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The mechanism of honokiol-induced intracellular Ca** rises
and apoptosis in human glioblastoma cells
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Honokiol, an active constituent of oriental medicinal herb Magnolia officinalis, caused Ca?* mobilization
and apoptosis in different cancer cells. In vivo, honokiol crossed the blood-brain or —cerebrospinal fluid
barrier, suggesting that it may be an effective drug for the treatment of brain tumors, including glioblas-
toma. This study examined the effect of honokiol on intracellular Ca?* concentration ([Ca%*];) and apop-
tosis in DBTRG-05MG human glioblastoma cells. Honokiol concentration-dependently induced a [Ca®*];
rise. The signal was decreased partially by removal of extracellular Ca%*. Honokiol-triggered [Ca®*]; rise
Honokiol was not suppressed by store-operated Ca®* channel blockers (nifedipine, econazole, SK&F96365) and
Human glioblastoma cells the protein kinase C (PKC) activator phorbol 12-myristate 13 acetate (PMA), but was inhibited by the
Ca?* PKC inhibitor GF109203X. GF109203X-induced inhibition was not altered by removal of extracellular
Ca®*. In Ca®*-free medium, pretreatment with the endoplasmic reticulum Ca?* pump inhibitor thapsigar-
gin (TG) or 2,5-di-tert-butylhydroquinone (BHQ) abolished honokiol-induced [Ca?*]; rise. Conversely,
incubation with honokiol abolished TG or BHQ-induced [Ca?*]; rise. Inhibition of phospholipase C (PLC)
with U73122 abolished honokiol-induced [Ca?*]; rise. Honokiol (20-80 pM) reduced the cell viability,
which was not reversed by prechelating cytosolic Ca%* with BAPTA-AM (1,2-bis(2-aminophenoxy)eth-
ane-N,N,N’,N’-tetraacetic acid-acetoxymethyl ester). Honokiol (20-60 pM) enhanced reactive oxygen
species (ROS) production, decreased mitochondrial membrane potential, released cytochrome c, and acti-
vated caspase-9/caspase-3. Together, honokiol induced a [Ca?']; rise by inducing PLC-dependent Ca®*
release from the endoplasmic reticulum and Ca®" entry via PKC-dependent, non store-operated Ca®*
channels. Moreover, honokiol activated the mitochondrial pathway of apoptosis in DBTRG-05MG human
glioblastoma cells.
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1. Introduction

Magnoliae officinalis is a traditional Chinese medicine. The root
and bark of M. officinalis have been widely used in treating
thrombotic stroke, gastrointestinal complaints, anxiety and
nervous stroke, etc. Honokiol, an active component purified from
M. officinalis, has been demonstrated to have anti-inflammatory
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effects in vitro and in vivo [1,2]. Honokiol also has antibacterial
and anxiolytic effects [3-5]. Previous studies revealed that honok-
iol had anti-tumor effects on RKO human colon cancer cells [6],
CH27 human squamous lung cancer cells [7] and HL-60 human
leukemia cells [8], in which apoptosis was involved. Evidence
shows that honokiol could alter Ca?* homeostasis in several cell
types. Honokiol was shown to increase intracellular Ca®* concen-
tration ([Ca®'];) leading to death of neonatal rat cortical neurons
and SH-SY5Y human neuroblastoma cells [9]. However, the rela-
tionship between apoptosis and a Ca?* signal in human glioblas-
toma cells is unclear.
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Ca?* is a highly versatile intracellular signal, controlling numer-
ous cellular processes, such as cell proliferation, development, divi-
sion, migration, contraction, fertilization, gene expression,
secretion and death [10]. It has been reported that Ca**-related cell
death could be triggered by large, sustained increases in [Ca®'];
[11]. Although evidence shows that abnormal [Ca®*]; levels can
promote cell death through apoptosis [12], Ca?'-independent
apoptosis could also be found in different cell types such as human
ovarian carcinoma cells [13]. Therefore the role of a [Ca®*]; rise in
apoptosis needs to be established for each stimulant and cell type
[14-15].

Apoptosis is a physiological cell death process that is involved
in the selective elimination of mutated, infected or dispensable
cells; but failure of apoptosis can result in cancer and diseases
[16-17]. In mammals, many of the signals that elicit apoptosis con-
verge into mitochondria, which respond to proapoptotic signals
[18-19]. Mitochondria play a key role in the apoptotic process,
which involves permeabilization of the outer mitochondrial mem-
brane and activation of a series of events that lead to cell death.
The contribution of mitochondria to apoptosis was described in
terms of disruption of the mitochondrial membrane potential,
which resulted in the release of cytochrome c and activation of cas-
pase [20].

It has been shown that honokiol induced apoptosis in different
cancer cells, such as RKO human colorectal cancer cells [21] and
SU-DHL4 human multiple myeloma cells [22]. Although honokiol
had various effects on different models, the effect of honokiol on
apoptosis in human glia cells is unclear. Glioblastoma multiforme
(GBM) is the most common type of primary brain tumor in adults.
Manipulated induction of apoptosis has the potential of treatment
of GBM [23]. DBTRG-05MG human glioblastoma cells were chosen
in this study. This cell is a well-differentiated, transformed tumor-
igenic line, and is a suitable model for research on cultured glial-
type cells [24].

