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Abstract. Background/Aim: We previously showed that
oxaliplatin induces necrotic-like cell death in hepato-
carcinomas, and combination with ursodexoycholic acid
(UDCA) significantly shifts the necrotic-like death to
apoptosis. Since cell death mode is crucial on inflammatory
responses and chemotherapeutic efficacy, the mechanism
underlying determination of cell death mode by UDCA was
investigated in this study. Materials and Methods: Apoptosis
or necrosis was determined by apoptotic body formation,
caspase-8 activity, LDH release and PI inclusion. The
involvement of lipid rafts and death receptors was examined
by rafts fractionation, confocal microscopy and gene
silencing assays. Results: UDCA combination enhanced
recruitment of death receptors and adaptors into cholesterol-
enriched lipid rafts, and induced a stronger raft clustering.
Lipid raft disruption decreased the UDCA/oxaliplatin-
mediated apoptosis and increased necrotic-like death.
Conclusion: UDCA promotes lipid raft localization of
multiple death receptors, thereby contributing to a shift of cell
death mode from oxaliplatin-induced necrotic death to
apoptosis in HepG?2 cells.

Cancer cells respond to chemotherapy by undergoing
apoptosis or necrosis. Cells that are dead by necrosis lose
the integrity of the plasma membrane, leading to the
dispersal of their cytoplasmic contents (i.e., high mobility
group box 1) into the extracellular space, ultimately
resulting in inflammatory responses in the physiological
environment (1-3).
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Unlike necrosis, apoptotic cells are compacted into
membrane-wrapped apoptotic bodies and are removed by
phagocytes, so that the intracellular inflammation-inducing
substances are not released to the outside and do not cause
a serious inflammatory response. Acute inflammation by
some microbes has been reported to contribute to treatment
of bladder cancer, whereas certain types of chronic
inflammation were shown to promote tumorigenesis and
progression. Therefore, the cell death mode is closely related
to inflammatory response and may affect the outcome of
cancer treatment (4, 5).

Apoptosis is mainly controlled by two different signaling
pathways: the cell surface death receptor-mediated extrinsic
pathway involving caspase-8 activation and the
mitochondria-associated intrinsic pathway inducing caspase-
9 activation. Upon activation of the death receptor, a death-
inducing signaling complex (DISC) containing the Fas-
associated death domains (FADD) and the initiator caspase-
8 is formed, resulting in activation of caspase-8 and
subsequently downstream of caspase-3 (6-8). Several death
receptors belonging to the tumor necrosis factor (TNF)
receptor superfamily, including CD95/Fas and TNF-related
apoptosis-inducing ligand receptors (TRAILR/DR), have
been implicated in the induction of apoptotic cell death (9).
Recently, several common points of apoptotic and necrotic
pathways by TNFR have been found, and the regulation at
this point can switch from apoptosis to necrosis and vice
versa (10, 11).

The plasma membrane is a highly dynamic cellular
structure through which various signaling events are
actively regulated. Alterations in membrane events, such as
membrane fluidity or lipid raft formation, appear to be
closely associated with cellular susceptibility to apoptosis
(12, 13). Furthermore, chemotherapeutic drugs have been
shown to induce cell membrane fluidity and the formation
of large lipid rafts (14-16). The lipid rafts are cholesterol-
enriched and tightly ordered microdomains of the plasma
membrane, and when they are connected to form larger
rafts, they contribute to the amplification of the membrane
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receptor-mediated signaling pathway (17). Therefore, the
cell membrane appears to be an important structure for
regulating various cell signaling pathways including cell
death.

Previously, we observed that oxaliplatin, a platinum-based
chemotherapeutic drug having anti-tumor efficacy in
advanced cancers, induces mainly necrosis in
hepatocarcinoma cells, whereas it mainly triggers apoptotic
death in colon cancer cells (18). Ursodeoxycholic acid
(UDCA), a hydrophilic bile acid, is widely used for the
treatment of cholestatic liver diseases based on its cyto-
protective and immunomodulatory activities (19, 20). It has
also been shown to suppress carcinogenesis in several pre-
malignant conditions in the liver and colon (21, 22). We
observed that UDCA switches oxaliplatin-induced necrotic
cell death to apoptotic death in HepG2 cells by enhancing
caspase-8 activity (18). Recently, it was shown that UDCA
is incorporated into the plasma membrane of hepatocytes in
a similar way to cholesterol, and plays a role as a membrane
stabilizer thereby protecting cells from oxidative stress.
Though alteration of membrane events is one of crucial
factors of cell death control, its effect on the cell death mode
is still unknown. Herein, we showed that the events of lipid
raft formation in cell membrane are related to cell death
mode determination.

