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ARTICLE INFO ABSTRACT

Keywords: Background: Temozolomide (TMZ) is a first-line chemotherapeutic drug for malignant gliomas. Nonetheless,
Malignant glioma TMZ-induced side effects and drug resistance remain challenges. Our previous study showed the suppressive
Honokiol effects of honokiol on growth of gliomas.

Temozolomide

Purpose: This study was further aimed to evaluate if honokiol could enhance TMZ-induced insults toward ma-
lignant glioma cells and its possible mechanisms.

Methods: Human U87 MG glioma cells were exposed to TMZ, honokiol, and a combination of TMZ and honokiol.
Cell survival, apoptosis, necrosis, and proliferation were successively assayed. Fluorometric substrate assays
were conducted to determine activities of caspase-3, -6, -8, and -9. Levels of Fas ligand, Bax, and cytochrome ¢
were immunodetected. Translocation of Bax to mitochondria were examined using confocal microscopy.
Mitochondrial function was evaluated by assaying the mitochondrial membrane potential (MMP), reactive
oxygen species (ROS), and complex I enzyme activity. Caspase-6 activity was suppressed using specific peptide
inhibitors. The honokiol-induced effects were further confirmed using human U373 MG and murine GL261 cells.
Results: Exposure of human U87 MG glioma cells to honokiol significantly increased TMZ-induced DNA frag-
mentation and cell apoptosis. Interestingly, honokiol enhanced intrinsic caspase-9 activity without affecting
extrinsic Fas ligand levels and caspase-8 activity. Sequentially, TMZ-induced changes in Bax translocation, the
MMP, mitochondrial complex I enzyme activity, intracellular ROS levels, and cytochrome c release were en-
hanced by honokiol. Consequently, honokiol amplified TMZ-induced activation of caspases-3 and -6 in human
U87 MG cells. Fascinatingly, suppressing caspase-6 activity concurrently decreased honokiol-induced DNA
fragmentation and cell apoptosis. The honokiol-involved improvement in TMZ-induced intrinsic apoptosis was
also confirmed in human U373 MG and murine GL261 glioma cells.

Conclusions: This study showed that honokiol can enhance TMZ-induced apoptotic insults to glioma cells via an
intrinsic mitochondrion-dependent mechanism. Our results suggest the therapeutic potential of honokiol to
attenuate TMZ-induced side effects.

Apoptosis
Intrinsic pathway

Abbreviations: ANOVA, analysis of variance; Bax, Bcl-2-associated X protein; BrdU, bromodeoxyuridine; CI, combination index; DEVD, Asp-Glu-Val-Asp; DiOCg,
3,3’-dihexyloxacarbocyanine; DAPI, 4’-6-diamidino-2-phenylindole; DMEM, Dulbecco’s modified Eagle’s medium; DMSO, dimethyl sulfoxide; EDTA, ethylenedia-
minetetraacetic acid; ELISA, enzyme-linked immunosorbent assay; FBS, fetal bovine serum; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HEPES, 25 mM 4-
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Introduction

Brain tumors comprise primary tumors of the central nervous
system and secondary metastatic tumors (Seano, 2018). Gliomas that
predominantly arise from transformation of astrocytes, oligoden-
drocytes, and ependymal cells are the most common brain tumors
(Saadatpour et al., 2016; Seano, 2018). According to a grading system
of the World Health Organization, gliomas are classed into low-
(grades I and II) and high- (grades III and IV) grade tumors. Glio-
blastoma multiforme (GBM), classified as a high-grade (grade IV)
glioma, is the most aggressive brain tumor. In the clinic, the re-
commended therapy for GBM patients is surgical resection followed
by irradiation and adjuvant chemotherapy, but the median overall
survival time of GBM patients is only about 12 months (Daher and de
Groot, 2018). The poor outcomes are due to uncontrolled tumor
proliferation, infiltrative growth, angiogenesis, and resistance to
apoptosis (Furnari et al., 2015). Temozolomide (TMZ), a DNA-alky-
lating agent, is the chief chemotherapeutic drug for treating GBM
patients (Hottinger et al., 2016). TMZ can freely pass through the
blood-brain barrier (BBB) and subsequently induces apoptosis of
glioma cells by alkylating guanine at the O° site (Hottinger et al.,
2016; Seano, 2018). Unfortunately, TMZ can lead to various side ef-
fects, such as nausea, vomiting, constipation, headaches, fatigue, loss
of appetite, mouth sores, and hair loss, as well as drug resistance
(Omuro and DeAngelis, 2013). These complications reduce ther-
apeutic effects of TMZ and quality of life of GBM patients. As a result,
discovering new drugs that can improve TMZ's capacity while redu-
cing its side effects is urgent and necessary.