This study was aimed to explore the mechanisms underlying
the effects of honokiol on [Ca?'];, cell viability and apoptosis in
DRTBG-05MG human glioblastoma cells. Fura-2 was used as a
Ca%*-sensitive dye to measure [Ca®"];. The [Ca']; rises were charac-
terized, the concentration-response plots were established, and
the pathways underlying the Ca®" entry and Ca?®" release were
explored. The cytotoxic effect of honokiol and the involvement of
apoptotic pathway were investigated.

2. Materials and methods
2.1. Chemicals

The reagents for cell culture were from Gibco® (Gaithersburg,
MD, USA). Fura-2-AM and BAPTA-AM were from Molecular
Probes® (Eugene, OR, USA). Honokiol and all other reagents were
from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Cell culture

DBTRG-05MG human glioblastoma cells purchased from Biore-
source Collection and Research Center (Taiwan) were cultured in
RPMI-1640 medium supplemented with 10% heat-inactivated fetal
bovine serum, 100 U/mL penicillin and 100 pg/mL streptomycin at
37 °C in a humidified 5% CO, atmosphere.

2.3. Experimental solutions

Ca®*-containing medium (pH 7.4) contained 140 mM NaCl,
5 mM KCl, 1 mM MgCl,, 2 mM CaCl,, 10 mM HEPES, and 5 mM glu-
cose. Ca®*-free medium (pH 7.4) contained 140 mM NaCl, 5 mM

KCl, 3 mM MgCl,, 0.3 mM EGTA, 10 mM HEPES, and 5 mM glucose.
Lysis buffer (pH 7.5) contained 20 mM Tris, 150 mM NacCl, 1 mM
EDTA, 1mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate,
1 mM B-glycerophosphate, 1 mM NasVOy,, 1 pg/mL leupeptin and
1 mM phenylmethylsulfonyl fluoride. TBST (pH 7.5) contained
25 mM Tris, 150 mM NaCl and 0.1% (v/v) Tween 20. Phosphate buf-
fer saline (PBS, pH 7.4) contained 137 mM NaCl, 10 mM phosphate,
2.7 mM KCl. Reagents are dissolved in water, ethanol or dimethyl
sulfoxide (DMSO) as concentrated stocks. Honokiol was dissolved
in DMSO as a 0.1 M stock solution. The other reagents were dis-
solved in water, ethanol or DMSO. The concentration of organic
solvents in the experimental solution was less than 0.1%, and did
not alter basal [Ca®*];, cell viability, apoptosis, mitochondrial mem-
brane potential or reactive oxygen species (ROS) levels.

2.4. [Ca®']; measurements

Confluent cells grown on 6 cm dishes were trypsinized and
made into a suspension in RPMI-1640 medium at a density of
1 x 10° cells/mL. Cell viability (>95%) was assured by trypan blue
exclusion. The viability was routinely greater than 95% after the
treatment. Cells were loaded with 2 uM fura-2-AM for 30 min at
25 °C in the same medium. Cells were subsequently washed with
Ca%*-containing medium twice and was made into a suspension
in Ca%*-containing medium at a density of 1 x 107 cells/mL.
Fura-2 fluorescence measurements were performed in a water-
jacketed cuvette (25 °C) with continuous stirring; the cuvette had
1 mL of medium and 0.5 million cells. Fluorescence was recorded
with a Shimadzu RF-5301PC spectrofluorophotometer immedi-
ately after 0.1 mL cell suspension was added to 0.9 mL Ca%*-con-
taining or Ca®*-free medium, by measuring excitation signals at
340 nm and 380 nm and emission signal at 510 nm at 1-s intervals.
During the recording, reagents were added to the cuvette by paus-
ing the recording for 3 s to open and close the cuvette-containing
chamber. For calibration of [Ca%*];, after completion of the experi-
ments, the detergent Triton X-100 (0.1%) and CaCl, (5 mM) were
added to the cuvette to obtain the maximal fura-2 fluorescence.
The Ca®* chelator EGTA (10 mM) was subsequently added to the
cuvette to chelate Ca®* and obtain the minimal fura-2 fluorescence.
Control experiments showed that cells bathed in a cuvette with
80 uM honokiol had a viability of 95% after 20 min of fluorescence
measurements. [Ca®*]; was calculated as described previously [25].

Mn?* quenching of fura-2 fluorescence was performed in Ca%*-
containing medium containing 50 pM MnCl,. MnCl, was added
to cell suspension in the cuvette 1 min before starting the fluores-
cence recording. Data were recorded at excitation signal at 360 nm
(Ca®*-insensitive) and emission signal at 510 nm at 1-s intervals as
described previously [26].

