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Neuroblastomas, an embryonic cancer of the
sympathetic nervous system, often occur in young
children. Honokiol, a small-molecule polyphenol, has
multiple therapeutic effects and pharmacological activ-
ities. This study was designed to evaluate whether hon-
okiol could pass through the blood-brain barrier (BBB)
and induce death of neuroblastoma cells and its pos-
sible mechanisms. Primary cerebral endothelial cells
(CECs) prepared from mouse brain capillaries were cul-
tured at a high density for 4 days, and these cells
formed compact morphologies and expressed the ZO-
1 tight-junction protein. A permeability assay showed
that the CEC-constructed barrier obstructed the
passing of FITC-dextran. Analyses by high-perform-
ance liquid chromatography and the UV spectrum
revealed that honokiol could traverse the CEC-built
junction barrier and the BBB of ICR mice. Exposure
of neuroblastoma neuro-2a cells and NB41A3 cells to
honokiol induced cell shrinkage and decreased cell via-
bility. In parallel, honokiol selectively induced DNA
fragmentation and cell apoptosis rather than cell necro-
sis. Sequential treatment of neuro-2a cells with hono-
kiol increased the expression of the proapoptotic Bax
protein and its translocation from the cytoplasm to
mitochondria. Honokiol successively decreased the
mitochondrial membrane potential but increased the
release of cytochrome ¢ from mitochondria.
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Consequently, honokiol induced cascade activation of
caspases-9, -3, and -6. In comparison, reducing
caspase-6 activity by Z-VEID-FMK, an inhibitor of
caspase-6, simultaneously  attenuated honokiol-
induced DNA fragmentation and cell apoptosis.
Taken together, this study showed that honokiol can
pass through the BBB and induce apoptotic insults to
neuroblastoma cells through a Bax-mitochondrion-
cytochrome c-caspase protease pathway. Therefore,
honokiol may be a potential candidate drug for treating
brain tumors.

Keywords: apoptosis, blood-brain barrier, honokiol,
neuroblastoma, signal-transducing events.

Childhood cancer remains the leading cause of

disease-related death in children." Neuroblasto-

mas, an embryonal cancer of the sympathetic
nervous system, often occur in young children.”
Clinically, children with a neuroblastoma are usually
designated as high-risk patients.’ Thus, neuroblastomas
are a major problem in pediatric oncology. Current
treatment for neuroblastomas with adverse prognostic
features consists of a coordinated sequence of
chemotherapy, surgery, and radiation.* Noteworthy
improvements in outcomes of these patients with neuro-
blastoma were achieved with an intensification of
conventional chemotherapy. Meanwhile, lots of children
with a high-risk neuroblastoma may achieve a long-term
cure or possibly develop complications, including
hearing loss, cardiac dysfunction, infertility, and
second malignancies.””® Treatment failures usually
arise from the setting of minimal residual disease follow-
ing high-dose chemotherapy.” Therefore, more-effective
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and less-toxic therapies, including the targeting of tumor
cells in a more selective and efficient way to improve sur-
vival, need to be developed.

Developing unconventional biologic antitumor drugs
may benefit therapy of neuroblastomas. Matthay et al
(1999) first demonstrated that administration of
13-cis-retinoic acid following recovery from high-dose
chemotherapy and stem-cell transplantation improved
the 3-year event-free survival of patients with high-risk
neuroblastomas.®  Honokiol (2-(4-hydroxy-3-prop-2-
enyl-phenyl)-4-prop-2-enyl- phenol), a small-molecule
polyphenol, is one of the main physiologically bioactive
constituents of the traditional Chinese medicine Houpo
(Magnolia officinalis Rehd. et Wils.), which was proven
to be effective in treating a variety of diseases, such as
anxiety and nervous disturbances, thrombotic stroke,
typhoid fever, and dead muscles.”'® As a newly identi-
fied natural rexinoid, honokiol was shown to activate
the retinoid X receptor, resulting in the induction of
ATP-binding cassette transporter Al messenger
(m)RNA and protein expression.'’ In addition,
honokiol has multiple therapeutic effects and pharmaco-
logical activities, such as anti-anxiety, antidepression,
antioxidant, anti-inflammation, antibacteria, antiplate-
let, and anti-arrhythmia functions.'*'? Being a neuroac-
tive compound, honokiol can promote neurite
outgrowth in primary cultured rat cortical neurons
through activating  extracellular  signal-regulated
kinases.'* In addition, honokiol has neuroprotective
effects against oxidative stress-induced neuronal
damage."® Recently, honokiol was reported to have anti-
angiogenic, anti-inflammatory, and antitumor proper-
ties in preclinical models but did not induce
appreciable toxicity.!®!°