Honokiol (2-(4-hydroxy-3-prop-2-enyl-phenyl)-4-prop-2-enyl-
phenol), one of the main physiologically bioactive constituents of the
traditional Chinese medicine Houpo (Magnolia officinalis Rehd. et Wils.),
exhibits diverse anti-inflammatory, antimicrobial, antithrombotic, and
anxiolytic effects (Hahm et al., 2008; Pan et al., 2016). Previous studies
showed that honokiol can be used for treating diverse diseases such as
anxiety, nervous disturbances, thrombotic stroke, typhoid fever, and
dead muscles (Lo et al., 1994; Fried and Arbiser, 2009). Moreover,
honokiol possesses antitumor activities against leukemia, breast cancer,
pancreatic cancer, and oral squamous cell carcinoma cells due to in-
duction of cell cycle arrest and cell apoptosis (Bonner et al., 2016; Bilia
et al., 2017). We conducted consecutive studies in our lab on antitumor
activities of honokiol against brain tumors. At first, we demonstrated
that honokiol can pass through the BBB in vitro and in vivo (Lin et al.,
2012). Then, we showed the safety of honokiol to brain normal cells
and its ability to kill neuroblastoma cells and glioma cells via an
apoptotic mechanism (Lin et al., 2016a,b). Furthermore, we reported
the autophagic effects of honokiol on glioma cells and neuroblastoma
cells (Lin et al., 2016b; Yeh et al., 2016). Recently, we demonstrated
that honokiol can kill drug-sensitive and -resistant glioma cells
(Chio et al., 2018). Therefore, honokiol may have the potential to be
clinically applied for combined treatment with TMZ in order to reduce
its side effects and drug resistance.

Apoptosis, a process of programmed cell death, is characterized by
distinct morphological characteristics and energy-dependent biochem-
ical mechanisms (Aubrey et al., 2018). When discovering de novo drugs
for cancer therapy, we generally design such drug candidates so that
they can specifically induce apoptosis of tumor cells (Mills et al., 2018).
A variety of intrinsic and extrinsic factors contribute to cell apoptosis
(Goyal, 2001). The extrinsic apoptosis pathway is initiated following
binding of death Fas ligand to death Fas receptor, contributing to ac-
tivation of caspase-8 (Bao and Shi, 2007). In contrast, caspase-9 is ac-
tivated via an intrinsic mitochondrion-dependent pathway (Bao and
Shi, 2007; Chen et al., 2013). In an intrinsic apoptotic mechanism,
translocation of proapoptotic Bax protein from the cytoplasm to mi-
tochondria can permeabilize the outer membrane, which then disturbs
the mitochondrial membrane potential (MMP) and triggers release of
cytochrome ¢ and reactive oxygen species (ROS) (Franklin, 2011;
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Chang et al., 2016). Afterward, cytochrome c can stimulate cascade
activation of caspases-9, -3, and -6 that can cleave key cellular proteins
and consequently fragment genomic DNA (Goyal, 2001). Our previous
studies showed that honokiol can induce apoptotic insults to neuro-
blastoma and glioma cells via an intrinsic pathway. Recently, we re-
ported the effects of hypoxia-induced autophagic death for treating
human malignant glioma cells (Cheng et al., 2017). Furthermore, we
also demonstrated the capacity of honokiol to induce autophagic
apoptosis in brain tumors cells (Lin et al., 2016b; Yeh et al., 2016).
Thus, this study was aimed to further verify if honokiol could enhance
TMZ-induced insults to malignant glioma cells and its possible me-
chanisms.

Materials and methods
Cell culture and drug treatment

The human glioma U87 MG and U373 MG cell lines were purchased
from American Type Culture Collection (Manassas, VA, USA). Murine
GL261 glioma cells were a kind gift from Dr. Rong-Tsun Wu (Institute of
Biopharmaceutical Sciences, National Yang-Ming University, Taipei,
Taiwan). Glioma cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM, Gibco-BRL, Grand Island, NY, USA) supplemented
with 10% fetal bovine serum, 2 mM t-glutamine, 100 IU/ml penicillin,
100 mg/ml streptomycin, 1 mM sodium pyruvate, and 1 mM non-
essential amino acids at 37 °C in a humidified atmosphere of 5% CO,.
Cells were grown to confluence before drug treatment.

Honokiol and TMZ were purchased from Sigma (St. Louis, MO, USA)
and freshly dissolved in dimethyl sulfoxide (DMSO). The purities of
honokiol and TMZ used in this study were >98%. Cells were exposed to
honokiol, TMZ, and a combination of honokiol and TMZ at different
concentrations for various time intervals.

Cell morphology and cell survival assays

Cell survival was assayed using a trypan blue exclusion method as
described previously (Lin et al., 2018). Glioma cells (2 X 10* cells)
were seeded in 24-well tissue culture plates. After drug treatment,
morphologies of glioma cells were observed and photographed (Nikon,
Tokyo, Japan). Then, cells were trypsinized with 0.1% trypsin-EDTA
(Gibco-BRL). Following centrifugation and washing, glioma cells were
suspended in phosphate-buffered saline (PBS), containing 0.14 M NaCl,
2.6 mM KCIl, 8 mM Na,HPO,, and 1.5 mM KH,PO,, and stained with
trypan blue dye (Sigma). Fractions of dead cells with a blue signal were
visualized and counted using a reverse-phase microscope (Nikon).

Quantification of DNA fragmentation

DNA fragmentation in glioma cells was quantified using a cellular
DNA fragmentation enzyme-linked immunosorbent assay (ELISA) kit
(Boehringer Mannheim, Indianapolis, IN, USA) as described previously
(Chuang et al., 2011). Briefly, glioma cells (2 x 10° cells) were seeded
in 24-well tissue culture plates and labeled with bromodeoxyuridine
(BrdU) overnight. Cells were harvested and suspended in DMEM. One
hundred microliters of a cell suspension was added to each well of 96-
well tissue culture plates. Glioma cells were treated with TMZ, hono-
kiol, and a combination of honokiol and TMZ for different time inter-
vals at 37 °C in a humidified atmosphere of 5% CO,. Amounts of BrdU-
labeled DNA in the cytoplasm were quantified using a microplate
photometer (Anthos Labtec Instruments, Lagerhausstrasse, Wals/Salz-
burg, Austria).