2.5. Cell viability assays

The measurement of cell viability was based on the ability of
cells to cleave tetrazolium salts by dehydrogenases. The intensity
of developed color directly correlated with the number of live cells.
Assays were performed according to manufacturer’s instructions
specifically designed for this assay (Roche Molecular Biochemical,
Indianapolis, IN, USA). Cells were seeded in 96-well plates at a den-
sity of 10,000 cells/well in culture medium for 24 h in the presence
of honokiol. The cell viability detecting reagent 4-[3-[4-lodophe-
nyl]-2-4(4-nitrophenyl)-2H-5-tetrazolio-1,3-benzene disulfonate]
(WST-1; 10 pL pure solution) was added to samples after treat-
ment with honokiol, and cells were incubated for 30 min in a
humidified atmosphere. In experiments using BAPTA-AM to che-
late cytosolic Ca?*, cells were treated with 5 uM BAPTA-AM for
1 h prior to incubation with honokiol. The cells were washed once
with Ca%*-containing medium and incubated with/without honok-
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iol for 24 h. The absorbance of samples (A450) was determined
using a multiwall plate reader. Absolute optical density was nor-
malized to the absorbance of unstimulated cells in each plate
and expressed as a percentage of the control value.

2.6. Alexa® Fluor 488 annexin V/propidium iodide (PI) staining for
apoptosis

Annexin V/PI staining assay was employed to further detect
cells in early apoptotic and late apoptotic/necrotic stages. Cells
were exposed to honokiol at concentrations of 20-60 uM for
24 h. Cells were harvested after incubation and washed in cold
phosphate-buffered saline (PBS). Cells were resuspended in
400 pL solution with 10 mM of HEPES, 140 mM of NaCl, 2.5 mM
of CaC1, (pH 7.4). Alexa Fluor 488 annexin V/PI staining solution
(Probes Invitrogen, Eugene, OR, USA) was added in the dark. After
incubation for 15 min, the cells were collected and analyzed in a
FACScan flow cytometry analyzer. Excitation wavelength was at
488 nm and the emitted green fluorescence of annexin V (FL1)
and red fluorescence of PI (FL2) were collected using 530 nm and
575nm bands pass filters, respectively. A total of at least
20,000 cells were analyzed per sample. Light scatter was measured
on a linear scale of 1024 channels and fluorescence intensity was
on a logarithmic scale. The amount of early apoptosis and late
apoptosis/necrosis were determined, respectively, as the percent-
age of annexin V*/PI” or annexin V*/PI" cells. Data were later ana-
lyzed using the flow cytometry analysis software WinMDI 2.8 (by
Joe Trotter, freely distributed software). The x and y coordinates
refer to the intensity of fluorescence of annexin V and PI,
respectively.

2.7. Measurements of intracellular contents of ROS

Cells cultured on 6-well plates were treated with 20-60 uM
honokiol for 24 h. Subsequently, cells were trypsinized and made
into suspensions (1 x 10° cells/mL). For measuring intracellular
H,0, or O3 content, cells were treated with the general indicator
probe dichlorofluorescein diacetate (DCFH-DA) or hydroethidine
(HE) that responds to changes in intracellular redox status. Cells
were incubated with 10 pM membrane-permeable probe DCFH-
DA or 160 uM HE for 30 min at 37 °C. Inside cells, the acetate moi-
eties of DCFH-DA were cleaved and oxidized, primarily by H,0,, to
green fluorescent 2’-7-'-dichlorofluorescein (DCF). HE was oxidized
primarily by Oz to form ethidium brom-ide (EB), which emitted
red fluorescence [27]. Flow cytometry was performed by using a
flowcytometer (FACScan; Becton Dickinson, Mountain View, CA,
USA). A 15-mm air-cooled argon-ion laser was used to excite fluo-
rescent DCF at 488 nm, and the emitted fluorescence was mea-
sured using a 530/30nm band-pass optical filter. Ethidium
fluorescence was excited at 488 nm and collected using a 585/
21 nm band-pass optical filter. Samples were run using 10,000 cells
per test sample. Data were analyzed using the CELL QUEST pro-
grams (CELLQUESTWIRELESS, Flushing, MI, USA).

2.8. Measurement of mitochondrial membrane potential

To measure the mitochondrial membrane potential, the MitoP-
robe™ 1,1',3,3,3',3'-hexamethylindodicarbocyanine iodide (DilC;)
(5) assay kit (Molecular Probes® (Eugene, OR, USA)) was used as
instructed by the manufacturer. Briefly, cells cultured on 6-well
plates were treated with 20-60 uM honokiol for 24 h. Cells
(including floating cells) grown in 6-well plates were collected fol-
lowing mild trypsinization. Trypsinized cells were washed once
with PBS, and the cells were resuspended in 500 pL of PBS. Resus-
pended cells were labeled with 50 nM DilC; (5) (excitation/emis-
sion, 638/658 nm) at 37 °C in the dark for 30 min. Labeled cells

were washed once in PBS, and they were analyzed by fluores-
cence-activated cell sorting using a CyAn (DakoCytomation) high
performance flow cytometer.

