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Abstract

Esophageal adenocarcinoma (EAC) is a highly lethal cancer in western countries. EAC cells are believed to
develop from esophageal epithelial cells through complex transformation processes involving inflammation and
oxidative stress. The purpose of this study was to compare the redox status of malignant and nonmalignant
esophageal epithelial cells and to test their responses to bile acid—induced oxidative stress and to treatment with
honokiol (HNK), a natural product with anticancer activity. We demonstrated that esophageal adenocarcinoma
cells express significantly higher levels of antioxidant molecules and were resistant to reactive oxygen species
(ROS) stress induced by bile acid, but were sensitive to the cytotoxic action of HNK. Mechanistic study showed
that HNK caused cancer cell death by disruption of mitochondrial transmembrane potential and was correlated
with cyclophilin D (CypD) expression. Inhibition of CypD by cyclosporin A or abrogation of its expression by
siRNA significantly suppressed the cytotoxicity of HNK, suggesting that CypD may be a key molecule that
mediates the cytotoxicity. Our study suggests that the high antioxidant capacity in EAC cells confers on them the
ability to survive the oxidative microenvironment in the reflux esophagus, and that HNK is a promising

compound to kill the transformed cells preferentially. Antioxid. Redox Signal. 11, 1083-1095.

Introduction

ESOPHAGEAL ADENOCARCINOMA (EAC) is a highly lethal
cancer, and its incidence has been increasing during the
past 2 decades (13, 18, 46). Chronic gastroesophageal reflux is
an important factor that contributes to the development of
Barrett esophagus (BE) (3, 7). BE is the premalignant condition
with the replacement of squamous esophageal lining by a
layer of columnar epithelium (3, 15, 31). Esophageal adeno-
carcinoma cells are believed to develop from esophageal ep-
ithelial cells through complex transformation processes in a
tissue microenvironment involving inflammation and oxida-
tive stress (9, 40). Prolonged exposure to bile acids is believed
to be an important cause of local damage to esophageal epi-
thelial cells, leading to chronic inflammation and generation
of ROS, which may cause genetic alterations and promote the
carcinogenesis processes. Both BE and EAC are inflammatory

conditions, and the oxidative stress and free-radical genera-
tion associated with inflammation could provide a link be-
tween BE and EAC (9, 14, 40). Bile acid /bile salts and/or low
pH in the refluxed substances can induce ROS generation and
consume antioxidants such as glutathione. This may in turn
lead to a compensative upregulation of the expression of ox-
idative stress-responsive genes (51), which will then affect
cellular survival and drug response. Thus, examination of the
redox states in malignant and nonmalignant esophageal epi-
thelial cells will be important both for understanding the role
of ROS in the development of EAC from BE and for designing
rational strategies to prevent and treat esophageal cancers
effectively.

Mitochondria play an important role in ATP generation,
ROS production, and apoptosis regulation. Metabolic alter-
ations and dysfunction of mitochondria have been observed
in many types of cancer cells (10). Although several biologic
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processes are responsible for the production of ROS, mito-
chondria seem quantitatively to be the major source of ROS in
the cells (55). Previous investigators reported that chronic
inflammation in BE and EAC cause the ROS level to increase.
Dysfunction of mitochondria may be evolved in the tumor-
transformation processes because of ROS generation and
possibly compromised ability to cope with oxidative stress.
Furthermore, mitochondria play a central role in drug-
induced cell death through regulation of apoptosis (22, 32).
Aberrant formation of the mitochondrial permeability tran-
sition pore (MPTP) may lead to mitochondrial swelling, un-
coupling of oxidative phosphorylation, and subsequent ATP
depletion, releasing of apoptotic factors such as cytochrome c,
apoptosis-including factor (AIF), and Diablo/SMAC (8, 42). It
has been proposed that the components of MPTP may include
the adenosine nucleotide transporter (ANT) associated with
the inner membrane, the voltage-dependent anion channel
(VDAC) associated with the outer membrane, and cyclophilin
D (CypD) in the matrix (2, 23, 53). The association of these
components and their interaction with other cellular proteins
such as hexokinase II and Bcl-2 family members affects the
permeability of this protein complex. The components of the
MPTP can be regarded as potential targets for pharmacologic
intervention of resistant cancer therapies. Distinctly different
properties of mitochondria are found between normal and
cancer cells, which may offer a possibility to target preferen-
tially the altered mitochondria in cancer cells as a therapeutic
strategy (22, 45).