Measurement of apoptotic cells

Apoptotic cells were determined by detecting cells which were ar-
rested at the sub-G; stage as described previously (Chio et al., 2013).



C.-C. Chio et al.

After drug treatment, harvested glioma cells were fixed in cold 80%
ethanol, then incubated with 3.75 mM sodium citrate, 0.1% Triton X-
100, and 30 pg/ml RNase A, and resuspended in 20 pg/ml propidium
iodide. Stained nuclei were analyzed by flow cytometry (Beckman
Coulter, Fullerton, CA, USA).

Quantification of necrotic cells

Necrotic cells were quantified using a photometric immunoassay
according to the standard protocol of the cell death detection kit (Roche
Applied Sciences, Nonnenwald, Penzberg, Germany) as described pre-
viously (Chuang et al., 2011). Briefly, glioma cells (10° cells) were
subcultured in 96-well tissue culture plates overnight. After drug
treatment, cell lysates and culture medium were collected, and necrotic
cells were immunodetected using mouse monoclonal antibodies (mAbs)
against histone. After the antibody reaction and washing, the colori-
metric product was measured at 405 nm against the substrate solution
as a blank.

Analysis of cell proliferation

Proliferation of glioma cells was analyzed by measuring the in-
corporation of BrdU into genomic DNA as described previously
(Ho et al., 2014). Glioma cells were seeded at 3 x 10> cells/well in 96-
well microtiter plates. After drug treatment, 10 mM BrdU was added to
the culture medium for incorporation into the DNA of replicating cells.
After 2 h of incubation, cells were fixed in 4% paraformaldehyde. BrdU
incorporation was determined by a cell proliferation ELISA BrdU kit
(Roche, Mannheim, Germany).

Assay of caspase activities

Activities of caspases-3, -6, -8, and -9 were assayed using fluoro-
metric assay kits (R&D Systems, Minneapolis, MN, USA) as described
previously (Lin et al., 2016a; Wu et al., 2017). Briefly, after drug
treatment, glioma cells were lysed using buffer containing 1% Nonidet
P-40, 200 mM NaCl, 20 mM Tris/HCl (pH 7.4), 10 mg/ml leupeptin,
0.27 U/ml aprotinin, and 100 mm phenylmethanesulfonyl fluoride
(PMSF). Cell extracts (25 mg total protein) were incubated with 50 mM
of specific fluorogenic peptide substrates in 200 ml of a cell-free system
buffer comprising 10 mM Hepes (pH 7.4), 220 mM mannitol, 68 mM
sucrose, 2mM NaCl, 2.5mM KH,PO,, 0.5mM EGTA, 2mM MgCl,,
5mM pyruvate, 0.1 mM PMSF, and 1 mM dithiothreitol. Peptide sub-
strates for assays of caspase-3, -6, -8, and -9 activities were Asp-Glu-Val-
Asp (DEVD), Val-Glu-Ile-Asp (VEID), Ile-Glu-Thr-Asp (IETD) and Leu-
Glu-His-Asp (LEHD), respectively. These peptides were conjugated to 7-
amino-4-trifluoromethyl coumarin for fluorescence detection. For the
inhibition assay, glioma cells were pretreated with 50 mM Z-VEID-FMK,
an inhibitor of caspase-6, for 1h, and then exposed to TMZ, honokiol,
and their combination. Intensities of the fluorescent products were
measured using an LS 55 spectrometer of PerkinElmer Instruments
(Shelton, CT, USA).

Analysis of Bax translocation

Bax translocation in glioma cells was analyzed using confocal
microscopy as described previously (Wu et al., 2016). Briefly, after
drug treatment, glioma cells were fixed with a fixing reagent
(acetone: methanol, 1:1) for 10 min. Following rehydration, cells
were incubated with 0.2% Triton X-100 at room temperature for
15 min. The mouse mAb used in this study was generated against
human Bax (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Im-
munodetection of Bax in glioma cells was performed overnight. After
washing, cells were sequentially reacted with second antibodies and
biotin-SP-conjugated AffiniPure goat anti-rabbit immunoglobulin G
(IgG; Jackson ImmunoResearch, West Grove, PA, USA) at room
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temperature for 1h. After washing, a third antibody with Cy3-con-
jugated streptavidin (Jackson ImmunoResearch) was added to glioma
cells and reacted at room temperature for 30 min. Mitochondria and
nuclei of fixed neuroblastoma cells were stained with 3,3’-dihex-
yloxacarbocyanine (DiOCg; Molecular Probes, Eugene, OR, USA), a
positively charged dye, and 4’,6-diamidino-2-phenylindole (DAPI). A
confocal laser scanning microscope (model FV500, Olympus, Tokyo,
Japan) was used for sample observation. Illumination of the existence
of the Bax protein was demonstrated by the appearance of hot spots in
both the cytoplasm (red signals) and membranes (yellow signals).
Images were acquired and quantified using FluoView software
(Olympus).