Therapeutic options for treating malignant brain
tumors are limited because of the presence of the
blood-brain barrier (BBB).'” The BBB plays important
roles in maintaining homeostasis of the cerebral micro-
environment.'®'” Cerebral endothelial cells (CECs)
form complex tight junctions in the BBB to force most
molecular traffic to take a transcellular route across the
barrier.'”*® Targeting death receptor—mediated apop-
tosis has emerged as an effective strategy for cancer
therapy.”! A variety of intrinsic and extrinsic factors con-
tribute to regulation of cell apoptosis.**** Bax, a proa-
poptotic protein, functions as an essential gateway that
mediates mitochondrion-dependent apoptosis.”* Bax
translocated from the cytoplasm to mitochondria can
permeabilize the outer membrane, which then triggers
the release of cytochrome (Cyt) ¢ and reactive oxygen
species.”® Then, Cyt ¢ can stimulate cascade activation
of caspases-9, -3, and -6, leading to cleavage of key cellu-
lar proteins and consequent damage to genomic DNA.*°
Previous studies reported that honokiol combined with
cisplatin  or a tumor necrosis factor—related
apoptosis-inducing ligand can induce apoptosis of
human lung cancer.>"**” Meanwhile, the effects of hono-
kiol on neuroblastoma cells are still unknown. Therefore,
in this study, we evaluated whether honokiol could pass
through the BBB to induce cytotoxicity to neuroblastoma
cells and its possible molecular mechanisms.
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Materials and Methods

Cell Culture and Drug Treatment

Neuroblastoma neuro-2a cells and NB41A3 cells pur-
chased from American Type Culture Collection were
cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco-BRL) supplemented with 10%
heat-inactivated fetal bovine serum (FBS), L-glutamine,
100 IU/mL penicillin, and 100 pg/mL streptomycin in
75-cm” flasks at 37°C in a humidified atmosphere of
5% CO;. Human astrocytes (HA-h) from ScienCell
Research Laboratories were cultured in astrocyte
medium (ScienCell Research Laboratories). Cells were
grown to confluence prior to ketamine administration.
Honokiol was purchased from Sigma, and its purity
was >98%. Honokiol was freshly dissolved in dimethyl
sulfoxide (DMSQO). Neuroblastoma cells were exposed
to different concentrations of honokiol for various
intervals.

Isolation of Mouse CECs

Mouse CECs were prepared from cerebral capillaries
according to a previously described method.*® This in-
vestigation conformed to the Guide for the Care and
Use of Laboratory Amimals published by the US
National Institutes of Health (NIH publication no.
85-23, revised 1996), and all procedures were
pre-approved by the Institutional Animal Care and Use
Committee of Taipei Medical University, Taipeli,
Taiwan. Mouse CECs were seeded in DMEM supple-
mented with 10% heat-inactivated FBS, L-glutamine,
penicillin (100 IU/mL), and streptomycin (100 pg/mL)
in 75-cm? flasks at 37°C in a humidified atmosphere of
5% CO,. To verify that the isolated brain cells were
CECs in our preparation, immunocytochemical analyses
of vimentin and factor VIII were performed in accord-
ance with the standard protocol provided with the
VectaStain ABC kit (Vector Laboratories), as described
previously.?” Cells were grown to confluence prior to
drug treatment. Only the first 10 passages of mouse
CECs were used in this study.

Construction of CEC Tight Junctions

CECs (5 x 10” cells/cm?) were seeded in Transwell cell
culture chamber inserts (Corning Costar) for 4 days.
The ZO-1 tight-junction structure was immunostained
and observed using confocal microscopy, as described
previously.*® Permeability of CEC monolayers was
determined using fluorescein isothiocyanate (FITC)-
labeled dextran (Molecular Probes) as the penetrating
chemical.’" In brief, the medium containing 1 wg/pL
FITC-labeled dextran was added to top chambers
and incubated for 2 h. Then, the medium from the
bottom chambers was collected and centrifuged, and
the supernatant was analyzed using fluorescence
spectrophotometry.

NEURO-ONCOLOGY « MARCH 2012 303



Lin et al.: Anti-neuroblastoma effects of honokiol

Determination of Honokiol’s Transport Through CEC
Tight Junctions

CECs (10° cells) were seeded in Transwell cell culture
chamber inserts (Corning Costar) for 4 days to form
the tight-junction barrier. Honokiol was added to the
top chambers for 0.5, 1, and 3 h. After drug treatment,
the medium from the bottom chambers was collected
and extracted with cyclohexane. Following centrifuga-
tion, the organic layers containing honokiol were dried
under nitrogen. The extracted products were dissolved
in 200 pL of the mobile phase (65% acetonitrile, 35%
water, and 0.07% acetic acid) and then applied for ana-
lysis by high-performance liquid chromatography
(HPLC; 600S and 717plus; Waters) as described
previously.*> The UV spectra of the measured and stand-
ard honokiol were analyzed using a photodiode array
detector (PDA 996; Waters).