2.9. Assessment of cytosolic cytochrome c and cleavage
caspase-9/caspase-3 level by Western immunoblotting

Cell concentrations were adjusted to 3 x 10° cells/dish and
seeded to 6 cm culture dishes. After 2 h of incubation, the culture
medium was replaced by serum-free medium supplemented with
1 mg/ml bovine serum albumin (USB™, Cleveland, OH, USA) and
serum starvation was continued for 4 h, followed by addition of
20-60 uM honokiol for 24 h. The treatments were terminated by
aspirating the supernatant and then washing the dishes with
PBS. The cells were lysed on ice for 5 min with 70 pL of lysis buffer.
The cell lysates were centrifuged to remove insoluble materials;
and the protein concentration of each sample was measured.
Approximately 50 pg of supernatant protein from each sample
was used for gel electrophoresis analysis on a 10% SDS-polyacryl-
amide gel. The fractionated proteins on gel were transferred to
PVDF membranes (NEN™ Life Science Products, Inc., Boston, MA,
USA). For immuoblotting, the membranes were blocked with 5%
non-fat milk in TBST and incubated overnight with the primary
antibody (rabbit anti-human cytosolic cytochrome c, rabbit anti-
human cleavage caspase-9/caspase-3 or rabbit anti-human
B-actin; all from Cell Signaling Technology, Beverly, MA, USA).
Then the membranes were extensively washed with TBST and
incubated for 60 min with the secondary antibody (goat anti-rabbit
antibody or goat anti-mouse antibody, Transduction Laboratories,
Lexington, KY, USA). After extensive washing with TBST, the
immune complexes were detected by chemiluminescence using
the Renaissance™ Western Blot Chemiluminescence Reagent Plus
kit (NEN™),

2.10. Statistics

Data are reported as mean + S.E.M. of three separate experi-
ments. Data were analyzed by one-way analysis of variances
(ANOVA) using the Statistical Analysis System (SAS®, SAS Institute
Inc., Cary, NC, USA). Multiple comparisons between group means
were performed by post hoc analysis using the Tukey’s HSD (hon-
estly significantly difference) procedure. A P-value less than 0.05
were considered significant.

3. Results

3.1. Honokiol concentration-dependently induced a [Ca®*]; rise in
Ca®*-containing medium or Ca**-free medium

The effect of honokiol on basal [Ca?*]; was examined. Fig. 1A
shows that the basal [Ca®*]; was 50 +2 nM. At concentrations
between 20 uM and 80 uM, honokiol induced a [Ca®*]; rise in a
concentration-dependent manner in Ca%*-containing medium. At
a concentration of 10 pM, honokiol did not alter [Ca®*];. At a con-
centration of 80 uM, honokiol induced a [Ca®']; rise that attained
to a net (baseline subtracted) increase of 298 + 3 nM (n = 3) fol-
lowed by a decay. The Ca®* response saturated at 80 uM honokiol
because 100 uM honokiol evoked a similar response as that
induced by 80 pM honokiol. Fig. 1B shows that in Ca®*-free med-
ium, 80 uM honokiol induced a [Ca?*]; rise of 155 + 3 nM; and at
a concentration of 20 puM, honokiol induced a [Ca®']; rise of
58 + 3 nM. Fig. 1C shows the concentration-response plots of hon-
okiol-induced responses. The ECsq value was 383 uM or
58 +3 uM in Ca*'-containing medium or Ca*'-free medium,
respectively, fitting to a Hill equation. Honokiol between 20 M
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Fig. 1. Honokiol-induced [Ca?*]; rises in fura-2-loaded human glioblastoma cells. (A) Honokiol was added to cells at 25 s at concentrations indicated. Ca?*-containing medium
was used in these experiments. (B) Honokiol-induced [Ca*]; rises in Ca?*-free medium. Honokiol was added at 25 s. (C) Plots of concentration-response relationship of
honokiol-evoked [Ca?*]; rises in the presence or absence of extracellular Ca%*. The y axis is the percentage of the net (baseline subtracted) area under the curve (25-250 s) of
the [Ca?*]; rise induced by 80 uM honokiol in Ca?*-containing medium. Data are mean + S.E.M. of three separate experiments. *P < 0.05 compared to open circles. Data are

mean * S.E.M. of three separate experiments.

and 100 pM did not induce a [Ca®*]; rise in other cell types includ-
ing MDCK canine renal tubular cells, OC2 human oral cancer cells,
PC3 human prostate cancer cells and MG63 human osteosarcoma
cells (data not shown).

3.2. Honokiol-induced [Ca®*]; rise involved Ca®* influx as assayed by
measuring Mn?* influx

Experiments were performed to confirm that honokiol-induced
[Ca®*]; rise involved Ca®* influx. Because Mn?* enters cells through
similar pathways as Ca?" but quenches fura-2 fluorescence at all
excitation wavelengths [26], quenching of fura-2 fluorescence
excited at the Ca?'-insensitive excitation wavelength of 360 nm
by Mn?* implies Ca?* influx. Fig. 2 shows that 80 pM honokiol
induced an immediate decrease in the 360 nm excitation signal
by 35 + 3 (n = 3) arbitrary units (trace b compared to trace a). This
suggests that honokiol-induced [Ca®*]; rise involved Ca®* influx.