Honokiol, a natural product found in the cones and bark of
Magnolia officinalis, has antioxidant/antiinflammatory prop-
erties and has been used in traditional medicine to treat a
number of conditions including anxiety, thrombosis, and
emesis (16, 21, 30, 48). In addition to these effects, new phar-
macologic effects including anticancer activity and biochem-
ical activities of HNK have been reported during the last
decade. HNK was found to have a remarkable inhibitory ef-
fect on the proliferation of human leukemic HL-60 cells (27). It
was suggested that this compound may function as a potent
scavenger of hydroxyl radicals (35), which may be attributed
to the allyl groups (36). HNK has been shown to have both
antiangiogenesis and antitumor effects through undefined
mechanisms, which may include activation of caspase 3, 7, 8
and 9, cleavage of PARP or Mcl-1 (6, 24, 28); and inhibition of
the NF-«B pathway (1, 52).

In this study, we compared the redox states of malignant
and nonmalignant esophageal epithelial cells and their re-
sponses to oxidative stress induced by primary bile acid
CDCA. The potential differential effect of HNK on these two
cell types also was examined. We demonstrated that esoph-
ageal adenocarcinoma cells express high levels of antioxidant
molecules and are resistant to bile acid-induced oxidative
stress but were highly sensitive to the cytotoxic action of HNK
in a dose- and time-dependent manner. This compound ex-
hibited low toxicity to nonmalignant esophageal cells. The
potential underlying mechanisms also were investigated.

Materials and Methods

Reagents

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT),
Rhodamine 123, CM-H2DCF-DA, hydroethidine (HEt), Mito-
Tracker Green, and MitoTracker Red were purchased from
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Invitrogen/Molecular Probes (Carlsbad, CA). Honokiol was a
kind gift from Zhongxin Innova Laboratories (Tianjin, China).
N-acetyl-L-cysteine (NAC), bovine catalase, bongkrekic acid,
and cyclosporin A were purchased from Sigma-Aldrich (St.
Louis, MO). Cyclophilin D siRNA was purchased from
Dharmacon, Inc. (Lafayette, CO). The nucleotide sequences of
the siRNA are as follows: sense, 5-UUU GAC GUG ACC GAA
CAC AAC AUGC-3; antisense, 5-GCA UGU UGU GUU CGG
UCA CGU CAAA-3. Lipofectamine 2000 transfection reagent
was purchased form Invitrogen, Inc. (Carlsbad, CA).

Cell lines and cell culture

Immortalized human Barrett esophageal epithelial cell
lines (CP-A and CP-C) were cultured in MEBM (Lonza) me-
dium containing 5% fetal bovine serum and the MEGM sin-
glequots (Lonza) growth factors cocktail. CP-A and CP-C cells
were originally derived from Barrett esophagus premalignant
epithelium with hyperplasia and dysplasia, respectively, and
were transfected with the human telomerase to extend the cell
life span (43). Human esophageal adenocarcinoma cell lines
(BE-3, SK-4, OE-21, and OE-23) were cultured in DMEM/F12
(Invitrogen) medium supplemented with 10% fetal bovine
serum. All cell lines were maintained in a tissue-culture in-
cubator at 37°C in humidified air with 5% CO,. To determine
the effect of CDCA and HNK in Barrett esophageal epithelial
and esophageal adenocarcinoma cells, the cells were incu-
bated with various concentrations of each compound for
various times as indicated, followed by assays of cytotoxicity
(MTT and flow-cytometry analysis) or ROS measurement as
described later.

Assays for cytotoxicity

Cell death was determined with flow cytometry after cells
were double-stained with annexin-V-FITC and propidium
iodide (PI), by using an assay kit from BD PharMingen (San
Diego, CA) as described previously (44). To determine the
drug effect on cell viability and long-term proliferation, we
used the MTT assay by seeding cells in 96-well plates for drug
treatment. After drug incubation for 72 h, cells were then in-
cubated with MTT reagent for 4 h. After removal of the culture
medium, the cells were lysed with DMSO, and optical density
at 570nm was quantified by a plate reader.