Immunoblot analyses

After drug treatment, glioma cells were washed with PBS and
lysed with ice-cold lysis buffer (25 mM 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid (HEPES), 1.5% Triton X-100, 0.1% sodium
dodecylsulfate (SDS), 0.5M NaCl, 5mM ethylenediaminetetraacetic
acid (EDTA), and 0.1 mM sodium deoxycholate) containing a protease
inhibitor cocktail. Protein concentrations were quantified using a
bicinchonic acid protein assay kit (Thermo, San Jose, CA, USA). An
equal amount of proteins from each group was separated using SDS-
polyacrylamide gel electrophoresis (PAGE), followed by transfer to
nitrocellulose membranes. Membranes were incubated in a 5% skim
milk solution for 1h. Bax and cytochrome ¢ were detected using a
mouse mADb (Cell Signaling Technology, Danvers, MA, USA). Levels of
Fas ligand were immunodetected using a goat polyclonal antibody
against human Fas (GeneTex, Zeeland, MI, USA). Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was analyzed as an internal
control. Membranes were probed with the appropriate horseradish
peroxidase-conjugated secondary antibodies for 1h at room tem-
perature. Immunoreactive proteins were detected using an enhanced
chemiluminescence reagent (PerkinElmer, Waltham MA, USA) and
then imaged using a digital analyzer (Syngene, Cambridge, UK) and
densitometry software (Syngene) as described previously (Chio et al.,
2016).

Analysis of the MMP

The MMP of glioma cells was determined according to a previous
method (Lin et al., 2012). Briefly, glioma cells (5 x 10° cells) were
seeded in 12-well tissue culture plates overnight, and then treated with
drugs. After drug administration, cells were harvested and incubated
with DiOGg, an intracellular green-fluorescent probe specifically used to
detect the MMP of live cells, at 37 °C for 30 min in a humidified at-
mosphere of 5% CO,. After washing and centrifugation, cell pellets
were suspended in PBS. Intracellular fluorescent intensities were ana-
lyzed with a flow cytometer (Beckman Coulter).

Quantification of intracellular ROS

Levels of intracellular ROS in glioma cells were quantified following
a previously described method (Chuang et al., 2011). Briefly, glioma
cells (10° cells) were seeded in 12-well tissue culture plates overnight.
Cells were co-treated with different drugs and with 2’,7’-dichloro-
fluorescin diacetate, an ROS-sensitive dye. After drug treatment, glioma
cells were harvested and suspended in PBS. Relative fluorescence in-
tensities in glioma cells were quantified with a flow cytometer
(Beckman Coulter).

Assay of the enzyme activity of mitochondrial complex I
Activity of the mitochondrial complex I enzyme was assayed using a

colorimetric method as described previously (Lin et al., 2018). After
drug administration, glioma cells were cultured with new medium
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containing 0.5mg/ml 3-(4,5-dimethylthiazol- 2-y1)-2,5-diphenylte-
trazolium bromide for a further 3h. Blue formazan products in the
osteoblasts were dissolved in DMSO and spectrophotometrically mea-
sured at a wavelength of 550 nm.

Statistical analysis

The statistical significance of differences between control and drug-
treated groups was evaluated using Student’s t-test, and differences
were considered statistically significant at p < 0.05. Differences be-
tween drug-treated groups were considered significant when the p value
of Duncan’s multiple-range test was <0.05. Statistical analyses be-
tween groups over time were carried out by a two-way analysis of
variance (ANOVA). In order to determine the drug interaction between
TMZ and honokiol in killing human glioma cells, the combination index
(CI) was calculated following a previously described method
(Ooko et al., 2017).

Results
Honokiol improves TMZ-induced insults to human malignant glioma cells

Exposure of human U87 MG cells to 20, 40, 60, 80, and 100 pM
honokiol for 72h led to shrunken morphologies and decreased cell
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numbers in a concentration-dependent manner (Fig. 1A). The half le-
thal concentration (LCsp) of honokiol was 62.52 uM (Fig. 1B). The CI
index, indicating the interaction between TMZ and honokiol in killing
human glioma cells, is equal to 0.956. Treatment of human U87 MG
cells with 100 uyM TMZ and 40 uM honokiol caused time-dependent
reductions in cell survival (Fig. 1C). Compared to the TMZ-treated
group, administration of honokiol led to an enhancement in TMZ-in-
duced death of human malignant glioma cells. Exposure of human U87
MG cells to 40 uM honokiol for 72h decreased cell survival by 30%
(Fig. 1D). Cotreatment with honokiol and 25uM TMZ did not affect
honokiol-induced cell death. In contrast, when the concentrations
reached 50, 75, and 100 uM, TMZ enhanced honokiol-induced death of
human glioma cells by 28% (p = 0.003), 44% (p = 0.002), and 56%
(p = 0.002), respectively (Fig. 1D).

Honokiol enhances TMZ-induced apoptosis and suppression of proliferation
in human glioma cells

Exposure of human U87 MG cells to TMZ and honokiol alone for
72h led to significant 89% and 70% increases in DNA fragmentation,
respectively (Fig. 2A). In comparison, cotreatment with honokiol and
TMZ elevated TMZ-induced DNA fragmentation by 56% (p = 0.007).
Treatment of human U87 MG cells with TMZ and honokiol for 72h
triggered 39% and 35% of cells to undergo apoptosis, respectively

