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ABSTRACT

Cholangiocarcinoma is difficult to detect at an early stage and is one of the most intractable cancers with a
poor prognosis. Because current treatments are associated with problems such as adverse effects and therapeutic
resistance, the development of new, highly selective therapeutic approaches is required. In this study, we prepared
1,2-Dimyristoyl-3-Trimethylammonium-Propane (DMTAP)-containing cationic Hybrid Liposomes, designated
DMTAP-cHL, and investigated their in vitro anticancer effects on Human Cholangiocarcinoma (HuCCT-1) cells.

DMTAP-cHL were prepared by sonication using DMPC, the Polyethylene Glycol (PEG)-based surfactant C (EO),),
and the cationic lipid DMTAP. Dynamic light scattering analysis revealed that DMTAP-cHL had a hydrodynamic
diameter of approximately 30 nm and remained stable for 35 days. Fluorescence polarization analysis showed that
DMTAP-cHL exhibited membrane fluidity comparable to that of L-a-Dimyristoylphosphatidylcholine (DMPC)
liposomes and HL21. In the WST8 assay, the IC,, value of DMTAP-cHL was 262 uM, indicating a stronger
antiproliferative effect than DMPC liposomes and HL21. Furthermore, Propidium lodide (PI) staining demonstrated
an increase in the DNA fragmentation rate, and activation of caspase-3, caspase-8, and caspase-9 was observed,
suggesting that DMTAP-cHL induced caspase-dependent apoptosis.

After treatment with DMTAP-cHL, HuCCT-1 cells showed a rapid increase in plasma membrane fluidity. Confocal

laser microscopy revealed that DMTAP-cHL/ 1-palmitoyl-24{12-{(7-Nitro-2-1,3-Benzoxadiazol-4-yl)amino]Dodecanoyl}-
sn-glycero-3-Phosphocholine (NBD-PC) rapidly fused with and accumulated in HuCCT-1 cells. In contrast, no clear
fusion or accumulation was observed in normal bile duct cells. These results indicate that DMTAP-cHL selectively

fuse with and accumulate in cholangiocarcinoma cells and induce apoptosis through alteration of cellular membrane

fluidity. Therefore, DMTAP-cHL may be useful as a novel cancer-regulating nanomaterial for cholangiocarcinoma.
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Abbreviations: C (EO),: Polyoxyethylene(21) dodecyl ether; DMPC: Lo-Dimyristoylphosphatidylcholine; HL:
Hybrid Liposomes; DMTAP: 1,2-Dimyristoyl-3-Trimethylammonium-Propane; DMTAP-cHL: DMTAP-containing
cationic Hybrid Liposomes; IC,: 50% Inhibitory Concentration; DEVD: Aspartic acid-Glutamic acid-Valine-

Aspartic acid (Asp-Glu-Val-Asp); IETD: Isoleucine-Glutamic acid-Threonine-Aspartic acid (Ile-Glu-Thr-Asp); LEHD:
Leucine-Glutamic acid-Histidine-Aspartic acid (Leu-Glu-His-Asp)

cancers, including lung cancer, while alcohol consumption has been

INTRODUCTION

Cancer is one of the leading causes of death in Japan and affects a
large proportion of the population. At present, approximately one
in two Japanese individuals is expected to develop cancer during
their lifetime, and the establishment of effective methods for

linked to cancers of the liver and digestive system. Cancer incidence
also increases with aging because of a decline in Deoxyribonucleic
Acid (DNA) damage repair capacity and immune surveillance. As
Japan faces a superaging society, the number of cancer patients

) ) ) and cancer-related deaths is expected to continue increasing [1-2].
cancer prevention and treatment has become an important social

issue. Lifestyle factors, including smoking, alcohol consumption,
and dietary habits, are closely associated with cancer development.
For example, smoking is associated with an increased risk of several

Current cancer treatments mainly include surgery, chemotherapy,
and radiation therapy. However, each treatment modality has
limitations and adverse effects. Surgical treatment can be curative