Analyses of cellular ROS and mitochondria properties

Cellular H,O, contents were measured by incubating the
control or drug-treated cells (CP-A, CP-C, BE-3, OE-21, -23,
and SK-4 cells) with 3 uM CM-H,DCEF-DA for 30 min, followed
by flow-cytometry analysis with an FACSCalibur equipped
with the CellQuestPro software. Cellular O, was measured
with flow cytometry by using HEt staining (100ng/ml) as
described (44). Mitochondria mass was measured with flow
cytometry by using MitoTracker Green (200ng/ml) and
MitoTracker Red (200ng/ml) as potential-independent and
potential-dependent dye, respectively. Mitochondrial trans-
membrane potential was also quantified with flow-cytometry
analysis by using Rhodamine 123 (100 nM) as fluorescent dye.

Determination of cellular glutathione

A glutathione assay kit (Cayman Chemical Co., Ann Arbor,
MI) was used to measure total cellular glutathione. Cell ex-
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tracts were prepared with sonication and deproteination by
using the conditions recommended by the manufacturer.
Samples were transferred to 96-well plates, and total gluta-
thione was detected by measuring the product of glutathio-
nylated DTNB, which was quantified by optical density at
405nm by using a plate reader. The cellular glutathione con-
tents were calculated by using the standard curve generated
in parallel experiments. Cellular protein concentrations were
determined by BCA assay (Pierce, Rockford, IL) after soni-
cation. The GSH assay-reading results were normalized by
samples of protein concentration.

Determination of cellular ATP

The CellTiter-Glo Luminescent Cell Viability Assay kit
(Promega, Madison, WI) was used to measure cellular ATP
levels. In brief, cells were seeded in 96-well cell-culture plates
overnight and then treated with honokiol for the desired in-
cubation times. The assay reagents were reconstructed and
added to the cell samples in 96-well plates according to the
manufacturer’s protocol. The samples were agitated on a
shaker for 5min to lyse the cells. The lysates were transferred
to clean 96-well plates for determination of luminescent signal
by using a plate reader.

Measurement of cellular respiration activity

Oxygen consumption in intact cells was measured as an
indication of mitochondrial respiration activity. The control or
drug-treated cells were suspended in 1 ml of culture medium
preequilibrated with 21% oxygen and then were placed in a
sealed respiration chamber to monitor oxygen consumption,
by using the Oxytherm system (Hansatech Instrument, Nor-
folk, England), as previously described (44).

Confocal microscopy

Cells were cultured on sterilized glass-slide covers until
they reached 70-80% confluence. Bile acid or honokiol was
added at different time points, and 200nM MTtracker Red
was given 1 h before harvesting. Cells were washed with fresh
warm medium for 5min twice and fixed with 3.7% parafor-
maldehyde in medium at 37°C for 15min. After washing
3 times, cells were stained with 400 ng/ml DAPI in PBS for
5min at room temperature. The slide covers were mounted to
glass slides with Vectashield mounting medium (Vector La-
boratories, Burlingame, CA) to preserve fluorescence. Images
were acquired by using a NIKON Eclipse TE2000 confocal
microscope and analyzed by using the Nikon EZ-C1 software.

Statistical analysis

The statistical significance of the difference between two
sample sets in their cytotoxicity, cellular ATP levels, and mi-
tochondrial mass was evaluated by using Student’s ¢ test. A p
value of <0.05 was considered statistically significant.

Results

Different redox states in malignant and nonmalignant
esophageal epithelial cells and their differential
responses to ROS stress induced by bile acid exposure

It has been known for some time that bile acids can cause
ROS generation and oxidative stress to esophageal epithelial
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cells because of bile reflux (17, 50). However, it is not clear
how the transformed esophageal epithelial cells could sustain
the repeated oxidative stress induced by bile acids and
eventually proliferate and emerge as tumors. To investigate
the possible underlying mechanisms, we first compared the
basal cellular ROS contents in two malignant esophageal
adenocarcinoma cell lines (BE-3 and SK-4) and two nonma-
lignant esophageal epithelial lines (CP-A, CP-C), and then
tested their responses to treatment with primary bile acid
CDCA. As shown in Fig. 1A, the basal superoxide (O,")
contents of all four cell lines were similar, as revealed by flow-
cytometry analysis with hydroethidine (HEt) as a chemical
probe for O, . Exposure of the cells to CDCA did not cause
any significant change in cellular O, ™. In contrast, the cellular
contents of hydrogen peroxide (H,O,), as measured by CM-
DCFDA, were heterogeneous among the cell lines (Fig. 1A).
Exposure of the cells to CDCA for 30 min caused a significant
increase of H;O, in each cell line (approximately 10-fold in-
crease; Fig 1A). This rapid increase of ROS suggests that
induction of H,O, accumulation was an early biochemical
event triggered by CDCA. Despite this similar increase in bile
acid-induced ROS generation, all esophageal carcinoma cells
(BE-3, OE-23, SK-4) were resistant to bile acid-induced cell
death, with only ~20% cell death even at a high concentration
(200 uM) of CDCA. In contrast, the nontumorigenic esopha-
geal epithelial cells (CP-A and CP-C) were much more sen-
sitive to the oxidative damage, with >90% cell death when
CP-A cells were exposed to 50 uM CDCA for 72h (Fig. 1B).
The cytotoxic effect of CDCD was confirmed by using flow-
cytometry analysis after the cells were double-stained with
annexin-V/PI (data not shown). Interestingly, CP-C cells,
which were originally derived from high-grade dysplasia
Barrett esophagus, were less sensitive than CP-A cells to
CDCA treatment. It appeared that the extent of CDCA-
induced cell death was inversely correlated with the degree of
malignancy.