3.3. Store-operated Ca®* channel blockers did not affect honokiol-
induced [Ca®*]; rise, but PKC inhibitor decreased honokiol-induced
[Ca?*]; rise

Fig. 1 shows that honokiol-induced Ca?* response saturated at
80 uM; thus in the following experiments the response induced
by 80 uM honokiol was used as control. The store-operated Ca®*
channel blockers nifedipine (1 puM), econazole (0.5 puM) and
SK&F96365 (5 ptM); the PKC activator phorbol 12-myristate 13 ace-
tate (PMA; 1 nM) and the PKC inhibitor GF109203X (2 uM) were
applied 1 min before 80 M honokiol in Ca?*-containing medium.
Addition of nifedipine, econazole, SK&F96365, PMA, or
GF109203X alone did not alter baseline [Ca%*]; (data not shown).
In Ca?*-containing medium, only GF109203X inhibited honokiol-
induced [Ca®*]; rise by 54 + 2% (P < 0.05; Fig. 3A). Fig. 3B shows that
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Fig. 2. Effect of honokiol on Ca?* influx by measuring Mn?* quenching of fura-2
fluorescence. Experiments were performed in Ca**-containing medium. MnCl,
(50 pM) was added to cells 1 min before fluorescence measurements. The y axis is
fluorescence intensity (in arbitrary units) measured at the Ca®*-insensitive excita-
tion wavelength of 360 nm and the emission wavelength of 510 nm. Honokiol
(80 uM) was added as indicated. Data are mean+S.E.M. of three separate
experiments.

in Ca?*-free medium, GF109203X also inhibited honokiol-induced
[Ca*']; rise by 62 + 2% (P < 0.05).

3.4. Endoplasmic reticulum was the dominant Ca®* store in honokiol-
induced Ca®* release

Because the endoplasmic reticulum is the major Ca* store in
most cells [28], efforts were made to explore the Ca?' store
involved in honokiol-induced Ca?* release. Fig. 4A shows that in
Ca®'-free medium, addition of 80 uM honokiol prevented the
[Ca®*]; rise induced by thapsigargin (TG; 1 uM), an inhibitor of
endoplasmic reticulum Ca?* pumps [29]. Fig. 4B shows that TG



W.-Z. Liang et al./ Chemico-Biological Interactions 221 (2014) 13-23 17

® A
2 100 = 1T T T T
g
w
o
gg 80 -
S 3
UU
c o
TE 604 *
.95
§3 40
5L
ol
g 20
C
[0
o
[
< 0 A A\ A A A
Xe) B e () A e
& & & & @
S £ & S & S
S S O
& 8 R\
I = SR v
¥ L & <
e &
(0]
2 100-B T
o
Q.
7]
®
2% 807
Sz
-03
EO
5& 907
.
25 40 -
53
T
O —
& 20 -
c
Q
o
& o
QA
© &
(\0 0(‘
9 "\
< F
Q‘b
o
9
,\Q
<
e

Fig. 3. Effect of Ca®* channel modulators on honokiol-induced [Ca*]; rise. (A) The
experiments were performed in Ca%*-containing medium. In blocker- or modulator-
treated groups, the reagent was added 1 min before honokiol (80 uM). The
concentration was 1uM for nifedipine, 0.5pM for econazole, 5puM for
SK&F96365, 10 nM for phorbol 12-myristate 13-acetate (PMA), and 2 uM for
GF109203X. Data are expressed as the percentage of 80 uM honokiol-induced
[Ca®*]; rise (150 s interval; net area under the curve), and are mean + S.E.M. of three
separate experiments. (B) Similar to (A), in Ca**-free medium, GF109203X (2 uM)
was added 1 min before honokiol (80 M). Data are mean + S.E.M. of three separate
experiments. *P < 0.05 compared to 1st column.

induced a [Ca®']; rise of 125%3nM, and subsequently added
80 M honokiol failed to induce a [Ca®*]; rise. Another endoplasmic
reticulum Ca®>* pump inhibitor 2,5-di-tert-butylhydroquinone
(BHQ; 50 uM) [30] was used to confirm the TG’s effect. Fig. 4C
shows that BHQ did not induce a [Ca?*]; rise after honokiol incuba-
tion. Conversely, Fig. 4D shows that BHQ evoked a [Ca®*]; rise of
99 +3 nM, and subsequently added honokiol had no effect on
[Ca*'].

3.5. Honokiol induced [Ca®']; rises in a phospholipase
C (PLC)-dependent pathway

PLC-dependent production of inositol 1,4,5-trisphosphate (IPs)
plays an important role in releasing Ca®* from the endoplasmic
reticulum [31]. Because honokiol released Ca?* from the
endoplasmic reticulum, the role of PLC in this process was
examined. U73122, a PLC inhibitor in glial cell line [32], was used

to see whether the activation of this enzyme was required for
honokiol-induced Ca?* release. First, effort was exerted to assure
the effectiveness of U73122 as a PLC inhibitor under our experi-
mental condition. ATP is a well-known PLC-dependent agonist of
[Ca?*]; rise in most cell types including glia cells [33]. Fig. 5 shows
that incubation with 2 uM U73122 did not change basal [Ca®*]; but
abolished ATP-induced [Ca®']; rise. This suggests that U73122
effectively suppressed PLC activity. Fig. 5 shows that 80 uM honok-
iol-evoked [Ca?*]; rises were set as 100% (control). Incubation with
U73122 inhibited honokiol-induced [Ca?']; rises and the combina-
tion of U73122 and ATP also inhibited honokiol-induced [Ca?'];
rises.

