; differences
between drug-treated groups were evaluated using Duncan's multi-
ple-range test. Statistical analyses between groups over time were car-
ried out by a two-way analysis of variance. A p value of b0.05 was
considered statistically significant.

3. Results

After administration of honokiol to mice bearing an intracranial gli-
oma, honokiol increased expressions of cleaved caspase 3 and LC3 in
tumor tissues (Fig. 1A). The protein level of LC3 purified from tumor tis-
sueswas analyzed by immunoblotting (Fig. 1B). After themicewere ad-
ministrated honokiol, levels of LC3 increased by 2.5-fold (Fig. 1C). The in
vitro effect of honokiol on inducting autophagy was also evaluated.
Treatment of U87 MG cells with 10 and 20 μM honokiol for 72 h did
not induce autophagy (Fig. 1D).When the administered concentrations
reached 40, 80, and 100 μM, honokiol caused significant 32.0%, 59.4%,
and 68.4% of cells to undergo autophagy, respectively. In the time course
experiment, after U87 MG cells were treated with 40 μM honokiol for
24, 48, and 72 h, percentages of cells undergoing autophagy had in-
creased to 10.4%, 19.3%, and 34.4%, respectively (Fig. 1E). In addition,
the LC3-II protein in honokiol-treated U87 MG cells increased (Fig. 1F,
top panel, lanes 3 to 5). When treated with honokiol for 24, 48, and
72 h, levels of LC3-II increased 2.6-, 5.6-, and 6.7-fold, respectively
(Fig. 1G). After treatment with honokiol for 24, 48, and 72 h, levels of
p62 and beclin-1, autophagy-related proteins, were altered (see Figs.
1A and 2 in Wu et al., 2016).

The role of honokiol-induced autophagy in cell deathwas further an-
alyzed (Fig. 2).When U87MG cells were pretreatedwith the autophagy
inhibitor, 3-methyladenine (3-MA), the honokiol-induced increase in
LC3-II was suppressed (Fig. 2A, top panel, lane 4). Compared to the
honokiol alone group, exposure of U87 MG cells to 1 mM 3-MA and
40 μM honokiol decreased the level of LC3-II from 6.6- to 2.5-fold (Fig.
2B). Combined treatment with 3-MA and honokiol for 72 h caused a
17.8% decrease in cells undergoing autophagy (Fig. 2C). In contrast,
when U87 MG cells were only treated with 0.5 μM rapamycin, an au-
tophagy inducer, or when cells were pretreated for 1 h followed by
40 μM honokiol for another 24 h, levels of LC3-II increased (Fig. 2D,
top panel, lanes 2 and 4). Rapamycin alone and combinedwith honokiol
respectively increased the level of LC3-II to 4.1- and 7.3-fold (Fig. 2E).
Rapamycin also increased honokiol-induced autophagy from 31.5% to
47.6% (Fig. 2F). After U87 MG cells were pretreated with 1 mM 3-MA
for 1 h and then 40 μM honokiol for another 72 h, the percentage of
honokiol-induced apoptosis decreased from 31.9% to 17.5% (Fig. 2G),
whereas pretreatment with rapamycin increased the percentage of ap-
optosis to 51.2% (Fig. 2G). Subsequently, combining 3-MA and honokiol
resulted in an increase in cell viability, but rapamycin further sup-
pressed cell viability (Fig. 2H).

Treatment of human U87 MG glioma cells with 40 μM honokiol for
12–72 h suppressed the protein level of PI3K (Fig. 3A, top panel).
When treated with honokiol for 12, 24, 48, and 72 h, levels of PI3K de-
creased to 0.91-, 0.78-, 0.58-, and 0.37-fold, respectively (Fig. 3B). The
level of p-Akt also decreased due to honokiol (Fig. 3C, top panel). After
exposure of human U87 MG glioma cells to 40 μM honokiol for 24, 48,
and 72 h, levels of the p-Akt protein significantly decreased to 0.73-,
0.63-, and 0.38-fold, respectively (Fig. 3D). Meanwhile, amounts of p-
mTOR were also suppressed by honokiol (Fig. 3E, top panel). Exposure
of human U87 MG glioma cells to 40 μM honokiol for 24, 48, and 72 h
respectively decreased the level of p-mTOR to 0.75-, 0.43-, and 0.30-
fold (Fig. 3F). Administration of honokiol decreased levels of p-Akt
and p-mTOR (see Fig. 3 in Wu et al., 2016).