Consistent with these observations, CDCA exerted a sig-
nificant inhibitory effect on cellular respiration in CP-A cells,
evidenced by a substantial decrease in oxygen consumption
(Fig. 1C). Incubation of CP-A cells with 100 uM CDCA for 3
and 6 h led to a decrease of the oxygen-consumption rate by 38
and 82%, respectively. In contrast, the same bile acid caused a
minimal change (10% decrease) in respiration in the carci-
noma cells (SK-4 and BE-3 lines) even at a higher CDCA
concentration (200 uM) (Fig. 1D).

To examine the biochemical basis responsible for the cancer
cell resistance to ROS stress induced by bile acid, we used
Western blot and biochemical assays to determine the ex-
pression of major antioxidant molecules and cellular gluta-
thione levels in the esophageal carcinoma cells in comparison
with nonmalignant CP-A and CP-C cells. As shown in Fig. 24,
among the major antioxidant molecules, the protein expres-
sion of superoxide dismutase-2 (SOD2 or MnSOD) and
thioredoxin-2 (Trx-2) was elevated substantially in all three
esophageal carcinoma cell lines; a moderate increase of cata-
lase and Trx-1 also was noted. Strikingly, the cellular gluta-
thione levels increased by 400% in all cancer cell lines (1 =3;
p < 0.05). This increase in expression of antioxidant molecules
and glutathione levels likely played an important role in the
cancer cell resistance to ROS stress induced by CDCA. Be-
cause both MnSOD and Trx-2 are mitochondria-specific an-
tioxidant molecules, we compared the mitochondrial mass
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FIG.1. Malignant and nonmalignant esophageal epithelial cells exhibited significant difference in their redox states and

responses to ROS stress induced by bile acid. (A) The nonmalignant (CP-A, CP-C) and malignant BE-3, SK-4) esophageal
cells showed various levels of basal cellular H,O, contents, which increased dramatically on exposure to bile acid CDCA
(100 uM, 30 min). Cellular O, levels were not significantly affected by the CDCA under the same conditions. (B) Comparison
of cytotoxic effect of CDCA in nonmalignant and malignant esophageal cells. Cytotoxicity was measured by MTT assay (72 h;
n=3). Bars indicate SD. (C) Effect of CDCA on mitochondrial respiration in CP-A cells, measured by oxygen consumption.
(D) Comparison of CDCA effect on oxygen consumption in nonmalignant (CP-A) and malignant esophageal cells (BE-3, SK-
4). Cells were incubated with 100 uM for 3-6h as indicated. Data are expressed as the mean 4SEM of three independent

experiments.

and the expression of several other important mitochondrial
molecules in malignant and nonmalignant esophageal epi-
thelial cells. As shown in Fig. 2C, the cancer cells contain
significantly more mitochondrial mass than did the nonma-
lignant cells. The expression of cyclophilin D (CypD), ANT,
hexokinase II (HXK II), and HSP60 proteins also increased in
the cancer cells (Fig. 2D). Because CypD, ANT, and HXK Il are
involved in the mitochondrial permeability transition pore
during apoptosis, the increase of these components might
affect the apoptotic response.