Animal Treatment

All procedures were performed according to the
National Institutes of Health Guidelines for the Use of
Laboratory Animals and approved by the Institutional
Animal Care and Use Committee of Taipei Medical
University, Taipei, Taiwan. Male ICR mice (20-25 g;
n = 6) were purchased from the Animal Center of the
College of Medicine, National Taiwan University,
Taipei, Taiwan. The animals were intravenously injected
with honokiol at 25 mg/kg body weight for 15 and
30 min. After perfusion to remove honokiol residuals
in the vessels, the animals were killed, and the brain
tissues were collected. Following homogenization, the
homogenates were extracted with acetonitrile for
HPLC analysis of honokiol.

Cytotoxic Assay

Analyses of cell morphologies and viability were per-
formed to determine the toxicity of honokiol to neuro-
blastoma cells. Neuro-2a cells (10? cells) were cultured
in 96-well tissue culture plates (Corning Costar) for
12 h and then treated with 2.5, 5, 10, 20, 30, 40, 50,
60, 80, and 100 uM honokiol for 72 h. Cell morpholo-
gies were observed and photographed using a light
microscope. Cell viability was assayed by a colorimetric
method.>® After drug treatment, neuroblastoma cells
were cultured with new medium containing 500 pg/L
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (Sigma) for another 3 h. The formazan product
was dissolved in dimethyl sulfoxide and spectrophoto-
metrically measured, and the 50% lethal concentration
(LCso) was determined. Effects of honokiol on viabilities
of mouse CECs, human HA-h astrocytes, and neuro-
blastoma NB41A3 cells were also determined.

Quantification of Necrotic Cells

Necrotic cells were quantified using a photometric im-
munoassay according to a previously described
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method.?* In brief, neuroblastoma cells (10° cells) were
seeded in 96-well tissue culture plates overnight. After
honokiol administration, cell lysates and culture
medium were collected, and necrotic cells were immuno-
detected using mouse monoclonal antibodies (mAbs)
against histone. After an antibody reaction and
washing, the colorimetric product was measured at
405 nm against a substrate solution as a blank.

Quantification of DNA Fragmentation

DNA fragmentation in neuroblastoma cells was quanti-
fied using a cellular DNA fragmentation enzyme-linked
immunosorbent assay (ELISA) kit (Boehringer
Mannheim), as described previously.*® In brief, neuro-
blastoma cells (2 x 10° cells) were subcultured in
24-well tissue culture plates and labeled with BrdU over-
night. Cells were harvested and suspended in the culture
medium. One hundred microliters of the cell suspension
was added to each well of 96-well tissue culture plates.
Neuroblastoma cells were cocultured with honokiol
for another 8 h at 37°C in a humidified atmosphere of
5% CO,. Amounts of BrdU-labeled DNA in the cyto-
plasm were quantified using an Anthos 2010 microplate
photometer (Anthos Labtec Instruments) at a wave-
length of 450 nm.

Analysis of Apoptotic Cells

Apoptosis of neuroblastoma cells was determined using
propidium iodide to detect DNA injury in nuclei accord-
ing to a previously described method.*® After drug ad-
ministration, neuroblastoma cells were harvested and
fixed in cold 80% ethanol. After centrifugation and
washing, fixed cells were stained with propidium
iodide and analyzed using a FACScan flow cytometer
(Becton Dickinson).

Confocal Microscopic Analysis of Bax Translocation

Bax in neuroblastoma cells was recognized by a specific
antibody and visualized using confocal microscopy
according to a previously described method.?” In brief,
after drug treatment, neuroblastoma cells were fixed
with a fixing reagent (acetone:methanol, 1:1) at
—20°C 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 gen-
erated against human Bax (Santa Cruz Biotechnology).
Immunodetection of Bax in neuroblastoma cells was
performed at 4°C overnight. After washing, cells were
sequentially reacted with second antibodies and
biotin-SP-conjugated AffiniPure goat anti-rabbit im-
munoglobulin G (IgG; Jackson ImmunoResearch) at
room temperature for 1 h. After washing, the third anti-
body with Cy3-conjugated streptavidin (Jackson
ImmunoResearch) was added to neuroblastoma cells
and reacted at room temperature for 30 min.
Mitochondria of fixed neuroblastoma cells were
stained with 3,3’-dihexyloxacarbocyanine (DiOCg;



Molecular Probes), a positively charged dye, at 37°C for
30 min. A confocal laser scanning microscope (Model
FV500; Olympus) was used for sample observation.
[llumination for the existence of 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).

Quantification of the Mitochondrial Membrane
Potential

The mitochondrial membrane potential was determined
using a previously described method.?® In brief, neuro-
blastoma cells (5 x 10° cells) were seeded in 12-well
tissue culture plates overnight and then treated with
drugs. After drug administration, neuroblastoma cells
were harvested and incubated with DiOCq4 at 37°C for
30 min in a humidified atmosphere of 5% CO,. After
washing and centrifugation, cell pellets were suspended
in phosphate-buffered saline (0.14 M NaCl, 2.6 mM
KCl, 8mM Na,HPO,, and 1.5mM KH,PO,).
Intracellular fluorescent intensities were analyzed using
a flow cytometer (FACS Calibur).