Materials and Methods

Cell culture and drug treatment. A human hepatocarcinoma HepG2
cell line was grown in RPMI 1640 medium (Invitrogen, Carlsbad,
CA, USA) supplemented with 10% (v/v) fetal bovine serum (FBS;
Invitrogen) and 1% penicillin-streptomycin (Welgene, Seoul,
Republic of Korea) in a 37°C humidified incubator in an atmosphere
of 5% CO,. Drug treatment of cells was performed by adding 50-
100 uM oxaliplatin (L-OHP; Boryung Pharmaceutical, Seoul,
Republic of Korea) with or without 100 uM UDCA (ICN
Biomedicals, Irvine, CA, USA). Unless specified otherwise, drugs
were purchased from Calbiochem (San Diego, CA, USA)

Apoptotic measurement by Hoechst 33342 (HO)/propidium iodide
(PI) double staining. Treated cells were incubated with a HO
(Invitrogen, 1 pug/ml)/PI (5 pg/ml) mixture at 37°C for 15 min in
the dark. Then, both floating and attached cells were collected. The
pooled cell pellets were washed with ice-cold phosphoate-buffered
saline (PBS), fixed in 3.7% formaldehyde on ice, washed again with
PBS, resuspended and a fraction of the suspension was centrifuged
in a cytospinner. The slides were air dried, mounted and observed
under a DM5000 fluorescence microscope (Leica, Jena, Germany),
as described elsewhere (18). Morphological assessments of
apoptosis and necrosis were performed; intact blue nuclei,
condensed/fragmented blue nuclei, condensed/fragmented pink
nuclei and intact pink nuclei were considered viable, early
apoptotic, late apoptotic (secondary necrotic) and necrotic cells,
respectively. A total of 500 cells from randomly chosen fields were
counted, and the number of apoptotic cells was expressed as a
percentage of the total number of cells counted.
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Lactate dehydrogenase (LDH) release and 3-(4, 5-dimethylthiazol-
2-yl)-2, 5-diphenyltetrazolium bromide (MTT) viability assay. LDH
release was quantified using the LDH cytotoxicity assay kit II
(BioVision, Mountain View, CA, USA) according to the
manufacturer’s protocol (18). The percentage of specific LDH
release was calculated by the following formula:

% cytotoxicity=[(experimental LDH release) —
(spontaneous LDH release by effector and target)/
(maximum LDH release) — (spontaneous LDH release)] x100

For the MTT assay, cells were incubated with MTT solution (0.5 mg/ml)
and solubilized using dimethylsulfoxide, and the solubilized formazan
product was quantified at an absorbance of 595 nm as described
elsewhere (18).

Immunoblotting. Equal amounts of protein were electrophoretically
separated using 10~12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to a nitrocellulose
membrane using a standard technique. Antibodies were used to
probe for full-size caspase-8, cleaved caspase-3 (Cell Signaling
Technology, Danvers, MA, USA), poly (ADP-ribose) polymerase
(PARP), Fas, FADD, RIP1, caveolin-1 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), DR4, and DR5 (ProSci, Poway, CA, USA).
Anti-a-tubulin (BioGenex, San Ramon, CA) was used as a loading
control. Signals were acquired using an Image Station 4000MM
image analyzer (Kodak, Rochester, NY, USA).

Caspase-8 activity assay. Caspase-8 activity assay was carried out using
a FADD-like IL-1[3-converting enzyme (FLICE) colorimetric assay kit
(BioVision, Milpitas, CA, USA), according to the manufacturer’s
protocol. Briefly, 200 ug of protein lysates in a 50-ul volume was
mixed with a reaction buffer, mixed with IETD-pNA substrate,
incubated for 90 min, and the absorbance at 405 nm measured. A fold
increase in FLICE activity was determined by comparing the results of
the treated samples with the level of the untreated control.