3.6. Honokiol decreased cell viability that was not triggered by a
preceding [Ca®*]; rise

Because abnormal [Ca%*]; rises may cause cell death, experi-
ments were performed to examine whether honokiol-induced
cytotoxicity was triggered by a preceding [Ca®*]; rise in DBTRG-
05MG cells. The intracellular Ca?* chelator BAPTA-AM [34] was
used to prevent a [Ca®*]; rise during honokiol treatment. Fig. GA
shows that 5 M BAPTA-AM loading abolished 80 nM honokiol-
induced [Ca?*]; rise in Ca?*-containing medium. This suggests that
BAPTA-AM effectively prevented a rise in [Ca®*]; during honokiol
treatment. In Fig. 6B, cells were treated with 0-80 uM honokiol
for 24 h. In the presence of 20-80 uM honokiol, cell viability
decreased in a concentration-dependent manner. Fig. 6B also
shows that 5 uM BAPTA-AM loading did not change the control
value of cell viability. In the presence of 20-80 ptM honokiol, BAP-
TA-AM loading did not affect honokiol-induced cell death. This
suggests that honokiol induced cell death that was not triggered
by a preceding [Ca?*]; rise.

3.7. Honokiol induced cell death involved apoptosis

Because apoptosis plays an important role in cell death, the next
set of experiments explored whether honokiol-induced cell death
involved apoptosis. Annexin V/PI staining was applied to detect
apoptotic cells after honokiol treatment. Fig. 7A and B shows that
treatment with 20-60 uM honokiol significantly induced apoptosis
in DBTRG-05MG cells in a concentration-dependent manner.

3.8. Honokiol induced apoptosis involved ROS production

Since ROS was thought to be involved in honokiol-induced
apoptosis in human hepatoma cells [35], efforts were made to
explore the effect of honokiol on H,0, or O3 production in human
glioblastoma cells. The results show that DCF fluorescence (Fig. 8A
and C) or EB fluorescence intensity (Fig. 8B and D) was increased in
honokiol-treated cells, respectively.

3.9. A role of mitochondria-dependent apoptotic cascade in honokiol-
induced cell death

Since mitochondrial membrane potential is related to the apop-
totic pathway [19], experiments were performed to examine the
mechanism underlying the death by measuring the change of
mitochondrial membrane potential. Fig. 9A shows that (DilC;) (5)
fluorescence intensity was decreased by treatment with 20-
60 uM honokiol for 24 h in a concentration-dependent manner.
Fig. 9B further shows that the depolarized cells were also increased
in honokiol-treated cells. Because the release of cytochrome c from
mitochondria and the cleavage of caspases-9/caspase-3 are associ-
ated with the mitochondrial pathway of apoptosis [17,19], experi-
ments were conducted to explore whether honokiol released
cytochrome ¢ and activated caspase-9/caspase-3. Fig. 9C and D
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Fig. 5. U73122-induced inhibition of honokiol-induced Ca®* release. Experiments
were performed in Ca?*-free medium. First column is the 80 uM honokiol-induced
[Ca®*]; rise. Second column shows that 2 uM U73122 did not alter basal [Ca®*],.
Third column shows that U73122 pretreatment for 200s abolished 80 uM
honokiol-induced [Ca*]; rise (*P < 0.05 compared to 1st column). Fourth column
shows the ATP-induced [Ca®']; rise compared to honokiol control. Fifth column
shows that U73122 pretreatment for 200s abolished ATP-induced [Ca®*]; rise
(*P<0.05 compared to 4th column). Sixth column shows that U73122 and ATP
pretreatment (for 200 s and 50 s, respectively) abolished 80 pM honokiol-induced
[Ca**]; rise (*P<0.05 compared to 4th column). Data are mean + S.E.M. of three
separate experiments.

show that cytosolic cytochrome c level was increased by treatment
with 20-60 uM honokiol for 24 h. Fig. 9E and F show that cleaved

caspase-9 level was increased by treatment with 20-60 pM honok-
iol for 24 h. Figs. 9G and H show that cleaved caspase-3 level was
increased by treatment with 20-60 uM honokiol for 24 h.

4. Discussion

Ca%* homeostasis plays a key role in the function of almost all
cell types including human glioblastoma cells. In this cell, a rise
in [Ca?*]; affects cell migration, invasion or viability [36]. A previ-
ous study showed that prolactin and thapsigargin increased
[Ca**]; and transmitted cell homeostasis signaling pathway in
human glioblastoma cells [37-38]. Honokiol was shown to induce
apoptosis in human glioblastoma cells [39], but the relationship
between honokiol-induced apoptosis and Ca?* signaling in this cell
is unclear. In our study, the results show that honokiol induced a
concentration-dependent [Ca?*]; rise in DBTRG-05MG human glio-
blastoma cells. Interestingly, honokiol did not have similar effects
on four other types of cells including MDCK canine renal tubular
cells, OC2 human oral cancer cells, PC3 human prostate cancer cells
and MG63 human osteosarcoma cells. This is consistent with pre-
vious studies that honokiol induced a [Ca?*]; rise in two different
lines of neuronal cells including rat cortical neurons and SH-SY5Y
human neuroblastoma cells [9]. Therefore, the combined evidence
suggests that the stimulatory effect of honokiol on [Ca?*]; is most
likely restricted to neuronal cells.