Gel Electrophoresis and Immunoblotting Analysis

Protein analyses were performed according to a
previously described method.>” After drug treatment,
neuroblastoma cells were washed with 1x phosphate-
buffered saline. Cell lysates were prepared in ice-cold
radioimmunoprecipitation  assay  buffer (25 mM
Tris-HCI [pH, 7.2], 0.1% sodium dodecylsulfate, 1%
Triton X-100, 1% sodium deoxycholate, 0.15M
NaCl, and 1 mM EDTA). To avoid protein degradation,
a mixture of proteinase inhibitors, including 1 mM
phenyl methyl sulfonyl fluoride, 1 mM sodium orthova-
nadate, and 5 pg/mL leupeptin, was added to the
radioimmunoprecipitation assay buffer. Protein concen-
trations were quantified using a bicinchonic acid protein
assay kit (Pierce). Cytosolic proteins (100 wg per well)
were subjected to sodium dodecylsulfate polyacrylamide
gel electrophoresis and transferred to nitrocellulose
membranes. Membranes were blocked with 5% nonfat
milk at 37°C for 1 h. Immunodetection of Cyt ¢ was per-
formed using a mouse mAb against rat Cyt c¢
(Transduction Laboratories). Cellular B-actin protein
was immunodetected using a mouse mAb against
mouse PB-actin  (Sigma) as an internal standard.
Intensities of the immunoreactive bands were deter-
mined using an UVIDOCMW, version 99.03, digital
imaging system (UVtec).

Fluorogenic Substrate Assay for Caspase Activities

Activities of caspase-3, -6, and -9 in neuroblastoma
cells were determined using fluorometric assay kits
(R&D Systems), as described previously.* In brief,
after honokiol administration, neuroblastoma cells
were lysed using a buffer containing 1% Nonidet
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P-40, 200mM NaCl, 20 mM Tris/HCl (pH, 7.4),
10 pg/mL  leupeptin, 0.27 U/mL aprotinin, and
100 pm PMSF. Cell extracts (25 pg total protein)
were incubated with 50 pM specific fluorogenic
peptide substrates in 200 pL of a cell-free system
buffer composed of 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 dithio-
threitol. The peptide substrates for assays of
caspase-3, -6, and -9 activities were DEVD, VEID,
and LEHD, respectively. These peptides were conju-
gated to 7-amino-4-trifluoromethyl coumarin for fluor-
escence detection. For an inhibition assay, neuro-2a
cells were pretreated with 50 uM Z-VEID-FMK, an
inhibitor of caspase-6, for 1h and then exposed to
honokiol. Intensities of the fluorescent products were
measured using an LS 55 spectrometer from
PerkinElmer Instruments.

Statistical Analysis

One-way repeated-measure analysis of variance with
Duncan’s multiple-range post-hoc test was used to
compare cell viability, permeability, necrosis, DNA frag-
mentation, apoptosis, mitochondrial membrane poten-
tial, Cyt c release, and caspase activities in response to
treatments with different concentrations of honokiol
for various intervals. Values in the text are the mean +
standard error of the mean. Differences were considered
to be statistically significant at P < .03,

Results

Honokiol Can Pass Through the CEC-Constructed
Tight-Junction Barrier and the BBB

After culturing CECs in transwells at a high density
for 4 days, cells grew into compact morphologies
(Fig. 1A). Furthermore, confocal analysis revealed
that after such culture conditions, CECs expressed
Z0O-1 protein and formed a tight junction barrier
(Fig. 1A). Results of the permeability assay showed
that dextran-FITC, a complex branched glucan,
could not cross the CEC tight-junction barrier in un-
treated groups (Fig. 1B). Exposure to 40 pM honokiol
for 0.5, 1, and 24 h did not affect the permeability.
Meanwhile, the HPLC analysis revealed that honokiol
was detected in the bottom medium (Fig. 1C). A spec-
tral analysis revealed that the measured honokiol had
the same UV spectrum as the standard one (Fig. 1D
and E). When honokiol was added to the upper
layer of the transwells, the passing of this polyphenol
across the CEC tight-junction barrier was augmented
in a time-dependent manner (Fig. 1F). After intraven-
ous injection of honokiol into ICR mice for 15 and
30 min, this compound could be time-dependently
detected in the brain tissues (Fig. 1G).
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Fig. 1. Effects of honokiol on passing through the cerebral endothelial cell (CEC)-constructed tight-junction barrier. CECs isolated from
mouse brain tissues were seeded in Transwell cell culture chamber inserts at a high density (5 x 10%cells/cm?) for 4 days. Cell
morphology was observed and photographed using a reverse-phase microscope (A, right panel). The ZO-1 tight-junction structure was
immunostained and observed using confocal microscopy (left panel). Permeability of the CEC monolayer was determined using
FITC-labeled dextran (B). Honokiol (40 uM) was added to the upper chamber for various time intervals. The bottom medium was
collected for an HPLC analysis (C). The UV spectra of isolated (D) and standard (E) honokiol were analyzed using a photodiode array
detector. The passing of honokiol through the tight junction barrier was quantified (F). ICR mice were intravenously injected with
honokiol for 15 and 30 min, and the passing of honokiol through the BBB of ICR mice was evaluated (G). Each value represents the
mean + standard error of the mean for n = 6. *The value significantly differs from the respective control, P < .05.
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Honokiol Induces Death of Neuroblastoma Cells in
Concentration- and Time-Dependent Manners