Selective cytotoxic effect of honokiol against
esophageal adenocarcinoma cells

The differences between malignant and nonmaligant
esophageal epithelial cells in their redox states and response
to bile acid exposure prompted us to seek compounds that

might preferentially affect the cancer cells with low toxicity to
nonmalignant cells. A natural product, honokiol (HNK), ex-
hibited promising activity. As shown in Fig. 3A, when HNK
(10 ug/ml) was added to the CP-A, BE-3, and SK-4 cell culture
and incubated for 12 or 24 h, a massive death of the cancer
cells occurred, whereas minimal cell death was detected in the
nonmalignant cells with flow-cytometry analysis. For in-
stance, 10 ug/ml HNK induced <10% cell death in CP-A
(nonmalignant) cells during a 24-h incubation, whereas under
the same drug-incubation conditions, 79 and 83% cell deaths
were found in the malignant BE-3 and SK-4 cells, respectively.
This preferential cytotoxic activity of HNK against esophageal
cancer cells was further confirmed by using a different assay
(MTT) method (Fig. 3B). Interestingly, although MnSOD and
Trx-2 were highly expressed in the esophageal carcinoma
cells (Fig. 2B), the expression levels of these proteins did
not change after treatment with HNK (data not shown).
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FIG. 2. Comparison of antioxidant expression, mitochondrial mass, and relevant molecules in nonmalignant and ma-
lignant esophageal cell lines. (A) Western-blot analysis of the indicated major antioxidant molecules in two nonmalignant
(CP-A, CP-C) and three malignant esophageal cell lines (BE-3, SK-4, OE-23). f-Actin also was blotted as the loading control.
The numbers under the blots indicate the densitometry mean=+SD (n=3). (B) Comparison of the cellular GSH levels in
nonmalignant and malignant esophageal cell lines. Data are expressed as the mean 4+ SEM of three independent experiments.
*p < 0.05, comparing nonmalignant and malignant cells. (C) Western-blot analysis of several mitochondrial proteins relevant to
MPTP in nonmalignant and malignant esophageal cell lines. The numbers under the blots indicate the values of densitometry
quantitation (mean + SD, n = 3). (D) Comparison of mitochondria mass in nonmalignant to malignant cells, measured with
flow-cytometry analysis by using MitoTracker green as a fluorescent probe. Data are expressed as the mean & SEM of three
independent experiments. *p < 0.05 comparing nonmalignant and malignant cells.
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FIG. 3. Preferential killing of malignant esophageal carcinoma cells by the natural compound honokiol. (A) Annexin-PI
cytotoxicity assay of cytotoxic effect in HNK in CP-A, BE-3, and SK-4 cells. (B) Comparison of HNK effect on nonmalignant
and malignant esophageal epithelial cells. MTT assay was used to measure cytotoxic effect (72-h drug incubation). (C)
Differential effect of HNK on cellular ATP in nonmalignant (CP-A) and malignant esophageal epithelial cells (BE-3, SK-4).
Cellular ATP was measured in triplicate as described in Methods. *p < 0.01 comparing nonmalignant and malignant cells.

MTT assay revealed that the high-grade dysplasia Barrett cells
(CP-C cells) were highly sensitive to HNK.

ATP analysis showed that HNK induced a rapid depletion
of cellular ATP in the cancer cells, whereas the ATP decrease
in CP-A cells was only modest (Fig. 3C). For instance, incu-
bation with 20 ug/ml HNK for 12h caused a dramatic de-
crease of ATP to 40 and 22% in BE-3 and SK-4 cells,
respectively. The same drug incubation caused a decrease of
ATP to only 81% of the control in CP-A cells.

HNK killed esophageal cancer cells by disrupting
the CsA-sensitive MPTP, leading to the collapse
of mitochondria

To investigate the mechanism by which HNK killed
esophageal cancer cells, we first examined the effect of this
compound on the integrity of mitochondria and its impact on
the cellular redox state. As shown in Fig. 4A, incubation of
BE-3 and SK-4 esophageal cancer cells with HNK (20 pug/ml,
12h) caused a substantial decrease of mitochondrial trans-
membrane potential, as revealed by staining of the cells with
a potential-sensitive dye MitoTracker Red and analyzed with
the confocal-microscopy technique. The same HNK incuba-
tion conditions did not cause a significant change in the
nonmalignant CP-A cells, consistent with the selective activity
of this compound. The differential effect of HNK on mito-
chondrial transmembrane potential was further confirmed
with flow cytometry analysis, by using rhodamine-123 as
another transmembrane potential-sensitive dye (Fig. 4B). In-
terestingly, the ability of HNK to induce collapse of trans-

membrane potential could be largely prevented by a 2-h
pretreatment with 5 uM cyclosporin A (CsA; Fig. 4B). Because
CsA is a compound that specifically interacts with the MPTP
component cyclophilin D and affects the pore permeability,
these data suggest a possibility that cyclophilin D may be a
target of HNK. The decrease in transmembrane potential in-
duced by HNK was associated with a significant suppression
of mitochondrial respiration, as evidenced by a substantial
reduction of cellular oxygen consumption (Fig. 4C).