Real-time RT-PCR. Real-time PCR was performed with the Light
Cycler 2.0 (Roche, Basel, Switzerland) using a Fast Start DNA
Master SYBR Green 1 Kit (Roche). For verification of the correct
amplification product, PCR products were analyzed on 2% agarose
gel stained with ethidium bromide. The sequences of the primers
were as follows: for -actin; 5’-GACTATGACTTAGTTGCGTTA-
3’ and 5’-GCCTTCATACATCTCAAGTTG-3" for CD95/Fas; 5°-
TGGCACGGAACACACCCTGAGG-3’ and 5’-GAGGGTCCAGA
TGCCCAGCATG-3’, for TRAILR-1/DR4; 5’-ATGGCGCCAC
CACCAGCTAGAG-3’ and 5’-CCCGCCTCGTGGTTCAATCCTC-
3’, for TRAILR-2/DR5; 5’-GCCTCATGGACAATGAGATAA
AGGTGGCT-3’ and 5’-CCAAATCTCAAAGTACGCACAAAC
GG-3’, for TRAILR-3/DcR1; 5’ -AGGATCTCATAGATCAGAA
CATACT-3" and 5’-ACACTGTGTCTCTGGTCA-3’, for TRAILR-
4/DcR2; 5-CGGAGGAGACAGTGACC-3’ and 5’-CCTGAGC
AGATGCCTTTGA-3’. A melting curve analysis was performed to
confirm production of a single product. Negative controls without
a template were produced for each run. Data were analyzed using
Light Cycler software version 4.0 (Roche).

RNA interference (RNAi). For the RNAi experiment, siRNA of
TRAILR-1/DR4, 5’-CUGGAAAGUUCAUCUACUU(dtdt)-3’ (sense)
and 5 -AAGUAGAUGAACUUUCCAG(dtdt)-3° (anti-sense),
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Figure 1. Multiple death receptors are involved in UDCA/oxaliplatin-induced apoptosis in HepG2 cells. (A-C) HepG2 cells transiently transfected
with siRNA for CD95/Fas, TRAILR-1/DR4, TRAILR-2/DR5, Fas L, TRAIL, or scrambled RNA (si Ctrl) were exposed to vehicle, 50 uM oxaliplatin
or 100 uM UDCA plus 50 uM oxaliplatin for 24 h. Apoptotic bodies were visualized by Hoechst33342 staining and scored (A) or photographed
(B) under a fluorescence microscope, or caspase-8 activity was measured using IETD-pNA substrate (C). **p<0.01. (D-F) Cells transfected with
scrambled siRNA and siRNA for CD95/Fas (D), TRAILR-1/DR4 (E), and TRAILR-2/DRS5 (F) were treated with 50 uM oxaliplatin or 100 uM
UDCA/50 uM oxaliplatin for 24 h and analyzed by immunoblotting to detect cleaved caspase-3, PARP, CD95/Fas, TRAILR-1/DR4, and TRAILR-

2/DR5. a-Tubulin was used as a loading control.

TRAILR-2/DRS, 5’-CAGACUUGGUGCCCUUUG(dtdt)-3’ (sense)
and 5’-UCAAAGGGCACCAAGUCUG(dtdt)-3>  (anti-sense),
CD95/Fas, 5’-GAGAGUAUUACUAGAGCUU(dtdt)-3” (sense) and
5’-AAGCUCUAGUAAUACUCUC(dtdt)-3*  (anti-sense), and
TRAIL, 5’-CUCCUUGUAAAGACUGUAG(dtdt)-3’ (sense) and 5°-
CUACAGUCUUUACAAGGAG(dtdt)-3’ (anti-sense), and FasL, 5’-
CUCAGACGUUUUUCGGCUU(dtdt)-3" (sense) and 5°-AAGC
CGAAAAACGUCUGAG(dtdt)-3’ (anti-sense), 5°-control siRNA, 5°-
CCUACGCCACCAAUUUCGU(dtdt)-3" (sense) and 5’-ACGAA
AUUGGUGGCGUAGG (dtdt)-3’ (anti-sense) were purchased from
Bioneer (Daejeon, Republic of Korea). Cells were cultured on 6-well
cell culture plates (at a density of 2x105 cells per well) and

transfected with a mixture of 100 ng of siRNA and 4 pl of
INTERFERiIn™ reagent (Polyplus-Transfection, Illkirch, France).
Cells were grown for 24 h prior to treatment.™