Treatment of neuro-2a cells with 2.5, 5, 10, 20, 30,
40, 50, 60, 80, and 100 pM honokiol for 72 h
decreased cell numbers and caused cell shrinkage
(Fig. 2A). Analysis of cell viability further showed
that the LCsy of honokiol was 63.3 uM (Fig. 2B).
Exposure of neuro-2a cells to 40 pM honokiol for
24, 48, and 72 h decreased cell numbers and caused
morphological shrinkage (Fig. 3A). After treatment
with 40 uM honokiol for 24, 48, and 72 h, the viabil-
ity of neuro-2a cells was reduced by 23%, 32%, and
44%, respectively (Fig. 3B).
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Honokiol Selectively Induces Apoptosis but not
Necrosis of Neuroblastoma Cells

Analyses of necrotic cells revealed that treatment of
neuro-2a cells with 40 wuM honokiol for 24, 48, and
72 h did not cause cell necrosis (Fig. 4A). Meanwhile,
exposure to 40 wM honokiol for 24 h caused a signifi-
cant 3.1-fold increase in DNA fragmentation (Fig. 4B).
When the treated intervals reached 48 and 72 h, hono-
kiol induced DNA fragmentation of neuro-2a cells by
5.6- and 9.7-fold, respectively. Analysis of the cell
cycle showed that treatment of neuro-2a cells with
40 pM honokiol for 24 h caused a significant 19% in-
duction of cell apoptosis (Fig. 4C). After exposure for
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Fig. 2. Concentration-dependent effects of honokiol on the death of neuroblastoma cells. Neuro-2a cells were treated with 2.5, 5, 10, 20, 30,
40, 50, 60, 80, and 100 M honokiol for 3 days. Cell morphologies were observed and photographed using a reverse-phase microscope (A). Cell
viability was assayed using a colorimetric method (B). Each value represents the mean =+ standard error of the mean forn = 6.
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Fig. 3. Time-dependent effects of honokiol on the death of
neuroblastoma cells. Neuro-2a cells were treated with 40 pM
honokiol for 24, 48, and 72 h. Cell morphologies were observed
and photographed using a reverse-phase microscope (A). Cell
viability was assayed using a colorimetric method (B). Each value
represents the mean + standard error of the mean for n=6.
*The value significantly differs from the respective control, P < .05.

48 and 72 h, honokiol induced 39% and 48% of
neuro-2a cells to undergo apoptosis.

Honokiol Increases Levels of Bax and its Translocation
from the Cytoplasm to Mitochondria

Exposure of neuro-2a cells to 40 uM honokiol for 24 h
augmented levels of proapoptotic Bax protein (Fig. 5).
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Fig. 4. Effects of honokiol on cell necrosis, DNA fragmentation, and
cell apoptosis. Neuro-2a cells were treated with 40 M honokiol for
24, 48, and 72 h. Cell necrosis was assayed using a photometric
immunoassay (A). DNA fragmentation was quantified with a
cellular DNA fragmentation ELISA kit (B). Apoptotic cells were
determined using flow cytometry (C). Each value represents the
mean + standard error of the mean for n=6. *The value
significantly differs from the respective control, P < .05.

After treatment for 48 and 72 h, amounts of Bax time-
dependently increased. Mitochondria were stained
using the DiOCg dye. Treatment of neuro-2a cells with
40 pM  honokiol for 24, 48, and 72h obviously
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Fig. 5. Effects of honokiol on the translocation of Bax from the cytoplasm to mitochondria. Neuro-2a cells were treated with 40 uM
honokiol for 24, 48, and 72 h. The distribution of Bax protein in neuro-2a cells was immunodetected using an antibody with
Cy3-conjugated streptavidin (top panels). Mitochondria of mouse cerebral endothelial cells (CECs) were stained with
3,3’-dihexyloxacarbocyanine (DiOCg), a positively charged dye (middle panels). The merged signals indicated that the Bax protein had

been translocated into mitochondria (bottom panels).

decreased signals in mitochondria. The merged signals
revealed that honokiol enhanced the translocation of
Bax from the cytoplasm to mitochondria in a time-
dependent manner.