Because the mitochondrial respiratory chain is the major
site of ROS generation and HNK exhibited a major impact on
mitochondrial transmembrane potential and respiration, we
then evaluated the effect of this compound on ROS generation
in two esophageal cancer cell lines in the presence and absence
of CsA. As illustrated in Fig. 4D, incubation with HNK caused
a more than 20-fold increase of ROS (H,O5) generation in both
cancer cell lines (BE-3 and SK-4). This ROS increase could be
partially oversuppressed by pretreatment with 5uM CsA,
suggesting that the increase of ROS generation might be a
consequence of HNK-induced collapse of mitochondrial po-
tential, leading to respiratory dysfunction and electron leak-
age from the respiratory chain.

Cyclophilin D played a key role in mediating
the cytotoxic action of HNK

Because HNK caused a dramatic increase of ROS, which can
be prevented by the cyclophilin D-targeted agent CsA, we
further evaluated the role of ROS generation and the signifi-
cance of cyclophilin D in mediating cytotoxic action of HNK in


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2008.2321&iName=master.img-002.jpg&w=491&h=261

A Control HNK 12 h B CP-A BE-3 Sk-4

£ L
S . I 2
i m' 0 10* 10 T s e N ) 102 10° 104

=
(> I 2
- .
X '.';.' - 4
S -

I 'y ¥

1 ln‘ 0! 108 10 0 1! 102 108 10t .IscP 10! 12 10° 10t
. B thodamine - thodamine

" 10‘ 0 100 100 w0 1 o 10 1t 0 ol 10? 10* 10

a ..
B ..

CsA+HNK

Mitochondrial transmembrane

potential
C D CP-A BE-3 SK-4
B
T —BE3HKEh O - 14
5 200 —eEESHeiZh *mmf; @mw':.npe:,; e e Fes
£ o o
'5 1w s: - ’*;'1
z Y
i - !.-A-— Ll
g uﬁ 10‘ 103 103 1 ,nn o' 102 100 10 !%odglwl?ozmlgfmw:
o w elular Hydrogen Peroxide :
S :
° A . .
0 5 10 15 ﬁ, % il
Time (minutes) © Ll |
elular Hydrogen Peroxide

“ TS o ol g0 w0t w0 100 10 102 10 rot
10 10! 102 10° 10 el % .

Cellular hydrogen
peroxide

FIG. 4. Effect of HNK on mitochondrial transmembrane potential, respiration, and ROS generation in nonmalignant
and malignant esophageal cell lines. (A) Esophageal cells were treated with 20 ug/ml HNK for 12h and then stained with
200ng/ml MT tracker Red for 30 min. After fixation, cell images were acquired by using confocal microscopy. (B) Quanti-
tative comparison of mitochondrial transmembrane potential in CP-A, EB-3, and SK-4 cells treated with 20 ug/ml HNK in the
presence or absence of 5uM cyclosporin A (CsA). (C) Time-dependent inhibition of mitochondrial respiration by HNK in
malignant esophageal BE-3 cells. Oxygen consumption was measured as an indicator of respiration, as described in Methods.
(D) Differential effect of HNK and CsA on cellular ROS in nonmalignant and malignant esophageal epithelial cells. Cellular
ROS contents were measured with flow-cytometry analysis by using CM-H,DCF-DA as a fluorescent dye.
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A

FIG. 6. Attenuation of HNK-induced cy-
totoxicity by siRNA knockdown of cyclo-
philin D (CypD). (A) Western-blot analysis
of CypD protein expression in BE-3 cells
transfected with siRNA against CypD or
scrambled RNA. f-Actin also was blotted as

235£12, 248410, 33#4,

2943

5245, 5416, 49:4, 5045

Control HNK 12 h

the protein-loading control. The numbers “
under the blots indicate the values of densi-
tometry quantitation (mean=+SD, n=3). (B)
Attenuation of HNK cytotoxicity by suppres-
sion of CypD expression with siRNA. BE-3
cellsweretransfected with either control scram-
bled RNA or siRNA against CypD for 24h
and then incubated with 20 ug/ml HNK for
another 12 h. Cytotoxicity was measured with
flow-cytometry analysis by using annexin-PI
double staining. The overall death cells (ap-
optosis + necrosis) were 8.7%, 72.6%, 17.7%,
and 75.9% for the control, HNK-treated,
HNK + CypDsiRNA, and HNK + scrambled