100 ¢

[o]
o

(]
o

LC50: 62.52 uM
R: 0.996

Cell survival, %
N
o

N
o

0 20 40 60 80 100
Honokiol, pM

15¢

-
o

o
wn

*#

Cell survival, cell numbers x 104

O\

A

\
cont® \*\0“0\‘\0 A o\ﬁ‘\'\l'\o\ﬁ‘\’\zc;(»?ml'mo
onoKon0 o

0.0

Fig. 1. Effects of honokiol on temozolomide (TMZ)-induced death of human glioma cells. Human U87 MG cells were exposed to 20, 40, 60, 80, and 100 uM honokiol
for 72h. Cell morphologies were observed and photographed (A). Cell survival was assessed with a trypan blue exclusion method (B). Human U87 MG cells were
exposed to 100 uM TMZ, 40 uM honokiol, and their combination for 72h, and cell survival was assayed (C). Human U87 MG cells were co-treated with 40 uM
honokiol and 25, 50, 75, and 100 uM TMZ for 72 h. Cell survival was evaluated using a trypan blue exclusion method (D). Each value represents the mean + SEM for

n = 6. Symbols * and *

indicate that the values significantly (p < 0.05) differed from the control and honokiol-treated groups, respectively.
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Fig. 2. Effects of honokiol on temozolomide (TMZ)-induced DNA fragmentation, apoptosis, necrosis, and proliferation of human glioma cells. Human U87 MG cells
were exposed to 100 uM TMZ, 40 pM honokiol, and their combination for 72 h. DNA fragmentation was quantified with an ELISA (A). Cell apoptosis was measured
with flow cytometry (B). Necrotic cells were quantified with a photometric immunoassay (C). A thymidine incorporation assay was carried out to determine the

proliferation of human U87 MG cells (D). Each value represents the mean +
from the control and TMZ-treated groups, respectively.

(Fig. 2B). Cotreatment of honokiol and TMZ led to a 51% (p = 0.025)
increase in TMZ-induced cell apoptosis. Remarkably, honokiol, TMZ,
and combined treatment with these two drugs did not affect necrosis of
human U87 MG cells (Fig. 2C). Proliferation of human glioma cells was
repressed by 20% following TMZ administration for 72h (Fig. 2D).
Honokiol did not change proliferation of human U87 MG cells but
caused a noteworthy 60% (p = 0.003) augmentation in TMZ-induced
suppression of cell proliferation.

Honokiol specifically expands TMZ-induced apoptosis via an intrinsic
pathway

Compared to untreated cells, exposure of human U87 MG cells to
TMZ and honokiol alone for 72 h amplified caspase-9 activity by 3- and
2.8-fold, respectively (Fig. 3A). Cotreatment with honokiol and TMZ led
to a significant 44% (p = 0.016) increase in caspase-9 activity in human
glioma cells. Basal levels of caspase-8 activity were detected in human
U87 MG cells (Fig. 3B). Exposure to TMZ for 72 h caused a slight 24%
increase in caspase-8 activity. In contrast, honokiol did not influence
basal or TMZ-induced activation of caspase-8 in human glioma cells
(Fig. 3B). Levels of death Fas ligand were slightly enhanced in human
U87 MG cells after TMZ treatment (Fig. 3C, top panel, lane 2). Honokiol
did not change the basal or TMZ-induced augmentation in amounts of
Fas ligand (Fig. 3C, lanes 3 and 4). GAPDH was immunodetected as the
internal control (Fig. 3C, bottom panel). These protein bands were
quantified and statistically analyzed (Fig. 3D). TMZ increased levels of

45

SEM for n = 6. Symbols * and * indicate that the values significantly (p < 0.05) differed

the Fas ligand by 84%. Honokiol did not affect TMZ-triggered aug-
mentation in levels of this death ligand in human glioma cells
(p = 0.754) (Fig. 3D).

Honokiol improves TMZ-induced augmentations in levels of apoptotic Bax
and its translocation in human glioma cells

In untreated human U87 MG cells, basal levels of apoptotic Bax
protein were detected (Fig. 4A, top panel, lane 1). After administration
of TMZ and honokiol, amounts of Bax increased (Fig. 4A, lanes 2 and 3).
In contrast, cotreatment with honokiol and TMZ elevated Bax expres-
sion in human glioma cells compared to the TMZ-treated group (lane 4).
GAPDH was analyzed as the internal control (Fig. 4A, bottom panel).
These protein bands were quantified and statistically analyzed
(Fig. 4B). Exposure of human U87 MG cells to honokiol led to a 90%
(p = 0.002) increase in TMZ-induced expression of apoptotic Bax pro-
tein.

Low levels of Bax were detected in the cytoplasm of untreated
human U87 MG cells (Fig. 4C, top-left panel). After treatment with TMZ
and honokiol, amounts of the cytosolic Bax protein had increased
(Fig. 4C, top-middle panels). Compared to the TMZ-treated group,
honokiol induced higher expression of Bax (Fig. 4C, top-right panel).
Mitochondria and nuclei were recognized and labeled with DiOC¢ and
DAPI (Fig. 4C, middle panels). Treatment of human U87 MG cells with
TMZ and honokiol enhanced levels of the Bax protein colocalized with
mitochondria (Fig. 4C, bottom panels). Honokiol enhanced TMZ-
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Fig. 3. Effects of honokiol on temozolomide (TMZ)-induced activation of caspases-8 and -9 and levels of the Fas ligand in human glioma cells. Human U87 MG cells
were exposed to 100 uM TMZ, 40 pM honokiol, and their combination for 72 h. Activities of caspases-9 (A) and -8 (B) were assayed with fluorogenic substrate assays.
Levels of the Fas ligand were immunodetected (C, top panel). GAPDH was analyzed as the internal control (bottom panel). Protein bands were quantified and
statistically analyzed (D). Each value represents the mean + SEM for n = 6. Representative immunoblot images are shown. Symbols * and # indicate that the values
significantly (p < 0.05) differed from the control and TMZ-treated groups, respectively.

induced translocation of Bax to mitochondria. The fluorescent in-
tensities were quantified and statistically analyzed (Fig. 4D). Exposure
to TMZ and honokiol respectively led to 3.8- and 3.2-fold increases in
fluorescent intensities of Bax colocalized with mitochondria. Compared
to the TMZ-treated group, cotreatment with honokiol significantly
strengthened TMZ-induced Bax translocation by 2.1-fold (p = 0.029)
(Fig. 4D).