Honokiol Decreases the Mitochondrial Membrane
Potential but Increases the Release of Cyt ¢

Treatment of neuro-2a cells with 40 wM honokiol for
24 h decreased the mitochondrial membrane potential
by 14% (Fig. 6A). When the administered intervals
reached 48 and 72 h, honokiol caused 25% and 37%
reductions in the mitochondrial membrane potential.
Exposure of neuro-2a cells to honokiol for 24 h
increased the levels of Bax (Fig. 6B). After treatment
for 48 and 72 h, honokiol augmented greater amounts
of cellular Cyt ¢ (lanes 3 and 4). Amounts of B-actin
were immunodetected as the internal control (Fig. 6B).
These immunorelated protein bands were quantified
and analyzed (Fig. 6C). Treatment of neuro-2a cells
with honokiol for 24, 48, and 72 h increased the levels
of Cyt ¢ by 2.2-, 2.8-, and 2.1-fold, respectively.

Honokiol Stimulates Cascade Activation of
Caspases-9, -3, and -6

Exposure of neuro-2a cells to 40 uM honokiol for 24 h
increased caspase-9 activity by 67% (Fig. 7A). After ex-
posure for 48 and 72 h, caspase-9 activities were signifi-
cantly augmented by 2.5- and 2.4-fold, respectively.
Similarly, treatment with honokiol for 24 h caused a sig-
nificant 65% elevation in caspase-3 activity (Fig. 7B).
Caspase-3 activities were time-dependently enhanced

by 2.1-fold and 91% following exposure for 48 and
72 h, respectively. After treatment with honokiol for
24, 48, and 72 h, caspase-6 activities in neuro-2a cells
were significantly increased by 71%, 2.1-fold, and
80% (Fig. 7C). When neuro-2a cells were pretreated
with Z-VEID-FMK, an inhibitor of caspase-6, for 1 h,
honokiol-enhanced activation of caspase-6 was signifi-
cantly reduced by 33% (Fig. 7D). In parallel,
honokiol-induced DNA fragmentation and cell apop-
tosis were alleviated by 48% and 30% following pre-
treatment with a caspase-6 inhibitor (Fig. 7E and F).

Honokiol Did Not Cause Insults to Mouse CECs and
Human Astrocytes but Induces Apoptosis of the Other
Mouse Neuroblastoma NB41A3 Cells

Exposure of mouse CECs and human HA-h astrocytes to
40 wM honokiol for 72 h did not affect cell viability and
cell apoptosis (Table 1). In comparison, treatment of
neuroblastoma NB41A3 cells with 40 uM honokiol
caused a significant 44% decrease in cell viability
(Table 1). In parallel, honokiol at 40 wM induced apop-
tosis of NB41A3 cells by 48%.

Discussion

This study shows that honokiol passed through the
CEC-constructed tight-junction barrier and induced
insults to neuroblastoma cells. Analyses by HPLC and
the UV spectrum revealed that honokiol can pass
through the CEC-constructed tight-junction barrier. In
parallel, exposure of neuroblastoma neuro-2a cells and
NB41A3 cells to honokiol induced cell death.
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Fig. 6. Effects of honokiol on the mitochondrial membrane
potential and cytochrome (Cyt) c release. Neuro-2a cells were
treated with 40 wM honokiol for 24, 48, and 72h. The
mitochondrial membrane potential was quantified using flow
cytometry (A). Levels of Cyt ¢ were immunodetected (B, top
panel). Amounts of B-actin were measured as the internal control
(bottom panels). These immunorelated protein bands were
quantified and analyzed (C). Each value represents the mean +
standard error of the mean for n=6. *The value significantly
differs from the respective control, P < .05.

Neuroblastoma is an embryonal cancer of the sympa-
thetic nervous system and often occurs in young
children.? Because children with a neuroblastoma are
usually designated as high-risk patients,® this cancer
has become a major problem in pediatric oncology.
Traditionally, therapies for treating neuroblastomas
include a coordinated sequence of chemotherapy,
surgery, and radiation.* However, these means may
produce serious adverse effects, such as hearing loss,
cardiac dysfunction, infertility, and second malignan-
cies.”® In a preclinical model, honokiol was shown to
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have a variety of outcomes on antiangiogenesis, anti-
inflammation, and anti-tumorigenesis but not to
induce appreciable toxicity.'> The present study
further showed that honokiol can traverse the BBB and
induce death of neuroblastoma cells. As well, our
ongoing study further showed that honokiol at even
low concentrations <10 pM could protect mouse
CECs against ischemia/reperfusion-induced cell death
(data not shown). Therefore, honokiol alone or in com-
bined treatment with other conventional techniques may
provide more-effective but less-toxic therapy for cranial
or noncranial neuroblastoma.