Correspondence to: Hideaki Ichihara, Division of Applied Life Science, Graduate School of Engineering, Sojo University, 4-22-1 Tkeda, Nishi-ku,
Kumamoto 860-0082, Japan, E-mail: hideaki@bio.sojo-u.ac.jp

Received: 10-Jul-2026, Manuscript No. JCM-26-32103; Editor assigned: 13-Jul-2026, PreQC No. JCM-26-32103 (PQ); Reviewed: 27-Jul-2026, QC No.
JCM-26-32103; Revised: 03-Aug-2026, Manuscript No. JCM-26-32103 (R); Published: 10-Aug-2026, DOI: 10.35248,/2157-2518.26.17.505

Citation: Okumura M, Hashimoto T, Sakoda T, Goto K, Matsumoto Y, Ichihara H. (2026). In Vitro Growth-Inhibitory Effects of DMTAP-Containing
Cationic Hybrid Liposomes (DMTAP-cHL) on Cholangiocarcinoma Cells. ] Carcinog Mutagene. 17:505.

Copyright: © 2026 Okumura M. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

J Carcinog Mutagen, Vol.17 Iss.3 No:1000505 1



Okumura M

when tumors are completely resectable; however, recurrence may
occur when tumors are unresectable or when micrometastases
are present. Surgical invasion also carries risks of infection
and complications. Chemotherapy has the advantage of acting
systemically on both primary and metastatic tumors, but anticancer
drugs can affect not only tumor cells but also normal cells, causing
serious adverse effects such as nausea, vomiting, bone marrow
suppression, and alopecia. Radiation therapy is useful as a local
treatment that does not require surgical resection; however,
treatment periods may be prolonged, and radiation-induced
damage to normal tissues remains a major concern. Therefore,
new cancer therapies that are less invasive and more selective are
urgently needed.

The bile duct is a tubular tissue that transports bile produced in the
liver to the duodenum. Bile is temporarily stored in the gallbladder
and secreted into the duodenum through the bile duct to aid in fat
digestion and absorption. Cholangiocarcinoma is a malignant tumor
arising from the epithelium of the bile ducts, which constitute part
of the biliary tract [3-6]. Histologically, most cholangiocarcinomas
are adenocarcinomas. Cholangiocarcinoma is often advanced by
the time symptoms such as jaundice, abdominal pain, and weight
loss appear. In many cases, the tumor is unresectable at diagnosis,
and cholangiocarcinoma is therefore regarded as a cancer with
a poor prognosis. Risk factors include cholelithiasis, primary
sclerosing cholangitis, congenital pancreaticobiliary maljunction,
and hepatolithiasis. Because cholangiocarcinoma is often resistant
to conventional treatments, new therapeutic strategies that act
efficiently and selectively on cholangiocarcinoma cells are required.

Hybrid Liposomes (HL) are nanoparticles prepared by sonication
of vesicleforming lipids and micelleforming surfactants in
buffer solution [5-8]. Although organic solvents are sometimes
used in conventional liposome preparation methods, HL can
be prepared without organic solvents, thereby reducing the risk
of residual solvent contamination and providing advantages in
terms of safety and simplicity. HL composed of the phospholipid
L{4-Dimyristoylphosphatidylcholine (DMPC) and PEG-based
surfactants have been reported to exert antiproliferative and
apoptosis-inducing effects on various cancer cells [9-24].

The anticancer effects of HL are thought to be related to the
physical properties of cancer cell membranes. Cancer cells generally
exhibit higher membrane fluidity than normal cells, and HL are
considered to selectively fuse with and accumulate in cancer cell
membranes by exploiting such differences in membrane properties
[11]. Fusion of HL with cancer cell membranes alters membrane
fluidity and structure, which may induce apoptotic signaling. Thus,
HL have attracted attention as novel nanomedical materials that
exhibit intrinsic anticancer activity without encapsulated drugs.