Lipid raft fractionation. Lipid rafts were isolated by sucrose density-
gradient centrifugation. A total of 108 cells were lysed for 30 min
in 1 ml of lysis buffer (1% Brij35 in HEPES buffer; 25 mM
HEPES, 1 mM EDTA, and 150 mM NaCl, pH 6.5) supplemented
with a protease inhibitor cocktail and then homogenized with a glass
Dounce homogenizer. The homogenates were mixed with 1 ml of
80% sucrose in a HEPES buffer and placed at the bottom of a
centrifuge tube. The samples were then overlaid with 6.5 ml of 30%
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Figure 2. Expression of CD95/Fas, TRAILR-1/DR4, and TRAILR-2/DR5 was not altered in the presence of UDCA. HepG2 cells were exposed to 50
uM oxaliplatin in the presence or absence of 100 uM UDCA for the indicated times, and the mRNA levels of death receptor were analyzed by real-
time PCR (A-C). Protein levels of CD95/Fas, TRAILR-1/DR4 and TRAILR-2/DR5 were analyzed by immunoblotting at 24 and 48 h after oxaliplatin

treatment (D).

sucrose and 3 ml of 5% sucrose and centrifuged at 188,000 x g for
18 h at 4°C. Fractions (1 ml) were collected from the bottom to the
top of the gradient and precipitated, and the distribution of the
various proteins was assessed by immunoblotting. The total protein
in each fraction was determined using a Bio-Rad Protein Assay Kit,
and total cholesterol was determined using a total cholesterol assay
kit (Wako Diagnostics, Richmond, VI, USA).

Confocal microscopy. Cells grown on cover slips were treated, fixed
with 1.5% paraformaldehyde for 10 min at —20°C, and then blocked
with 5% bovine serum albumin/phosphate buffered saline for 1 h at
room temperature. The cells were then incubated with anti-DR5
antibody and reacted with a rhodamine-conjugated secondary
antibody, followed by further incubation with 10 pg/ml of
fluorescein isothiocyanate-labeled cholera toxin B (FITC-CTxB)
and 1 pg/ml of HO for 30 min. Cellular localization of both anti-
DR5 and rafts was observed under a FV1000 laser-scanning
confocal microscope at x600 magnification (Olympus). FITC and
rhodamine were excited at 488 nm with an argon laser, and the
evoked emission was filtered with a 515 nm (FITC) or 515-605 nm
(rthodamine) band-pass filter. HO was excited at 405 nm with a
diode laser, and emission was filtered at 400-450 nm.
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Statistical analysis. Data are expressed as mean+S.E. of the
averaged values obtained from each experiment. All data represent
the results of at least 3 independent experiments. Statistical
significance was determined by a Student’s t-test and one-way
ANOVA. A p-value of <0.05 was considered statistically significant.

Results

Multiple death receptors are involved in UDCA/oxaliplatin-
induced apoptosis. Previously, we showed that 24-h exposure
of 50 uM oxaliplatin induces mainly necrosis (32.8+4.7%)
and, to a lesser extent, apoptosis (11.2+5.4%) in HepG2 cells
whereas the combination of UDCA with oxaliplatin shifts the
cell death mode from necrosis to apoptosis by elevating the
caspase-8 activity (23). In this study, we sought to
understand the mechanism underlying cell death mode
control by UDCA combination in oxaliplatin-induced cell
death. Since caspase-8 is the main initiator protease activated
by the extrinsic death receptor pathway, we first investigated
whether this event is associated with activation of the death
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Figure 3. UDCA/oxaliplatin-induced apoptotic signals are transmitted through FADD and and RIP1. Cells transfected with scrambled siRNA, FADD
siRNA and RIP1 siRNA were exposed to 50 uM oxaliplatin or 100 uM UDCA/50 uM oxaliplatin for 24 h, and analyzed for caspase-8 activity assays
(A), immunoblotting using antibodies against cleaved caspase-3 (p17/19), PARP, FADD, and a-tubulin (B), or LDH release assay (C) **p<0.01.

receptor pathway. CD95/Fas, TRAILR-1/DR4, and TRAILR-
2/DR5 are major death receptors that induce apoptosis in
response to their ligands, FasL and TRAIL, in tumor cells.
Thus, we investigated the possible involvement of death
receptors and their ligands in UDCA/oxaliplatin-induced
apoptosis using transient transfection of small interfering
RNA (siRNA) specific for CD95/Fas, TRAILR-1/DR4,
TRAILR-2/DRS, FasL, and TRAIL. Compared to the control
RNA transfected cells (34.6+5.4%), transfection with
CD95/Fas- (10.3+5.7%), TRAILR-1/DR4- (14.6+6.5%), or
TRAILR-2/DR5- (14.8+3.1%) specific siRNA, but not FasL-
(36.6£5.9%), or TRAIL (31.7+4.8%) siRNA, significantly
prevented the apoptosis induced by UDCA/oxaliplatin, as
demonstrated by the suppression of apoptotic body formation
(Figure 1A and B) and caspase-8 activity assay (Figure 1C).
Similar results were obtained in caspase-3 and PARP
cleavages (Figure 1D-F). These results imply that UDCA-
promoted oxaliplatin-induced apoptosis is executed by
ligand-independent multiple death receptor pathways.
However, UDCA combination did not affect the mRNA
(Figure 2A-C) and protein levels of these death receptors
(Figure 2D and E), indicating that the activation of multiple