Honokiol can pass through the BBB. This study
showed that CECs used in this study could form a tight-
junction barrier. Our previous study performed an im-
munocytochemical analysis to identify that CECs are
specialized endothelial cells from cerebrovessels.”’
When CECs were cultured at a high density for 4 days,
these specialized endothelial cells formed compact
morphologies and expressed the ZO-1 protein. ZO-1 is
a typical tight-junction protein that participates in
CEC-involved construction of the BBB.*! Furthermore,
our permeability assay demonstrated that the
CEC-constructed tight-junction barrier could obstruct
the passing of the large molecule FITC-dextran.
Another study done in our laboratory also showed that
the tight-junction barrier could maintain a constant
transendothelial ~electric  resistance.”’  Obstruction
against the passage of FITC-dextran and maintenance
of transendothelial electric resistance are distinctive
characteristics of the BBB assembly.?"** Therefore, all
of our present data support the successful establishment
of an in vitro CEC-built tight-junction barrier. Analysis
by HPLC revealed that, when honokiol was added to the
upper layer of the transwells, this polyphenol was
detected in the bottom medium and had the same UV
spectrum as that of standard honokiol. In addition,
this study has further shown that honokiol can pass
through the BBB of ICR mice. Thus, our results reveal
that honokiol can cross the CEC tight-junction barrier
and the BBB. Therapeutic options for treatment of ma-
lignant brain tumors are limited because of the presence
of the BBB.!” Therefore, honokiol may be an effective
candidate drug for treating brain tumors because of its
characteristic of traversing the BBB.

Honokiol induces death of neuroblastoma cells via an
apoptotic mechanism. Exposure of neuro-2a cells and
NB41A3 cells to honokiol provoked cell shrinkage and
decreased cell viability. The LCsq of honokiol to neuro-
blastoma cells was ~63 pM. Honokiol was shown to
have potent cytotoxicity to tumor cells, including leuke-
mia, lung cancer, and hepatoma.'® This study provides
in vitro data to further demonstrate the effects of hono-
kiol in damaging neuroblastoma cells. After exposure to
40 pM honokiol, the fractions of neuro-2a cells suffer-
ing DNA fragmentation and arrest at the sub-G1 phase
significantly increased. Cell shrinkage, DNA fragmenta-
tion, and cell cycle arrest at the sub-G1 phase are typical
characteristics of cells undergoing apoptosis.”>>° In add-
ition, the results by a necrotic analysis revealed that hon-
okiol did not cause necrosis of neuro-2a cells. As a result,
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Fig. 7. Effects of honokiol on activities of caspases-9, -3, and -6. Neuro-2a cells were treated with 40 wM honokiol for 24, 48, and 72 h.
Activities of caspase-9, -3, and -6 were analyzed by fluorogenic assays using LEHD, DEVD, and VEID as the substrates, respectively (A-C).
Neuro-2a cells were pretreated with 50 wM Z-VEID-FMK, an inhibitor of caspase-6, for 1 h, and then exposed to honokiol. Caspase-6
activity was assayed using a fluorogenic method (D). DNA fragmentation was quantified using a BrdU-labeled histone-associated
enzyme-linked immunosorbent assay kit (E). Apoptotic cells were quantified using flow cytometry (F). Each value represents the mean +
standard error of the mean for n = 6. * A value significantly (P < .05) differs from the respective control group. * A value significantly

(P < .05) differs from the respective honokiol-treated group.

honokiol can lead to death of neuroblastoma cells
through an apoptotic mechanism. In comparison, this
study showed that honokiol did not induce insults to
non-neoplastic cells, including mouse CECs and
human astrocytes. A drug that can target cell death

through an apoptotic pathway was described as an ef-
fective candidate for cancer therapy.”! For instance,
Bcl-2 family proteins are apoptosis-related proteins
and play important roles in the development of head
and neck cancers. Discovering certain drugs that can
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Table 1. Effects of honokiol on insults to mouse cerebral
endothial cells (CECs), human astrocytes (HA-h), and mouse
neuroblastoma cells (NB41A3)

Cell viability, Apoptotic cells, %
Percentage of control
Control Honokiol Control Honokiol
CECs 100 98 + 11 5+1 6+2
HA-h 100 92 +13 6+1 8+2
NB41A3 100 56 + 167 5+2 48 + 8°

Exposure of mouse CECs, HA-h cells, and NB41A3 cells to 40 uM
honokiol for 72 h. Cell viability was assayed using a colorimetric
method. Apoptotic cells were quantified using a flow cytometer.
Each value represents the mean + SEM for n = 6.

*The value significantly differs from the respective control,

P < .05.

specifically inhibit the expression and activation of
Bcl-2-related proteins was consequently implicated in
improving the efficacy of Bcl-2-targeted therapy for
treatment of head and neck squamous cell carcinoma.*?
Therefore, the effects of honokiol on inducing apoptosis
of neuroblastoma cells, rather than necrosis, display its
potential as an anticancer drug for treating brain
tumors.