In addition, negatively charged lipids such as Phosphatidylserine
(PS) have been reported to be more frequently exposed on the outer
leaflet of cancer cell membranes than on normal cell membranes
[25-26). Therefore, the surface of cancer cell membranes is
considered to be relatively more negatively charged than that of
normal cells. By introducing positively charged cationic lipids
into HL, electrostatic interactions with cancer cell membranes
may be enhanced, promoting fusion and accumulation. It has
been reported that cationic hybrid liposomes containing the
cationic lipid O,0O'ditetradecanoyl-N{-trimethylammonioacetyl-
diethanolamine chloride, DC-6-14, exhibit higher fusogenic and
antiproliferative effects on cancer cells than conventional neutral

liposomes [27-29].
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In this study, we focused on 1,2-dimyristoyl-3-trimethylammonium-
propane chloride, as a new cationic lipid. DMTAP is widely used as
a component of cationic liposomes and as a transfection reagent. In
addition, DMTARP is readily available in both powder and solution
forms, making it convenient for examining experimental conditions
and conducting reproducible experiments. DMTAP may also offer
advantages in terms of procurement and cost compared with other
cationic lipids. Therefore, DMTAP may be a useful constituent
lipid for the preparation of cationic hybrid liposomes.

In the present study, we prepared DMTAP-containing cationic
hybrid liposomes, DMTAP-cHL, composed of DMPC, a PEG-based
surfactant, and DMTAP, and investigated their physicochemical
properties and anticancer effects on cholangiocarcinoma cells.
Specifically, we evaluated the particle size stability and membrane
fluidity of DMTAP-cHL and analyzed their growth-inhibitory effects
on HuCCT-1 human cholangiocarcinoma cells, Deoxyribonucleic
Acid (DNA) fragmentation, caspase activation, changes in plasma
membrane fluidity, and cellular fusion and accumulation. Through
these analyses, we aimed to clarify whether DMTAP-cHL could
serve as a novel cancerregulating nanomaterial that selectively acts
on cholangiocarcinoma cell membranes and induces apoptosis.

MATERIALS AND METHODS

Preparation of DMTAP-containing cationic hybrid

liposomes

DMTAP-cHL were prepared using 87 mol% of the zwitterionic
phospholipid L-a-dimyristoylphosphatidylcholine (DMPC,
purity>99%, Nippon oil and fat, Tokyo, Japan), 5 mol% of the
PEG-based surfactant polyoxyethylene(21) lauryl ether, (C (EO),,,
purity>99%, Nikko chemicals, Tokyo, Japan) and 8 mol% of the
cationic  lipid  1,2-dimyristoyl-3-trimethylammonium-propane

chloride (DMTAUP, purity>99%, Avanti Polar Lipids, AL, USA).

Each lipid and surfactant was weighed to obtain the predetermined
molar ratio and suspended in physiological saline. The suspension
was then sonicated using a desktop ultrasonic cleaner (ASU
CLEANER ASU-10, AS ONE, Tokyo, Japan), 240 W, at 45°C under
a nitrogen atmosphere for 1 min/mL. The resulting suspension
was sterilized by filtration through a 0.20 um membrane filter and
used as the DMTAP-cHL sample solution. The prepared samples
were stored at 25°C.

As a comparative sample, HL21 was prepared using 95 mol%
DMPC and 5 mol% C(EO),, in physiological saline by the same
sonication procedure used for DMTAP-cHL. The HL21 sample
solution was sterilized by filtration through a 0.20 pm membrane
filter and stored at 25°C.

Measurement of hydrodynamic diameter by dynamic light

scattering

The hydrodynamic diameters, d]w, of HL21 and DMTAP-cHL were
measured by dynamic light scattering using a nanoSAQLA light
scattering photometer, Otsuka Electronics, Osaka, Japan. A high-
power semiconductor laser with a wavelength of 660 nm was used
as the light source at an output power of 70 mW.