death receptor pathway enhanced by UDCA combination
may not be caused by an increase of death receptor
expression. These results indicate that UDCA promotes
activities of multiple death receptors not affecting expression
of death receptors.

UDCA/oxaliplatin-induced apoptotic signal is transmitted
through FADD and RIPI. As a downstream adaptor of death
receptors, FADD is an essential factor for caspase-8
recruitment and apoptosis execution. The kinase receptor
interacting protein 1 (RIP1) is another adaptor protein of
death receptors, implicated in the control of apoptosis as well
as necroptosis. To investigate whether the death mode
regulation is related with a role of adaptor protein, we
observed the effect of knockdown of RIP1 or FADD. When
FADD or RIP1 expression was interfered by siRNA,
UDCA/oxaliplatin-induced  caspase-8 activation was
prevented (Figure 3A), and cleavage of caspase-3 and PARP
were also prevented (Figure 3B and C). However, LDH
release was not significantly altered by interference of these
adaptor proteins (Figure 3D). Thus, FADD and RIP1 may
only transmit multiple death receptor-mediated apoptotic
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Figure 4. Oxaliplatin-triggered re-localization of DISC proteins into the raft fraction and lipid raft aggregation is facilitated by UDCA. (A) HepG2
cells were exposed to vehicle, 50 uM oxaliplatin, 100 uM UDCA/50 uM oxaliplatin, or ImM MBCD plus 100 uM UDCA/50 uM oxaliplatin, followed
by lysis in a 1% Brij lysis buffer and fractionation by 5-40% sucrose density gradient centrifugation. Fractionated samples were analyzed for
cholesterol and total protein content (lower) or were precipitated and subjected to immunoblotting to detect CD95/Fas, TRAILR-2/DRS5, FADD,
caspase-8, and caveolin-1 (upper). (B) HepG2 cells plated onto cover slips in 6 well-plates were treated with vehicle, 100 uM UDCA, 50 uM
oxaliplatin, and 100 uM UDCA plus 50 uM oxaliplatin for 3 h. Treated cells were fixed with 1.5% paraformaldehyde, rinsed, and stained with CTx-

FITC/Hoechst 33342, then mounted and observed by confocal microscopy.

signals to caspase-8 activation, but not be involved in the
regulation of death mode in this system. Thus, adaptor
proteins may not play a role in decision of cell death mode
in this system.

UDCA enhances recruitment of DISC proteins into the lipid
raft region. In apoptosis triggered by pro-apoptotic stimuli
such as anti-cancer agents, death receptors are known to
localize into lipid rafts for the activation of downstream
death inducing signaling (24, 25). UDCA has a similar
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structure with cholesterol, which contributes to the
biophysical properties of the lipid rafts, and UDCA can be
incorporated into the plasma membrane and affect membrane
fluidity (26, 27). Herein, we examined whether a combined
UDCA treatment enhances the localization of death receptors
into lipid rafts. To this end, cells were lysed using 1% Brij
following a conventional method and separated by
discontinuous 5-40% sucrose density-gradient centrifugation.
A total of 12 fractions, each 1 ml in volume, were collected
from the bottom (Fraction 12) to top (Fraction 1) and
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Figure 5. Methyl B-cyclodextrin (MBCD) reverts UDCA/oxaliplatin-induced apoptotic death into necrotic death. HepG2 cells were incubated with
50 uM oxaliplatin for 24 h in the presence (+) or absence (-) of 100 uM UDCA and/or 2.5 mM MBCD, after which cells were subjected to Hoechst
33342 staining to assess apoptotic body formation and caspase-8 activity assay (A and B), immunoblotting to detect active caspase-3, PARP, TRAILR-
2/DRS, CD95/Fas, FADD, and a-tubulin (C), LDH release assay, and PI inclusion (D and E). *p<0.05, **p<0.01.