Bax protein is involved in honokiol-induced apop-
totic insults to neuroblastoma cells. Treatment of
neuro-2a cells with honokiol increased levels of Bax
and simultaneously enhanced the translocation of this
proapoptotic protein from the cytoplasm to mitochon-
dria. Translocation of Bax to mitochondrial mem-
branes can permeabilize the outer membrane.”> In
this study, depolarization of the mitochondrial mem-
brane was verified by a reduction in the membrane po-
tential of mitochondria of neuro-2a cells following
exposure to honokiol. Therefore, the decrease in the
mitochondrial membrane potential was attributable to
honokiol-induced depolarization of the membrane. In
parallel, after exposure to honokiol, levels of cytosolic
Cyt ¢ were significantly elevated. Cyt ¢ is an apoptosis-
related protein that can be released from mitochondria
following apoptotic stimuli.”® As a result, the
honokiol-involved translocation of Bax and subsequent
depolarization of the mitochondrial membrane poten-
tially contribute to the release of Cyt c. There are 2 dis-
tinguishing intrinsic and extrinsic pathways that
participate in regulating cell apoptosis.”>** A previous
study showed that honokiol induced extrinsic death
receptor-mediated apoptosis of human lung cancer
cells by preferentially inhibiting the cellular
FLICE-inhibitory protein.*' This study further validates
the intrinsic mechanism of honokiol-induced apoptotic
insults to neuroblastoma cells from the viewpoint of a
Bax-mitochondrion-Cyt c-dependent pathway.

Honokiol triggers cascade activation of caspase-9, -3,
and -6. Exposure of neuro-2a cells to honokiol increased
caspase-9 activity in a time-dependent manner.
Caspase-9, an upstream protease in the process of intrin-
sic apoptosis, can be activated by a complex of Cyt ¢ and
apoptotic protease-activating factor-1.** The amounts
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of cytosolic Cyt ¢ were obviously augmented in
neuro-2a  cells  following  honokiol  treatment.
Therefore, activation of caspase-9 in honokiol-treated
neuro-2a cells is as a result of Cyt ¢ release from mito-
chondria. Sequentially, honokiol enhanced caspase-3 ac-
tivity in neuro-2a cells. Activation of caspase-9 is
essential for proteolytic maturation of caspase-3.°%**
After activation, caspase-3 can cleave cellular key pro-
teins, such as lamin and nuclear mitotic apparatus pro-
teins, to affect cell functions.”® Perifosin, an AKT
inhibitor, showed in vitro and in vivo inhibition of
neuroblastoma tumor cell growth through a
caspase-3—dependent pathway.”> This study also
revealed that honokiol could turn on caspase-6 activity.
Caspase-3 has a chronological effect on activation of
caspase-6.>*" Thus, the honokiol-caused enhancement
of caspase-6 activity is attributable to cascade activation
of caspase-9 and -3. In comparison, when caspase-6 ac-
tivity was suppressed by its specific inhibitor
Z-VEID-FMK, honokiol-induced DNA fragmentation
and apoptosis of neuro-2a cells were significantly attenu-
ated. Therefore, the honokiol-induced cascade activa-
tion of caspases-9, -3, and -6 contributes to the
induction of apoptotic insults to neuroblastoma cells.

In summary, the present study showed that honokiol
could traverse the CEC-constructed tight-junction
barrier and the BBB of ICR mice. In parallel, honokiol
decreased viabilities of neuro-2a cells, and its LCsq was
determined to be 63 pM. Exposure of neuroblastoma
neuro-2a cells and NB41A3 cells to 40 pM honokiol
induced cell shrinkage, DNA fragmentation, or cell
apoptosis. In comparison, honokiol did not trigger ne-
crosis of neuroblastoma cells. Honokiol enhanced trans-
location of Bax from the cytoplasm to mitochondria
and, consequently, induced alterations in the mitochon-
drial membrane potential and Cyt ¢ release. After expos-
ure to honokiol, the activities of caspase-9, -3, and -6
were sequentially activated. Reducing caspase-6 activity
caused significant improvement of honokiol-induced
DNA fragmentation and cell apoptosis. Taken together,
this study showed that honokiol can pass through the
CEC tight-junction barrier and induce apoptotic
insults to neuroblastoma cells via a Bax-mitochon-
drion-Cyt c-caspase protease pathway. Subsequent
translational studies on whether honokiol can suppress
the growth of neuroblastoma in null mice are being per-
formed in our laboratory. In addition, we are interested
to investigate whether honokiol can treat patients with
neuroblastoma with commonly used anti-tumor drugs,
such as doxorubicin, cyclophosphamide, and etoposide,
to reduce the adverse effects induced by these drugs.
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