Honokiol worsens TMZ-induced mitochondrial dysfunction in human glioma
cells

Treatment of human U87 MG cells with TMZ for 72 h decreased the
MMP by 16% (Fig. 5A). Honokiol alone did not change the MMP in
human glioma cells. Nevertheless, cotreatment with honokiol induced a
stronger TMZ-triggered reduction in the MMP by 25% (p = 0.011)
(Fig. 5A). In parallel with a reduction in the MMP, exposure of human
U87 MG cells to TMZ and honokiol alone respectively caused 2.5- and
2.7-fold augmentation in levels of intracellular ROS (Fig. 5B). In con-
trast, honokiol increased TMZ-induced elevation of levels of in-
tracellular ROS by 87% (p = 0.020). Successively, treatment of human
U87 MG cells with TMZ and honokiol respectively reduced mitochon-
drial complex I enzyme activities by 29% and 25% (Fig. 5C). Cotreat-
ment with honokiol and TMZ enhanced TMZ-induced suppression of
mitochondrial complex I enzyme activity in human glioma cells by 32%
(p = 0.004) (Fig. 5C).
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Honokiol improves TMZ-induced cytochrome c release and cascade
activation of caspases-3 and -6

Compared to untreated cells, exposure of human U87 MG cells to
TMZ and honokiol alone increased levels of cytochrome c (Fig. 6A, top
panel, lanes 1-3). However, honokiol enhanced TMZ-induced elevation
in amounts of cytochrome c in human glioma cells (Fig. 6A, lane 4).
GAPDH was immunodetected as the internal control (bottom panel).
These protein bands were quantified and statistically analyzed
(Fig. 6B). Cotreatment with honokiol and TMZ caused a 59%
(p = 0.017) augmentation in TMZ-induced release of cytochrome c in
human U87 MG cells.

In parallel with growth of release of cytochrome ¢ from mitochondria
to the cytoplasm, exposure to TMZ and honokiol individually raised
caspase-3 activities in human U87 MG cells by 77% and 91%, respectively
(Fig. 6C). Simultaneously, activity of caspase-6 in human glioma cells
were respectively elevated by 76% and 56% in human U87 MG cells
(Fig. 6D). After cotreatment with honokiol and TMZ, the TMZ-induced
augmentations in activities of caspases-3 and -6 were increased by 3.3-
(p = 0.021) and 2.5-fold (p = 0.030), respectively (Fig. 6C and D).

Suppressing caspase-6 activity concurrently attenuates honokiol-involved
enhancement of TMZ-induced apoptotic insults to human glioma cells

Exposure of human U87 MG cells to combined treatment with
honokiol and TMZ caused a 2.8-fold increase in caspase-6 activity
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Fig. 4. Effects of honokiol on temozolomide (TMZ)-induced Bax expression and translocation in human glioma cells. Human U87 MG cells were exposed to 100 uM
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(D). Each value represents the mean + SEM for n = 6. Representative immunoblot images are shown. Symbols * and * indicate that the values significantly
(p < 0.05) differed from the control and TMZ-treated groups, respectively.

(Fig. 7A). The honokiol-involved enhancement of TMZ-induced cas- Discussion

pase-6 activation declined by 53%. Cotreatment of human U87 MG cells

with honokiol and TMZ triggered DNA fragmentation by 160% and cell Honokiol can enhance TMZ-induced insults to malignant glioma
apoptosis by 61%, and decreased cell survival by 65% (p = 0.001) cells. This study demonstrated that the LCsy of honokiol to human
(Fig. 7B-D). Knocking down caspase-6 activation instantaneously alle- U87 MG glioma cells was about 60 uM. Herein, we further showed
viated honokiol-involved enhancement of TMZ-induced alterations of that honokiol at 40 pM time-dependently changed cell morphology
DNA fragmentation, cell apoptosis, and cell death by 49% (p = 0.0033), and decreased cell survival in human glioma cells. Our previous study
63% (p = 0.002), and 49% (p = 0.008), respectively (Fig. 7B-D). showed that honokiol at 40 uM was safe to normal brain cells, such as

human astrocytes and cerebrovascular endothelia cells (Lin et al.,

2012). Malignant gliomas are the most common and aggressive brain

Honokiol-involved enhancement of TMZ-induced apoptotic insults was tumor (Saadatpour et al., 2016; Seano, 2018). Even though TMZ is a
confirmed in human U373 MG and murine GL261 glioma cells first-line chemotherapeutic drug for therapy of GBM patients, its side
effects and drug resistance remain challenges and have limited its