The role of p53 in honokiol-induced autophagy was investigated in
this study (Fig. 4). Pretreatment of U87 MG cells with the p53 inhibitor,
pifithrin-α, p-nitro, cyclic (PFN-α), blocked honokiol-induced LC3 pro-
cessing to LC3-II (Fig. 4A, top panel). After U87MG cells were pretreated
with 10 μM PFN-α and then 40 μM honokiol for another 72 h, the level
of LC3-II decreased from 6.6- to 1.7-fold (Fig. 4B). Furthermore, pre-
treatment of U87 MG cells with p53 siRNA for 24 h caused a significant
86% reduction in levels of p53 (data not shown). Knockdown of p53 de-
creased the level of LC3-II (Fig. 4C, top panel). After U87 MG cells were
transfected with 80 nM p53 siRNA for 24 h followed by treatment with
honokiol for another 72 h, the level of LC3-II decreased from 5.8- to 2.1-
fold (Fig. 4D). In addition, transfection of p53 siRNA reduced the per-
centage of honokiol-induced autophagy from 35.9% to 9.1% (Fig. 4E).
In parallel, levels of p-Akt and p-mTORwere also reversed due to knock-
down of p53 (Fig. 4F, top and third panels). Transfection of 80 nM p53
siRNA into human U87 MG glioma cells for 24 h followed by 40 μM
honokiol for 72 h increased the level of p-Akt from 0.26- to 0.74-fold
(Fig. 4G). Similarly, the level of p-mTOR increased from 0.36- to 0.82-
fold (Fig. 4H).

To investigate the role of ROS in honokiol-induced cell death, the
level of intracellular H2O2 was measured. After exposure of U87 MG
cells to 40 μM honokiol, the level of H2O2 significantly increased to
1.8-fold within 0.5 h, had reached a maximum of 2.7-fold at 1 h, and
then this was sustained to 48 h (Fig. 5A). After U87 MG cells were
pretreated with 250 μM vitamin C, an antioxidant, for 1 h and then
40 μM honokiol for another 6 h, the level of honokiol-induced ROS de-
creased from 2.7- to 1.2-fold (Fig. 5B). The level of the LC3-II protein
was also reduced by vitamin C (Fig. 5C, top panel, lane 4). Exposure of
U87 MG cells to vitamin C and honokiol reduced levels of LC3-II from
6.7- to 1.2-fold (Fig. 5D). In parallel, the honokiol-induced cleavage of
caspase 3 was suppressed by vitamin C (Fig. 5E, second panel, lane 4).
After treatment with vitamin C and honokiol for 72 h, the level of pro-
caspase 3 was reversed, whereas the level of cleaved caspase 3 was re-
duced (Fig. 5F). Consequently, pretreatment with vitamin C decreased
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the percentage of autophagy from 31.5% to 7.9%, and the percentage of
apoptosis from 34.7% to 4.7% (Fig. 5G). Therefore, the viability of U87
MG cells increased when 40 μM honokiol and vitamin C were used in
combination (Fig. 5H).

To further investigate the relationship between ROS and honokiol-
induced autophagy, expressions of proteinswere subjected to immuno-
blotting (Fig. 6). The increased protein levels of p-p53 and p53were re-
duced by the addition of vitamin C (Fig. 6A, top two panels, lane 4).
Fig. 6.Reactive oxygen species (ROS) participate inhonokiol (HNK)-induced activation of thep5
cells were pretreatedwith 250 μMvitamin C (Vit. C) for 1 h and then exposed to 40 μMHNK for
was detected as the internal control (bottom panel). These protein bands were quantified an
panels). Akt, mTOR, and β-actin were detected as the internal controls (C and E, bottom pane
represents the mean ± SEM from three independent experiments. The symbols * and # indica
treated groups, respectively.
Exposure of U87 MG cells to vitamin C and honokiol for 72 h reduced
levels of p-p53 from 2.9- to 1.2-fold (Fig. 6B, black columns), and levels
of p53 from1.9- to 1.1-fold (Fig. 6B, gray columns).Meanwhile, the level
of p-Akt was reversed by vitamin C (Fig. 6C, top panel, lane 4). After
treatment with 250 μM vitamin C and 40 μM honokiol for 72 h, the
level of p-Akt increased from 0.48- to 0.91-fold (Fig. 6D). Similarly, the
addition of vitamin C increased the p-mTOR level (Fig. 6E). The level
of p-mTOR increased from 0.47- to 0.92-fold (Fig. 6F).
3/Akt/mammalian target of rapamycin (mTOR) signalingpathway. HumangliomaU87MG
another 72 h. Levels of p-p53 and p53were immunodetected (A, top two panels). β-Actin
d statistically analyzed (B). Amounts of p-Akt and p-mTOR were analyzed (C and E, top
ls). These protein bands were quantified and statistically analyzed (D and F). Each value
te that values significantly (p b 0.05) differed from the respective control and honokiol-
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4. Discussion