107

annexin-V

Scrambled RNA + HNK

10° 10

10’

RNA samples, respectively.

annexin-\

esophageal adenocarcinoma cells. As expected, treatment with
20 ug/ml HNK resulted in a massive death of cancer cells in all
three esophageal cancer lines (BE-3, OE-23, and SK-4 cells), and
pretreatment of cells with 5 uM CsA for 2 h largely suppressed
HNK-induced cell death (Fig. 5). Interestingly, addition of
antioxidants NAC (1 mM) or catalase (1,000 unit/ml) did not
have a significant effect on HNK-induced cell death (Fig. 5),
although cellular H,O, was reduced by the antioxidants (data
not shown). These data suggest that the observed increase in
ROS generation was not a critical event for HNK-induced cell
death and might be merely an indication of HNK-induced
mitochondrial dysfunction. The loss of mitochondrial mem-
brane integrity itself might be sufficient to trigger cell death.
Furthermore, preincubation of cells with bongkrekic acid, an
inhibitor of adenosine nucleotide translocase (ANT, also a
component of MPTP), did not prevent HNK-induced cell death
(Fig. 5). These data together suggest that cyclophilin D is likely
a key target that mediated HNK cytotoxic action.

To test further the critical role of cyclophilin D, we used
siRNA technique to suppress the expression of this molecule
and then evaluated its effect of HNK cytotoxicity. Figure 6A
shows that transfection of BE-3 cells with siRNA led to a sig-

nificant reduction of cyclophilin D protein levels, whereas the
scrambled RNA did not alter CypD expression. Importantly,
the partial knockdown of CypD expression by siRNA resulted
in a partial suppression of HNK-induced cell death, further
confirming the important role of this molecule in mediating
the cytotoxic action of HNK.

Discussion

The development of Barrett esophagus (BE) and its pro-
gression to esophageal adenocarcinoma (EAC) represent a
unique carcinogenesis process in which alterations in tissue
microenvironment, due in part to gastroesophageal reflux and
chronic inflammation, interacts with cellular genetic compo-
nents and signaling pathways leading to cancer (34). Bile acids
are believed to play an important role in the transformation of
BE to EAC, owing to their ability to cause tissue inflammation
and generation of ROS (26, 29), which can, in turn, cause ox-
idative damage to DNA, leading to genetic mutations (12, 41).
However, high levels of oxidative stress or prolonged expo-
sure to ROS may also cause cell death, which would suppress
the emergence of cancer cells. Thus, for the cancer cells to
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survive in the microenvironment with ROS stress in the reflux
esophagus, the transformed cells must be equipped with
mechanisms to counteract the cytotoxic effect of ROS effec-
tively. All esophageal carcinoma cells tested in this study
showed a significant increase in antioxidant capacity, which
included an increased expression of MnSOD, Trx-2, and cat-
alase. The total cellular glutathione levels were also substan-
tially increased in these cancer cells (Fig. 2). This may explain
why the basal hydrogen peroxide levels were lower in the
cancer cells compared with those in the CP-A cells (Fig. 1A),
and why the cancer cells were resistant to bile acid-induced
cell death (Fig. 1B). The mechanisms by which the malignant
esophageal cells acquired high antioxidant capacity remain to
be investigated. Adaptation to prolonged or repeated ROS
stress and selection by the oxidative tissue environment are
possible mechanisms. It is likely that the increase of MnSOD
protein expression and high GSH levels in esophageal cancer
cells were due to the adaptive response to intrinsic ROS stress
in the cancer cells with high basal ROS output due to active
metabolism and possibly mitochondrial dysfunction. The
overexpression of antioxidant molecules in turn reduces the
overall ROS levels. In contrast, the nonmalignant CP-A cells
exhibited low levels of SOD and GSH.

Among the increased antioxidant molecules, MnSOD and
Trx-2 are localized mainly within the mitochondria, whereas
glutathione and catalase can be found both in mitochondria
and in cytosol. The substantial increase of MnSOD and Trx-2
observed in all esophageal cancer cells tested suggests that a
prompt elimination of ROS in the mitochondria might be
critical for cell survival. Mitochondria contain several im-
portant apoptotic molecules, including cytochrome c, AIF,
and SMAC/DIABLO, which would trigger cell death once
they are released from the mitochondria to cytosol. The oxi-
dation of mitochondrial membranes by ROS would cause the
loss of membrane integrity and leakage of these apoptotic
factors. Thus, it is not surprising that the cancer cells that have
survived oxidative stress possess high levels of antioxidant
molecules in the mitochondria.