The hydrodynamic diameter, dhv, was calculated from the diffusion
coefficient, D, using the Stokes-Einste in equation 1:
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Where k is the Boltzmann constant, T is the absolute temperature,

N is the viscosity of the solvent, and D is the diffusion coefficient.

Fluorescence polarization assay for liposome membrane
fluidity

The membrane fluidity of liposomes was evaluated by fluorescence
polarization analysis using the fluorescent probe 1,6-Diphenyl-1,3,5-
Hexatriene (DPH). DPH is incorporated into the hydrophobic
region of lipid bilayers, and membrane fluidity can be evaluated by
measuring the rotational mobility of DPH within the membrane.
In general, when membrane fluidity is low, the rotational mobility
of DPH is restricted and the fluorescence polarization value,
P, increases. Conversely, when membrane fluidity is high, the
rotational mobility of DPH increases and the P value decreases.

The fluorescence polarization value, P, was calculated using the
following equation 2:

— ]vv _Gflvh
l,+G,1,

The correction factor, Gf, was calculated using the following
equation 3:

I
G, =2 (3)

Ihh

Where 1 and I, represent fluorescence intensities detected in
the vertical and horizontal directions, respectively, when vertically

polarized excitation light was used. I, and [ represent fluorescence
intensities detected in the vertical and horizontal directions,
respectively, when horizontally polarized excitation light was used.

Each liposome sample was adjusted to a DMPC concentration of
0.1 mM and transferred to a quartz cell. DPH was added at a final
concentration of 2 pM, and the samples were incubated at 37°C
for 15 min. Fluorescence intensity was then measured for 5 min
using a spectrofluorometer (F-7100, Hitachi High-Tech Science,
Tokyo, Japan), and the P value was calculated from the obtained
fluorescence intensities.

Determination of the 50% inhibitory concentration by

WST-8 assay

The growth-inhibitory effect of DMTAP-cHL on cholangiocarci-
noma cells was evaluated using the WST-8 assay. WST-8 is reduced
by mitochondrial dehydrogenases in viable cells via the coenzyme
Reduced Nicotinamide Adenine Dinucleotide (NADH) and the
electron mediator 1-methoxy PMS to form Water-Soluble Tetrazo-
lium-8 (WST:8) formazan. Because the amount of WST-8 formazan
produced is proportional to the number of viable cells, absorbance
was measured as an indicator of cell proliferation.

HuCCT-1 human cholangiocarcinoma cells were prepared as a cell
suspension at 5.0 x 10* cells/mL, and 100 pL of the suspension was
seeded into each well of a 96-well plate. The cells were incubated

at 37°C under 5% CO, for 24 h. After incubation, samples at

various concentrations were added, and the cells were incubated
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for an additional 48 h. After treatment, WST-8 reagent was added
to each well, and the color reaction was allowed to proceed for 3
h. Absorbance was measured using a microplate reader, Thermo

Fisher Scientific, MA, USA.

Cell viability relative to the control was calculated from the obtained
absorbance values, and the 50% inhibitory concentration, IC,,
was determined.

Measurement of DNA content by flow cytometry

To evaluate apoptosis induction in HuCCT-1 cells by DMTAP-
cHL, DNA content was measured using propidium iodide,
Propidium Iodide (PI). PI is a fluorescent dye that emits red
fluorescence upon intercalation into DNA. Because PI does not
readily penetrate intact plasma membranes, it is commonly used
to measure DNA content and detect DNA-fragmented cells after
membrane permeabilization.

HuCCT-1 cells were prepared at 5.0 x 10* cells/mL and seeded in
60 mm dishes at 5 mL per dish, corresponding to 2.5 x 105 cells.
The cells were cultured at 37 °C under 5% CO, for 24 h. After

incubation, samples were added at final concentrations of 0.16,

0.26, 0.36, and 0.46 mM, and the cells were treated for 48 h.