Exposure of human U373 MG cells and murine GL261 cells to TMZ effectiveness to the present day (Omuro and DeAngelis, 2013). Thus,

and honokiol individually decreased cell survival (Table 1). Cotreat- exploring de novo drugs that can overcome TMZ-induced side effects
ment with honokiol and TMZ enhanced TMZ-induced death of human and drug resistance is very crucial. The present study showed en-
and murine glioma cells. As to the mechanisms, treatment with hono- hanced effects of honokiol on TMZ-induced killing of human U87 MG
kiol specifically improved TMZ-induced activation of caspase-9 rather cells. More interestingly, cotreatment of human glioma cells with

than caspase-8 (Table 1). Both honokiol and TMZ triggered apoptosis of honokiol decreased the concentration of TMZ which effectively led to
human U373 MG and murine GL261 glioma cells. In contrast, treatment the death of human glioma cells to 25 pM. Lee et al. (2018) reported

with honokiol enhanced TMZ-induced apoptosis of human and murine that metformin at a high dose increases TMZ-induced antitumor ef-
glioma cells by 70% (p = 0.006) and 65% (p = 0.018), respectively fects in glioblastoma in vitro and in vivo. In this study, we also showed
(Table 1). that metformin at 10 mM could augment TMZ-induced apoptosis in
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dysfunction in human glioma cells. Human U87 MG cells were exposed to
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drial membrane potential (MMP) was quantified by flow cytometry (A). Levels
of intracellular reactive oxygen species (ROS) were measured by flow cyto-
metry (B). The activity of mitochondrial complex I was assayed with a colori-
metric method (C). Each value represents the mean = SEM for n = 6. Symbols
* and * indicate that the values significantly (p < 0.05) differed from the
control and TMZ-treated groups, respectively.

Control

human glioma cells (data not shown). In addition, the honokiol-in-
volved enhancement of TMZ-induced killing of malignant glioma cells
was further confirmed in human U373 MG and murine GL261 cells.
U373 MG cells and GL261 cells are respectively derived from human
and mouse glioblastomas-astrocytomas (Prat et al., 2000; Szatmari
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et al., 2006). Our previous studies proved toxic effects of honokiol to
brain tumor cells (Lin et al., 2012, 2016a,b; Chio et al., 2018). Ac-
cording to the Loewe additive model, the combination of honokiol
and TMZ showed additive cytotoxicity to human glioma cells. This
study showed the potential of honokiol to decrease TMZ-induced side
effects.

Honokiol enhances TMZ-induced insults to human malignant
glioma cells via an apoptotic mechanism. Our results revealed that
exposure to honokiol led to significant augmentation in TMZ-induced
shrunken morphology in human glioma cells. In parallel, TMZ-induced
DNA fragmentation and cell cycle arrest at the subG; phase significantly
increased. A shrunken morphology, DNA fragmentation, and cell cycle
arrest at the subG; phase are typical features indicating that cells are
undergoing apoptosis (Goyal, 2001; Aubrey et al., 2018). A photometric
immunoassay further showed that neither honokiol, TMZ, nor com-
bined treatment triggered cell necrosis. Hence, honokiol can precisely
improve TMZ-induced insults toward human glioma cells via an
apoptotic mechanism. Our thymidine incorporation assay proved the
enhancement by honokiol of TMZ-induced suppression of cell pro-
liferation in human U87 MG cells. The 5-year survival rate of GBM is
only 5% (Daher and de Groot, 2018). Uncontrolled tumor proliferation
is one of critical reasons explaining the poor outcomes of GBM patients
(Staudacher et al., 2014). Therefore, honokiol can possibly be clinically
applied to expand therapeutic effects of TMZ towards malignant
gliomas through specifically triggering cell apoptosis and suppressing
cell proliferation.

Honokiol enhances TMZ-induced apoptosis of malignant glioma
cells via an intrinsic pathway. An extrinsic apoptosis mechanism is
originated by activating the Fas ligand and death Fas receptor
(Bao and Shi, 2007). The present results disclosed that cotreatment of
human U87 MG cells with honokiol did not change TMZ-induced al-
teration of levels of the Fas ligand. In addition, activation of caspase-8
is another important indicator explaining extrinsic apoptosis
(Fulda, 2015). Honokiol did not influence TMZ-induced caspase-8
activation in human glioma cells. Instead, TMZ-induced promotion of
caspase-9 activity obviously increased following honokiol adminis-
tration. Caspase-9 can be considered a noteworthy initiator protei-
nase elucidating intrinsic apoptosis (Li et al., 2017). Thus, the hon-
okiol-involved augmentation of TMZ-induced apoptosis mainly
occurs through an intrinsic apoptotic pathway. Caspase-9 activation,
involved in the homo-dimerization of monomeric zymogens and
binding to the apoptosome, can induce considerable catalytic activity
for downstream caspases (Bao and Shi, 2007). Recently, Kim et al.
suggested that caspase-9 can be a therapeutic target for treating
various cancers (Kim et al., 2015). Therefore, honokiol may enhance
TMZ-induced apoptotic insults to human glioma cells by activating
caspase-9 protease activity.