Previous studies, including ours, proved that honokiol has anticancer
effects through inducing cell cycle arrest and apoptosis (Xu et al., 2011;
Ishikawa et al., 2012; Lin et al., 2012a, 2012b). Our previous study also
proved that honokiol can induce p53-mediated cell cycle arrest and ap-
optosis in human U87 MG glioma cells. In a continuation of those re-
sults, herein we revealed that honokiol can induce autophagy of
glioma cells in vitro and in vivo. Exposure to honokiol induced LC3 pro-
tein expression in brain tumor sections from mice with an intracranial
glioma, and caused LC3 processing in glioma cells and tumor tissues.
Honokiol increased the percentage of autophagy of human glioma
U87 MG cells in dose- and time-dependent manners. In addition, au-
tophagic flux assays also proved the induction of autophagy in glioma
cells (see Fig. 1 in Wu et al., 2016). In addition, honokiol could increase
levels of beclin-1, an upstream marker of autophagy, in U87 MG cells
(see Fig. 2 in Wu et al., 2016). Chang et al. (2013) showed the effects
of honokiol on induction of autophagy in glioblastoma multiforme
cells (Chang et al., 2013). Moreover, this study showed that suppression
of autophagy consequently lowered apoptosis of human glioma cells.
Therefore, honokiol can induce apoptosis and autophagic death of can-
cer cells.

Apoptosis and autophagy are classified as programmed cell death
(Baehrecke, 2003). However, there is an interconnection between au-
tophagy and apoptosis. Bothmay result in cell death and cooperate dur-
ing this process (Jain et al., 2013). For example, autophagywas reported
to result in traumatic brain injury-induced apoptosis (Lin et al., 2014).
Our previous study showed that honokiol induced caspase-3 activation
in a time-dependentmanner (Lin et al., 2016). In this study, inhibition of
autophagy by 3-MA decreased apoptosis and reversed cell viability; in-
duction of autophagy by rapamycin further caused apoptosis of glioma
cells. Our results suggest that honokiol-induced autophagy contributes
to apoptotic cell death. On the contrary, pro-survival autophagy also oc-
curred in some models to reduce apoptosis, such as imatinib-treated
gastrointestinal stromal tumor cells and cisplatin-treated gastric cancer
cells (Gupta et al., 2010; Zhang et al., 2013). Thus, the role of honokiol-
induced autophagy in different cancer cells is still controversial.

Previous studies proved that the PI3K/Akt/mTOR signaling pathway
is involved in autophagy induction (Jones, 2009; Zhang et al., 2013).
Herein, after treating glioma cells with honokiol, autophagy was in-
duced and was accompanied by reduced protein levels of PI3K, p-Akt,
and p-mTOR at 24 h. Results of intracranial U87 MG glioma xenografts
also showed that levels of p-Akt and p-mTORwere suppressed after ad-
ministration of honokiol (see Fig. 3 in Wu et al., 2016). Similarly,
honokiol causes autophagic cell death of B16-F10melanoma cells partly
through decreasing phosphorylation of Akt and mTOR (Gupta et al.,
2010). Those studies concluded that the Akt/mTOR signaling pathway
may be involved in honokiol-induced autophagy. Additionally, hypoxia
has been shown to regulate autophagy of cancer cells (Pattingre et al.,
2008). Suzuki et al. (2013) reported that a combined treatment with
celecoxib and γ-irradiation could synergistically induce autophagy of
hypoxic glioblastoma cells. Thus, hypoxia may be another critical factor
that can synergistically induce autophagy of glioma cells with honokiol.