After treatment, the cells were collected and centrifuged at 3,000
rpm for 5 min, and the supernatant was removed. The cell pellet
was resuspended in 1 mL of Phosphate-Buffered Saline [PBS(-)]
and transferred to a microtube. The cells were centrifuged again at
3,000 rpm for 5 min, and the supernatant was removed. Then, 150
pL of 0.1% Triton X-100 and an equal volume of RNase solution
were added for membrane permeabilization and RNA degradation.
Subsequently, 300 pL of PBS(-) was added to re-suspend the cells.

A 60 pL aliquot of PI solution was added to each measurement
tube, and 540 pL of the 600 pL cell suspension was transferred to
the tube through a nylon mesh. PI fluorescence was then measured
using a CytoFLEX Flow Cytometer (Beckman Coulter, Brea, CA,
USA), and the DNA fragmentation rate was analyzed.

Measurement of caspase activation using fluorescent
substrates

To investigate the apoptosis induction pathway activated by
DMTAP-cHL, the activation rates of caspase-3, caspase-8, and
caspase-9 were measured. Fluorescein Isothiocyanate (FITC)-
labeled fluorescent substrates with caspase-specific recognition
sequences were used, including a cleaved caspase-3 staining kit,
FITC, ab65613; caspase-8 active FITC staining kit, ab65614; and
caspase-9 active FITC staining kit, ab65615; all from Abcam,
Cambridge, United Kingdom.

Substrates containing the DEVD, IETD, and LEHD sequences
were used for caspase-3, caspase-8, and caspase-9, respectively. These
substrates react with activated caspases to generate fluorescent
signals, allowing caspase-activated cells to be detected by flow
cytometry.

HuCCT-1 cells were seeded at 5.0 x 10* cells/mL in 60 mm dishes
and cultured at 37°C under 5% CO, for 24 h. After incubation,
DMTAP-cHL was added at a final concentration of 360 uM, and
the cells were treated for 48 h. After treatment, the cells were
collected, and 1 uL of the fluorescent substrate corresponding to
each caspase was added, followed by incubation at 37°C for 45 min.

After staining, the cells were washed, and the cell suspension was
passed through a nylon mesh. The activation rates of caspase-3,
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caspase-8, and caspase-9 were then measured using a CytoFLEX

flow cytometer (Beckman Coulter, CA, USA).

Measurement of cellular membrane fluidity by fluorescence
polarization

Changes in the membrane fluidity of HuCCT:1 cells after
treatment with DMTAP-cHL were evaluated by fluorescence
polarization analysis using DPH. HuCCT-1 cells were prepared at
1.0 x 10° cells/mL, and DPH was added at a final concentration of
2 pM. The cells were then stained at 37°C for 35 min.

After staining, the cells were washed with Hanks' Balanced Salt
Solution (HBSS), and a HuCCT-1 cell suspension was prepared at
5.0 x 10° cells/mL. Fluorescence polarization values after sample
addition were measured using an F-7100 spectrofluorometer,
Hitachi High-Tech Science. Changes in the membrane fluidity of
HuCCT-1 cells induced by DMTAP-cHL treatment were evaluated
based on the obtained P values.

Confocal laser microscopic observation of fusion and
accumulation of DMTAP-cHL in cholangiocarcinoma
cells

To evaluate the fusion and accumulation of DMTAP-cHL in
HuCCT-1 HL21/NBD-PC and DMTAP-cHL/NBD-PC
containing the fluorescent lipid NBD-PC were prepared and

cells,

observed by confocal laser microscopy.

DMTAP-cHL/NBD-PC was prepared using 83 mol% DMPC, 5
mol% C,(EOQ),,, 8 mol% DMTAP, and 4 mol% fluorescent lipid
1-palmitoyl-2-{6-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]hexanoyl}-
sn-glycero-3-phosphocholine (16:0 NBD-PC, Avanti Polar Lipids,

AL, USA). The sample solution was prepared by sonication at
45°C for 1 min/mL in physiological saline under a nitrogen
atmosphere using a desktop ultrasonic cleaner, ASU CLEANER
ASU-10, AS ONE, 240 W. The solution was sterilized by filtration
through a 0.20 pm membrane filter and stored at 4°C to prevent
photobleaching of the fluorescent lipid.