Bax translocation and subsequent mitochondrial dysfunction are
involved in the honokiol-induced enhancement of cell apoptosis. Bax, a
member of the B-cell leukemia/lymphoma 2 (Bcl-2) family, is a proa-
poptotic protein that functions to permeabilize the outer membrane of
mitochondria following translocation from the cytoplasm and interac-
tions with the antiapoptotic Bcl-2 and Bcl-X; proteins (Karch and
Molkentin, 2015). Herein, we showed the enhanced effects of honokiol
on TMZ-induced augmentations in levels of cellular Bax. Such an in-
crease leads to a decrease in the ratio of Bcl-2 over Bax, driving Bax
translocation and cellular apoptosis. Our results demonstrated hono-
kiol-induced translocation of Bax from the cytoplasm to mitochondrial
outer membranes. The honokiol-induced diminution in the MMP is due
to Bax-involved permeabilization of the mitochondrial membrane.
Successively, honokiol enhanced TMZ-induced changes in intracellular
ROS levels and the MMP. Disruption of the MMP can lead to mi-
tochondrial dysfunction (Franklin, 2011; Chang et al., 2016). Taken
together, honokiol can improve TMZ-induced Bax translocation and
mitochondrial dysfunction and then triggers more apoptotic insults to
human glioma cells.
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Honokiol sequentially induces release of cytochrome ¢ and cascade
activation, thereby augmenting TMZ-induced cell apoptosis. In parallel
with Bax translocation and MMP reduction, levels of cytochrome c in
human glioma cells consecutively increased after cotreatment with
honokiol and TMZ. Cytochrome ¢, a small hemoprotein loosely loca-
lized in inner membranes of mitochondria, participates in the electron
transport chain (Alvarez-Paggi et al., 2017). Park et al. (2012) reported
that blockage of mitochondrial Bax translocation simultaneously at-
tenuates mitochondrial dysfunction and cytochrome c release and
protects against prion peptide-induced neuronal death. Thus, honokiol-
induced enhancement of cytochrome c release in human glioma cells is
due to Bax translocation and mitochondrial dysfunction. Cytochrome c
released from mitochondria to the cytoplasm can react with apoptotic
protease-activating factor (Apaf)-1 and the apoptosome to form a
complex with the assistance of deoxyadenosine triphosphate (Jiang and
Wang, 2000). The multimeric cytochrome c-Apaf-1 complex then trig-
gers procaspase-9 into its activated form (Ow et al., 2008). This study
showed that honokiol raised TMZ-induced enhancement of caspase-9
protease activity in human glioma cells via elevation of cytochrome c
release from mitochondria. Activation of caspase-9 induces cascade
initiation of caspases-6 and -3 (Ow et al., 2008). After being sequen-
tially activated, cleaved caspases-3 and -6 may degrade key cellular
proteins, such as lamin and nuclear mitotic apparatus proteins, to affect
cell activity and function (Rao et al., 1996). Consecutive TMZ-induced
increases in activities of caspases-3 and -6 in human glioma cells were

49

augmented by honokiol treatment. Interestingly, suppressing caspase-6
activity simultaneously downregulated the honokiol-induced enhance-
ment. Therefore, cascade activation of caspase-9, -3, and -6 contributes
to honokiol-involved enhancement of TMZ-induced apoptosis in human
glioma cells.

In summary, this study showed that honokiol can enhance TMZ-
induced apoptotic insults to human U87 MG and U373 MG cells and
murine GL261 glioma cells. As to the mechanisms, the honokiol-in-
volved enhancement of TMZ-induced apoptosis of human glioma cells
took place via an intrinsic pathway. Subsequently, TMZ-induced Bax
translocation and mitochondrial dysfunction were augmented by hon-
okiol. Cytochrome c release and cascade activation of caspase-9, -3, and
-6 in TMZ-treated human glioma cells consequently increased following
honokiol administration. Therefore, honokiol can improve TMZ-in-
duced apoptosis of glioma cells via an intrinsic Bax/mitochondria/Cyt
c/caspase proteinase activation mechanism. Honokiol has the potential
to be clinically applied to reduce TMZ-induced side effects and drug
resistance.
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Fig. 7. Roles of caspase-6 in honokiol-involved enhancement of temozolomide (TMZ)-induced DNA fragmentation, cell apoptosis, and cell survival in human glioma
cells. Human U87MG cells were pretreated with a caspase-6 peptide inhibitor (inhibitor) for 1 h and then exposed to a combination of honokiol and TMZ for another
72h. The activity of caspase-6 was assayed with fluorogenic substrate methods. Caspase-6 activity was measured (C). Apoptotic cells were quantified with flow

cytometry (D). Each value represents the mean +
from the control and TMZ-treated groups, respectively.

Table 1

Effects of temozolomide (TMZ), honokiol (HNK), and their combined treatment
on cell survival, caspase-8 activity, caspase-9 activity, and apoptosis of human
U373 MG and murine GL261 glioma cells.

Control T™MZ HNK HNK + TMZ

U373 MG Cells

Cell survival (%) 100 59 + 9% 66 + 11* 39 + 4%*

Caspase-8 activity (FI) 13 £ 2 18 + 2* 17 + 21 + 4*

Caspase-9 activity (FI) 7 x1 17 = 3* 18 + 4 33 + o**

Apoptotic cells (%) 51 30 = 6* 24 + 4% 51 + 7+#
GL261 Cells

Cell survival (%) 100 63 + 12* 72 + 14* 48 + 5**

Caspase-8 activity (FI) 12 + 3 16 = 3 17 = 4 20 + 3*

Caspase-9 activity (FI) 6 1 14 + 3* 15 £ 4 26 + 5**

Apoptotic cells (%) 4 +1 26 *+ 4% 23 + 5% 43 + ox*

Human U373 MG and murine GL261 glioma cells were treated with TMZ
(100 uM), HNK (40 uM), and their combination for 72h. Cell survival was
analyzed with a trypan blue exclusion method. Activities of caspases-8 and -9
were examined with fluorometric substrate assays, and results are reported in
fluorescent intensity (FI). Apoptotic cells were quantified using flow cytometry.
Each value represents the mean + SEM for n = 6. Symbols * and 7 indicate
that the values significantly (p < 0.05) differed from the control and TMZ-
treated groups, respectively.
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SEM from six independent experiments. Symbols * and * indicate that the values significantly (p < 0.05) differed
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