analyzed biochemically for their cholesterol and protein
content. In the control or UDCA-treated sample, CD95/Fas,
TRAILR-1/DR4 and TRAILR-2/DR5 were only observed in
bottom Fractions around 10-12. However, upon exposure to
oxaliplatin, re-localization of death receptors was weakly
observed in Fraction 4, which was characterized as a raft
fraction based on its high cholesterol content and caveloin-
1 localization, and combination with UDCA further
increased these bands in Fraction 4. Likewise, FADD, RIP1
and caspase-8 were translocated into the raft fraction by
oxaliplatin treatment and, more strongly, by UDCA
combination with oxaliplatin (Figure 4A). Addition of a lipid
raft disrupting agent, methyl B-cyclodextrin (MBCD), to
UDCA/oxaliplatin blocked re-localization of DISC proteins
into Fraction 4, confirming lipid raft-association of these
factors. Next, we also performed immunofluorescence to
investigate the ability of UDCA to induce raft formation. For
this purpose, we visualized lipid rafts by staining cells with
a raft marker, FITC-CTxB. As shown in Figure 4B, small
raft structures were observed upon treatment with oxaliplatin
or UDCA, and when UDCA was treated in combination with
oxaliplatin, larger intense raft structures were observed. The
collective data support the idea that co-treatment of UDCA

enhances oxaliplatin-triggered raft clustering and recruitment
of DISC proteins into raft regions.

Lipid raft clustering is critical for UDCA-mediated switch of
oxaliplatin-induced necrosis to apoptosis. We examined the
possibility that lipid rafts act as an upstream regulator of cell
death mode that leads to activation of pathways of multiple
death receptors. Addition of a raft disrupting agent, MBCD,
clearly suppressed UDCA/oxaliplatin-induced apoptosis, as
shown in Hoechst 33342 staining and a caspase-8 activity
assay (Figure 5A and B). Cleavages of caspase-3 and PARP
were also blocked by MBCD, not affecting CD95/Fas and
TRAILR-2/DRS, and FADD protein levels (Figure 5C).
Moreover, co-treatment with MBCD and UDCA/oxaliplatin
re-elevated the level of LDH release and propidium iodine
(PI) inclusion, which are markers of membrane leakage
(Figure 5D and E). The re-elevation of necrotic features
indicated that MBCD switched the cell death pattern back to
necrotic-like death. Hence, cell death fate induced by
oxaliplatin seems to be closely associated with lipid raft
formation and UDCA is likely to be involved in the
stimulation of raft formation when combined with
oxaliplatin.
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Discussion

Since raft formation is a critical event to control death
receptor signaling and apoptosis, we examined the role of
UDCA on lipid rafts and investigated the possible
involvement of lipid rafts in UDCA-mediated apoptotic
switch (18). Interestingly, using raft isolation assays, we
observed that UDCA enhanced oxaliplatin-induced
recruitment of DISC proteins into high cholesterol-
distributed raft fractions, which was prevented by MBCD.
More importantly, the UDCA-potentiated necrosis-to-
apoptosis switch appeared to be controlled by lipid rafts.
MBCD prevented both raft formation and apoptosis and
restored necrotic release of LDH, indicating a critical role
for lipid rafts in the UDCA-mediated switch of cell death
mode. Raft disruption by MBCD may not only prevent
apoptosis by inhibiting activation of death receptors, but also
induce necrosis by influencing the activities of various
necrosis-related signaling molecules.

Lipid rafts are cholesterol-enriched, tightly-ordered
microdomains of the plasma membrane acting as signaling
platforms, and larger rafts contribute to signal amplification
(17). In this study, UDCA appears to contribute to the
formation of larger or denser raft platforms regarding the
facts that UDCA combination induces larger CTx-stained raft
structures and stronger distribution of DISC proteins in the
raft-isolated fractions. It is noteworthy that this apoptotic
pathway was regulated by multiple death receptors, not by
one specific death receptor, and knockdown of any of the
three death receptors apparently reduced apoptosis. This
result implies that cooperative action of multiple death
receptors is required for efficient apoptosis induction, which
may be supported by lipid raft aggregation.