HuCCT-1 cells were prepared at 5.0 x 10* cells/mL and seeded at 2
mL per 35 mm glass-bottom dish. The cells were cultured at 37°C
under 5% CO, for 24 h. After incubation, DMTAP-cHL/NBD-
PC was added, and the cells were incubated in a 37°C, 5% CO,
incubator or in a 4°C humidified chamber for 1, 2, 3, 24, or 48 h.

After incubation, the cells were washed with PBS(-) and fixed with
10% neutral buffered formalin for 10 min. After fixation, the cells
were washed again with PBS(-), and the fusion and accumulation
of DMTAP-cHL/NBD-PC in HuCCT-1 cells were observed using
a TCS SP confocal laser microscope (TCS-SP; Leica Microsystems,
Berlin, Germany).

Statistical analysis

Data were analyzed using a Student’s t-test. All results are presented
as the mean * Standard Error (SE). A p-value of less than 0.05 was
considered statistically significant.

RESULTS AND DISCUSSION
Particle size stability of DMTAP-cHL

Changes in the hydrodynamic diameters of DMPC liposomes,
HL21, and DMTAP-cHL during storage at 25°C were measured by

dynamic light scattering. The results are shown in Figure 1.

x 10 M, [C,,(EO), ]-5.75 x 10* M, [DMTAP]=9.2 x 104 M.

Figure 1: Time-course changes in the hydrodynamic diameters of DMPC liposomes, HL21, and DMTAP-cHL in physiological saline.
Note: Samples were stored at 25°C; DMPC: [DMPC]=1.0 x 107 M; HL21: [DMPC]=1.0 x 10* M, [C (EO),]=5.3 x 10* M; DMTAPcHL: [DMPC]=1.0

For DMPC liposomes, precipitation was observed on the day
after preparation, indicating low stability as a particle dispersion
system. HL21 showed a hydrodynamic diameter of approximately
70 nm immediately after preparation; however, the diameter
increased during storage and changed markedly by 35 days. In
contrast, DMTAP-cHL maintained a hydrodynamic diameter of
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approximately 30 nm from immediately after preparation to 35
days, indicating stable formation of nanosized particles over a
prolonged period.

The smaller diameter and longterm stability of DMTAP-cHL
compared with HL21 may be attributable to the positive charge
introduced by DMTAP, which increased electrostatic repulsion

4
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between liposome particles. In general, the particle diameter of
liposome suspensions tends to increase as a result of aggregation
and fusion among particles. However, incorporation of cationic
lipids may suppress aggregation through electrostatic repulsion. In
addition, the PEG-based surfactant C,(EO),, may contribute to
the dispersion stability of DMTAP-cHL.

The stable hydrodynamic diameter of approximately 30 nm is
important for evaluating the fusion and accumulation of DMTAP-
cHL in cancer cells. Stable nanosized liposomes are expected to

exhibit uniform behavior when interacting with cell membranes.
Therefore, DMTAP-cHL were considered suitable for subsequent
in wvitro evaluation as physicochemically stable cationic hybrid
liposomes.

Membrane fluidity of DMTAP-cHL

To evaluate the membrane properties of DMTAP-cHL, membrane
fluidity was measured by fluorescence polarization analysis using
DPH. The results are shown in Figure 2.

Figure 2: Fluorescence polarization values of DPH-labeled DMPC liposomes, HL21, and DMTAP-cHL.

No significant differences were observed in the P values of DMPC
liposomes, HL21, and DMTAPcHL, indicating that DMTAP-
cHL had membrane fluidity comparable to that of conventional
liposomes. The P value reflects the rotational mobility of DPH
incorporated into the membrane; a lower P value indicates higher
membrane fluidity. These results suggest that the incorporation of
8 mol% DMTAP did not significantly alter the overall fluidity of

the liposome membrane.