Honokiol elevated [Ca?*]; by depleting intracellular Ca®* stores
and inducing Ca?" entry from extracellular medium because
removing extracellular Ca®* reduced a part of honokiol-induced
[Ca®*]; rise. Mn?* quenching data also suggest that honokiol
induced Ca®?* entry. The magnitude of honokiol-induced Mn?*
quenching did not change during the measurement of 200 s, sug-
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Fig. 6. Effect of honokiol on cell viability. (A) Following BAPTA-AM treatment, cells
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ments were conducted in Ca?*-containing medium. Honokiol (80 uM) was added as
indicated. (B) Cells were treated with 0-80 uM honokiol for 24 h, and cell viability
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treatment had six replicates (wells). Data are expressed as percentage of control
that is the increase in cell numbers in honokiol-free groups. Control had
11,587 + 656 cells/well before experiments, and 12,458 + 715 cells/well after incu-
bation for 24 h. *P<0.05 compared to control. In each group, the Ca?* chelator
BAPTA-AM (5 puM) was added to cells followed by treatment with honokiol in Ca®*-
containing medium. Cell viability assay was subsequently performed.

gesting that Mn?* influx continuously occurred throughout this
interval.

Since glioblastoma multiforme (GBM) tumor cells have store-
operated Ca?* channels [40], a [Ca?']; rise in DBTRG-05MG human
glioblastoma cells may also be induced by Ca®* entry via this chan-
nels. Therefore, the mechanism of honokiol-induced [Ca®*]; rise
was explored. The results suggest that honokiol did not cause
Ca%* influx via stored-operated Ca?" entry because honokiol-
induced Ca%* entry was not inhibited by three store-operated
Ca®* entry blockers nifedipine, econazole and SK&F96365. These
compounds have been shown to inhibit store-operated Ca%* chan-
nels in different models [41-44] including human glioblastoma
cells [45]. Menthol or alkyl phenols like honokiol have been shown
to activate transient receptor potential (TRP) ion channels and
induce Ca?" entry in DBTRG-05MG human glioblastoma cells
[46-47]. Therefore it is possible that TRP ion channels may be asso-
ciated with honokiol-induced [Ca?*]; rise. In terms of the Ca%*
stores involved in honokiol-induced Ca?* release, the results show
that TG/BHQ pretreatment both abolished honokiol-induced [Ca?*];
rise, and conversely, honokiol pretreatment also inhibited TG/BHQ-
induced Ca®* release. Therefore, the TG/BHQ-sensitive endoplasmic
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Fig. 7. Honokiol-induced cell death involved apoptosis. (A) Cells were treated with
0-60 uM honokiol for 24 h. Cells were then processed for annexin V/PI staining and
analyzed by flow cytometry. (B) The percentage of early apoptotic cells and late
apoptotic/necrotic cells. ** #P < 0.05 compared with control. Data are mean * S.E.M.
of three separate experiments.

reticulum stores appear to be the dominant one for honokiol-
induced Ca" release.

The role of PKC activity in honokiol-induced [Ca?*]; rise was
examined because PKC activity is tightly coupled to Ca®* signaling
[48]. Previous studies showed that modulation of PKC activity
affected [Ca®*]; in U87 human glioblastoma cells [49]. In this study,
inhibition of PKC by GF109203X suppressed honokiol-induced
[Ca?*]; rise, but activation of PKC by PMA did not have an effect
on [Ca?*];. Furthermore, GF109203X-induced inhibition was not
altered by removal of extracellular Ca?*. This suggests that PKC
activity in honokiol-induced [Ca?*]; rise was related to Ca®* entry,
not Ca?* release. Therefore, it appears that a normally maintained
PKC activity was necessary for a full response of 80 pM
honokiol-induced [Ca®*]; rise. In addition, one of the Ca®* releasing
mechanisms that utilize the endoplasmic reticulum store is via the
PLC-dependent IP; pathway. Because honokiol-induced Ca?*
release was abolished when PLC activity was inhibited by
U73122, it seems that the PLC pathway plays a dominant role in
honokiol-induced Ca* release.

Previous studies showed that honokiol caused cytotoxicity in
different cancer cells, such as SKOV3 human ovarian tumor cells
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Fig. 8. Flow cytometric analysis of intracellular ROS content (H,0, or O, ) in cells treated with honokiol. (A,B) A representative histogram showing changes between DCF and
EB fluorescence intensity in untreated cells and cells treated with 20-60 uM honokiol for 24 h. (C,D) M1 represents the percentage of H,O, or O, production. A baseline level
of H,0, or O, counts was obtained when cells were incubated only with phosphate buffered saline (PBS) and without 10 pM dichlorofluorescein diacetate (DCFH-DA) or
160 uM hydroethidine (HE) for 30 min at 37 °C. The baseline level of H,0, was 0.05%. Honokiol (0, 20, 40 or 60 uM) increased the production of H,0, by 2.9%, 13.5%, 28.6% or
57.6%, respectively (baseline level of H,0, was subtracted). The baseline level of O, was 0.05%. Honokiol (0, 20, 40 or 60 uM) increased the production of O, by 2.6%, 16.3%,
38.3% or 57.8%, respectively (baseline level of O, was subtracted). *P < 0.05 compared with control. Data are representative of three separate experiments.