It is known that a high level of ROS can inhibit mitochon-
drial respiration because certain electron-transport chain
components are sensitive to ROS damage (11, 47). Our study
showed that the primary bile acid CDCA caused a substantial
increase in H,O, in both malignant and nonmalignant
esophageal epithelial cells, and yet caused only suppression of
mitochondrial respiration and cell death in the nonmalignant
cells but not in the malignant cells. These results support the
idea that oxidative damage to the mitochondria may play a
critical role in CDCA-induced cell death. Because the malig-
nant cells (BE-3, SK-4, OE-23) all express high levels of mito-
chondrial antioxidants, the increased ROS generation induced
by CDCA in the cytosol and near the plasma membranes may
not have significant impact on mitochondria in these cells. In
contrast, high levels of ROS induced by CDCA in nonmalig-
nant cells (CP-A) caused a significant inhibition of mito-
chondrial respiration which led to cell death (Fig. 1C). Of
note, bile acids are known to induce ROS generation through
stimulation of the NAD(P)H oxidase (NOX) enzyme complex
(20, 49, 50), which are mainly localized to the cell membranes
and cytosol. These observations together are consistent with
the important role of mitochondrial antioxidants in mediating
resistance to CDCA in esophageal cancer cells. Superoxide is
the major form of ROS produced during the mitochon-
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drial electron transport and is also a major product of
NADPH oxidase (NOX). We mainly observed a significant
increase in HyO, but not superoxide in cells treated with
CDCA, probably because of the powerful action of CuZnSOD
and MnSOD, which effectively convert superoxide to H,O,.
Thus, the final dynamic result would be an accumulation of
Hzoz.

It is interesting to note that although CP-A and CP-C cells
showed similar low levels of GSH, CP-C cells were more re-
sistant to CDCA toxicity. It is unclear why CP-C cells were less
sensitive to the bile acid. One possible mechanism would be
the high expression of the anti-apoptotic molecules HXKII
and ANT, which might provide a protective effect to CP-C
cells. It should be noted, however, that CP-C cells were still
more sensitive to CDCA when compared with all three
esophageal cancer lines (Fig. 1B), which all exhibited high
GSH levels (Fig. 2B). Thus, GSH is likely to play an important
role in protecting cells from the toxic effect of bile acids.

In contrast to the effect of CDCA in causing oxidative
damage mainly in nonmalignant cells but not in esophageal
cancer cells, the natural product HNK preferentially killed the
malignant cells (Fig. 3). HNK is a biphenolic compound found
in the cones, bark, and leaves of Magnolia grandifloris, which has
been used in the traditional oriental medicine as an anxiolytic,
antithrombotic, antidepressant, and antiemetic agent (16, 21,
48). Recently, HNK was reported to have antitumorigenic ac-
tivities with undefined mechanisms of action (4, 25, 37).

Our study suggests that the mechanism by which HNK
exerts its cytotoxic effect on esophageal cancer cells appeared
not directly through ROS-mediated damage, but likely
through activating the mitochondrial permeability transition
pore, leading to mitochondrial dysfunction and cell death.

Several lines of evidence support this conclusion. First,
pretreatment of cells with antioxidants led to a decrease in
cellular ROS but did not prevent HNK-induced cell death
(Fig. 5), suggesting ROS may not play a critical role in HNK
cytotoxicity. Second, incubation of esophageal cancer cells
with HNK resulted in a substantial decrease of mitochondrial
transmembrane potential, an inhibition of mitochondrial
respiration, and a rapid depletion of cellular ATP (Figs. 3 and
4). These mitochondrial alterations and cell death can be
prevented by pre-incubation with CsA, a compound that
binds to cyclophilin D and prevents the opening of the mi-
tochondrial permeability transition pore (5, 38, 39). The third
evidence supporting the critical role of CypD in mediating the
cytotoxic action of HNK was the observation that a partial
knockdown of CypD expression of CypD by siRNA partially
abrogated the cytotoxicity of HNK (Fig. 6). These data are
consistent with the observations by others (33, 35).

A recent study suggests that HNK may function as a potent
scavenger of superoxide and peroxyl radicals both in a