Cisplatin and oxaliplatin, platinum-based chemotherapeutic
drugs, are DNA-alkylating agents that interact with cellular
proteins, particularly HMG domain proteins, to induce
apoptosis in proliferating cancer cells (28, 29). In addition,
these platinum drugs induce changes in the fluidity of the
cellular membrane and formation of large lipid rafts (14, 15,
30, 31), and lipid raft aggregation is a critical step in platinum
drug-induced apoptosis; CD95/Fas localization into lipid rafts
is required for cisplatin-induced apoptosis, and oxaliplatin
promotes TRAIL-induced apoptosis by inducing TRAILR-
1/DR4 and TRAILR-2/DRS redistribution into lipid rafts (15,
25). We also observed that oxaliplatin induced raft formation
and eventually apoptosis in SNUI1, SNU601, SNUCS,
HCT116, and HT29 cells (data not shown). However, in
HepG?2 cells, raft formation was not efficiently induced upon
oxaliplatin exposure, and the raft formation could be fully
activated by the presence of UDCA. Thus, the oxaliplatin-
induced raft-forming ability seems to be cell type-specific,
although the mechanism underlying this phenomenon remains
to be clarified. Herein, we questioned whether breakdown of
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lipid rafts will switch apoptosis to necrosis in the cell lines
where apoptosis was induced by oxaliplatin. In our
preliminary study, oxaliplatin treatment under prevention of
lipid raft formation by MBCD resulted in two different cell
fates: oxaliplatin-induced apoptosis was switched to necrosis
in SNU1, SNU601, and SNUCS cells, whereas oxaliplatin-
induced apoptosis was prevented but not switched to necrosis
in HCT116 and HT?29 cells (data not shown). Hence, the role
of raft formation in the cell fate may vary depending on cell
type, determining cell death or survival in some cases and
apoptosis or necrosis in others. The differential response may
be due to a distinct cellular program linked to a crucial cell
death checkpoint.

UDCA has a similar structure to cholesterol, which
contributes to the biophysical properties of the lipid
membrane, and UDCA is known to act as a membrane
stabilizer (26, 32). Hence, we asked if cell membrane
stability is associated with raft formation and apoptotic
switch upon exposure to oxaliplatin. When oxaliplatin was
treated in combination with various membrane-stabilizing
agents such as cholesterol, catechin, and vitamin E,
oxaliplatin-induced necrosis was attenuated, and membrane
fluidizers such as dimethylsulfoxide, Tween 20, and
phosphatidylcholine increased oxaliplatin-induced necrosis
(data not shown). Therefore, membrane stability seemed to
be related with the execution of necrosis. However,
combining membrane stabilizers with oxaliplatin showed
differential effect on raft aggregation and apoptotic body
formation. Cholesterol and catechin, but not vitamin E
slightly increased oxaliplatin-induced raft formation and
apoptotic body formation. This result supports the view that
membrane stability is possibly linked with the suppression
of necrosis, but not completely matched to the raft forming
ability of UDCA. Thus, UDCA may possess some additional
feature other than a membrane-stabilizing activity. Bile acids
have been reported to trigger membrane cholesterol spikes
and membrane perturbations in a hydrophobicity-dependent
manner (33, 34). Hydrophobic bile acids such as deoxycholic
acid (DCA) or chenodeoxycholic acid (CDCA) share a
cholesterol backbone with UDCA but have much more
cytotoxic effects on cells (35). Considering the ‘cholesterol
spike’ that consists of high content of cholesterol,
sphingolipids, and caveolin-1, this structure seems to be
similar with lipid rafts. We also observed that DCA induced
strong raft structures in various cells including HepG2 cells
(data not shown). In general, the effect of hydrophobic bile
acids is detrimental because excess hydrophobicity causes
massive nonspecific cell membrane damage not only
inducing the formation of rafts, as shown in the example of
detergents. UDCA, on the other hand, has a much milder
effect on cell membranes and instead protects cells from
various cytotoxic stimuli including more hydrophobic bile
acid, ethanol, and Fas ligands (36-38). However, UDCA can
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trigger apoptosis in certain cases. UDCA induces raft-
dependent apoptosis in stomach cancer cells and enhances
apoptosis in combination with anti-cancer drugs, both
presently and in previous studies (18, 39). Therefore, UDCA
seems to retain the potential activity of raft induction, which
may sensitize cells toward apoptosis depending on cellular
environment. This may provide an explanation for why
UDCA-potentiated apoptosis is induced only in a limited
fashion and is observed in specific cases, and this concept
could be expanded to the role of lipid rafts in cancer
treatment.
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