[50]. Our data show that honokiol was cytotoxic to human glio-
blastoma cells in a concentration-dependent manner. Since honok-
iol induced both [Ca*]; rises and cell death, it would be interesting
to know whether the death occurred in a Ca%*-associated fashion.
In this study, honokiol-induced cell death did not change when
cytosolic Ca®* was effectively chelated by BAPTA-AM. Thus it
appears that honokiol-induced cell death was not triggered by a
[Ca?*]; rise. Although emptying of intracellular Ca%* stores and/or
influx of extracellular Ca®* can modulate cell viability in different
cell types [51], Ca%*-dissociated cell death could be found in thymic
lymphoma cells [52] and LNCaP human prostate cancer cells [53],
etc.

It has been shown that many pro-apoptotic agents induce apop-
tosis via the mitochondrial pathway in different cancer cells [54].
In a previous study, honokiol increased ROS production, decreased
the mitochondrial membrane potential leading to apoptosis in
SMMC-7221 human hepatoma cells [35]. Therefore, this study
examined whether mitochondrial pathway of apoptosis had a role
in honokiol-induced apoptosis. The results show that honokiol at
concentrations between 20 uM and 60 uM enhanced ROS produc-
tion, decreased mitochondrial membrane potential, released cyto-
chrome ¢ and activated caspase-9/caspase-3. Thus honokiol

appears to induce mitochondrial pathway of apoptosis in DBTRG-
05MG human glioblastoma cells.

In vivo studies show that honokiol could effectively cross
blood-brain barrier and blood-cerebrospinal fluid barrier [55]
and inhibit brain tumor growth in rat intracerebral gliosarcoma
model and human xenograft glioma model [56]. In this case, no
BioResponse honokiol (BR-honokiol)-related adverse effects were
reported at doses up to 20 mg. A single 20 mg dose of BR-honokiol
resulted in a mean maximum brain concentration of 11.97 pg/mL
(~46 uM) [56]. The concentrations used in our study were compa-
rable to this in vivo report. Therefore, our data may have clinical
relevance.

In sum, the oriental medicinal herb honokiol induced Ca®*
release from endoplasmic reticulum in a PLC-dependent manner
and also caused Ca®* entry through PKC-dependent, non-store-
operated Ca®" channels in human glioblastoma cells. So far, most
of the studies performed to explore the relation between chemi-
cals-induced [Ca®']; rises and apoptosis in several lines of human
glioblastoma cells suggest that the apoptosis was triggered by a
preceding [Ca®*]; rise [40,57]. In contrast, our study shows that
honokiol induced cell death that involved the mitochondrial path-
way of apoptosis independent of a preceding [Ca®*]; rise. Thus, it
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Fig. 9. Honokiol decreased mitochondrial membrane potential, released cytochrome c and activated caspase-9/caspase-3. (A) Cells were treated with various concentrations
of honokiol for 24 h and then stained with DilC; (5) and incubated at 37 °C for 30 min. The mean DilC; (5) fluorescence intensity was detected using a flow cytometry. DilC;
(5) stain intensity decreases when cells are treated with reagents that disrupt mitochondrial membrane potential. M1 represents the percentage of total mitochondrial
transmembrane potential cells. The baseline level of total mitochondrial transmembrane potential cells was obtained when cells were incubated only with 10 pM DiIC1 (5)
for 30 min at 37 °C. The baseline level of total mitochondrial transmembrane potential cells was 100%. M2 represents the percentage of low-mitochondrial transmembrane
potential cells. The baseline level of low-mitochondrial transmembrane potential cells was obtained when cells were incubated only with phosphate buffered saline (PBS) and
without 10 pM DiIC1 (5) for 30 min at 37 °C. The baseline level of low-mitochondrial transmembrane potential cells was 0.05%. Honokiol (0, 20, 40 or 60 pM) increased the
production of low-mitochondrial transmembrane potential cells by 2.6%, 22.3%, 45.7% or 78.2%, respectively (baseline level of low-mitochondrial transmembrane potential
cells was subtracted). *P < 0.05 compared with control. Data are representative of three separate experiments. (B) Data are expressed in percentage of cells displaying
mitochondrial depolarization in honokiol-treated groups compared with controls. (C) Cytosolic cytochrome c level was increased in honokiol-induced apoptosis. Protein
extracts were prepared 24 h after exposure to various concentrations of honokiol. Data are typical of three separate experiments. (D) The effect of honokiol on cytosolic
cytochrome c level as quantified by densitometry. The figure normalized intensities of the bands of cytosolic cytochrome c against the bands of B-actin using NIH image 1.61.
*P < 0.05 compared with control. Data are representative of three separate experiments. (E, G) Caspase-9 or caspase-3 cysteine proteases were activated in honokiol-induced
apoptosis. Protein extracts were prepared 24 h after exposure to various concentrations of honokiol. Data are typical of three separate experiments. (F, H) The effect of
honokiol on activation of caspase-9 or caspase-3 is quantified by densitometry. The figure normalized intensities of the bands of cleaved caspase-3 against the bands of B-
actin using NIH image 1.61. *P < 0.05 compared with control. Data are representative of three separate experiments.
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appears that, not only Ca?*-associated, but also Ca%*-dissociated
apoptosis may occur in human glioblastoma cells, depending on
the stimulant.
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