In addition to cell cycle arrest, senescence, and apoptosis, p53 can
stimulate autophagy (Chen and Karantza-Wadsworth, 2009). Feng et
al. proved that p53 inhibited mTOR activity by activating AMPK and
subsequently activating the TSC1/TSC2 complex (Kaushik et al., 2012).
Recently, honokiol was reported to activate Sirt3, an upstreaming pro-
tein of AMPK (Pillai et al., 2015; Lai et al., 2016). Activation of p53 results
in upregulation of unc-51-like kinase 1/2, which is necessary for
sustained autophagy in response to camptothecin-induced DNA dam-
age (Feng et al., 2005). Moreover, induction of the damage-regulated
autophagy modulator, a lysosomal protein, by p53 induces autophagy
and results in cell death in cooperation with one or more other p53-de-
pendent apoptotic signals (Crighton et al., 2006; Gao et al., 2011). Our
previous study has verified the time-dependent activation of p53 by
honokiol (Lin et al., 2016). Herein, we demonstrated that p53 also con-
tributes to autophagy induction. Chemical or genomic inhibition of p53
decreased autophagy and reversed the phosphorylation of Akt and
mTOR in honokiol-treated U87 MG glioma cells, suggesting that
honokiol induces autophagy through activating the p53-mediated Akt/
mTOR signaling pathway. However, determining how p53 regulates
mTOR after honokiol treatment requires further investigation.

Numerous studies have demonstrated that increased ROS stress in
cancer cells leads to apoptosis (Kim et al., 2011; Wang et al., 2012;
Huang et al., 2013). In wild type p53 melanoma cells, honokiol deriva-
tives can also induce ROS (Fried and Arbiser, 2009; Bonner et al.,
2016). However, other studies indicated that ROS participate in autoph-
agy to regulate cell survival. A novel celecoxib derivative, OSU-03012,
induced ROS-related autophagic cell death in hepatocellular carcinoma
(Gao et al., 2008). Silibinin triggered ROS generation, including H2O2

and O2•
−, to induce autophagic and apoptotic cell death of HT1080

human fibroblast cells (Duan et al., 2010). In this study, cytosolic H2O2

was generated after treatment with honokiol at 0.5–48 h and was sup-
pressed by vitamin C, resulting in a decrease in autophagic and apopto-
tic cell death of glioma cells. Our results showed that honokiol-induced
autophagy contributes to glioma cell death through ROS generation.
This study suggests that ROS may cause cell death via apoptosis and/
or autophagy. However, the role of ROS-induced autophagy in cell
death is still controversial.

ROS may act as both an upstream signal that triggers p53 activation
and as a downstream mediator of p53-dependent apoptosis (Liu et al.,
2008). DNA damage induced by ROS and chemotherapeutic agents pro-
motes p53 activation, which causes caspase-dependent apoptosis and
poly(ADP-ribose) polymerase-1-mediated necrosis (Montero et al.,
2013). Isoorientin induced both apoptosis and autophagy by ROS-relat-
ed p53, PI3K/Akt, JNK, andp38 signalingpathways inHepG2 cancer cells
(Yuan et al., 2014). Similarly, our results showed that ROS accumulation
by honokiol activated p53 in U87MG cells, thus consequently regulating
the Akt/mTOR pathway which resulted in autophagy. However,
physalin A induced apoptotic cell death via p53-mediated ROS genera-
tion, and induced protective autophagy against apoptosis in human
melanomaA375-S2 cells (He et al., 2013). Those studies showed that in-
terlinks between ROS and p53 are complex, and outcomes may be de-
termined by various stimuli or cell types.

In conclusion, our results proved for the first time that treating U87
MG glioma cells with honokiol induced p53-mediated autophagic cell
death possibly through downregulating PI3K/Akt/mTOR signaling. In
addition, vitamin C, an antioxidant, improved cell survival by inhibiting
autophagy and apoptosis, which indicates the important role of ROS in
regulating honokiol-induced cell death. Therefore, this study showed a
novel anticancer effect of honokiol, which supports its potential as a
clinical therapeutic agent for brain tumors.
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