This finding is important for understanding the function of
DMTAP-cHL. Although the surface charge of DMTAP-cHL
was altered by the introduction of a cationic lipid, membrane
fluidity was maintained at a level comparable to that of HL21.

Excessive reduction in membrane fluidity could potentially
decrease fusogenicity with cell membranes. However, DMTAP-cHL
prepared in this study appeared to retain the flexible membrane
properties characteristic of hybrid liposomes. Thus, DMTAP-cHL
acquired cationic properties while maintaining membrane fluidity
comparable to that of conventional HL.

Growth-inhibitory effect of DMTAP-cHL on
cholangiocarcinoma cells

To evaluate the growth-inhibitory effect of DMTAP-cHL on
HuCCT-1 human cholangiocarcinoma cells, the 50% inhibitory

concentration, IC,, was determined using the WST-8 assay. The
results are shown in Figure 3.

Figure 3: IC_ values of DMPC liposomes, HL21, and DMTAP-cHL against HuCCT-1 cells. Note: 'P<0.05 vs. DMPC liposomes and HL21.

J Carcinog Mutagen, Vol.17 Iss.3 No:1000505
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The IC, values of DMPC liposomes and HL21 against HuCCT-1
cells were>1000 uM and 382 pM, respectively. In contrast, the IC_|
value of DMTAP-cHL was 262 pM, which was lower than those of
DMPC liposomes and HL21. These results indicate that DMTADP-
cHL exerted a strong antiproliferative effect on HuCCT-1 cells.

The enhanced antiproliferative effect of DMTAP-cHL compared
with HL21 may be due to the positive charge derived from DMTAP.
Negatively charged lipids such as phosphatidylserine are reported
to be more frequently exposed on the outer leaflet of cancer cell
membranes than on normal cell membranes. Therefore, positively
charged DMTAP-cHL may interact electrostatically with the
negatively charged HuCCT:1 cell membrane, thereby promoting
adhesion, fusion, and accumulation.

In addition, the small and stable particle size of DMTAP-cHL,
approximately 30 nm, suggests that DMTAP-cHL acted as uniform

nanoparticles on the cell membrane. Because particle size stability
can affect cell-contact efficiency and experimental reproducibility,
the physicochemical stability of DMTAP-cHL may contribute to its
antiproliferative activity.

These findings suggest that introduction of the cationic lipid
DMTAP enhanced the interaction of DMTAP-cHL with HuCCT-1
cell membranes and resulted in a stronger antiproliferative effect
than that of HL21.

Induction of apoptosis in cholangiocarcinoma cells by

DMTAP-cHL

To investigate apoptosis induction in HuCCT-1 cells by DMTAP-
cHL, DNA fragmentation was measured using PI staining. The
results are shown in Figure 4.

Figure 4: Apoptotic DNA fragmentation rates of HuCCT-1 cells treated with DMPC liposomes, HL21, and DMTAP-cHL for 48 h.

DNA fragmentation was also observed in the DMPC-treated group.
However, because precipitation was observed in the DMPC samples
at the time of addition, physical stimulation by precipitates or non-
specific cell damage may have influenced DNA fragmentation.
Therefore, DNA fragmentation in the DMPC group may include
non-specific cell damage caused by dispersion instability rather
than apoptosis specifically induced by the liposome membrane
itself.

In contrast, HL21 and DMTAP-cHL induced concentration-
dependent increases in DNA fragmentation in the range of 160-
460 pM. In particular, DMTAP-cHL treatment increased DNA
fragmentation in association with its antiproliferative effect,
suggesting that apoptosis induction is involved in the growth

inhibition of HuCCT-1 cells.

DNA fragmentation is a representative marker of apoptosis and
suggests that cell death occurred through a regulated cell death
pathway rather than simple necrosis. In this study, DMTAP-cHL
treatment increased DNA fragmentation in a concentration-
dependent manner, indicating that DMTAP-cHL exerted its
antiproliferative effect on HuCCT-1 cells by inducing apoptosis.

However, because PI staining alone cannot completely distinguish
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apoptosis from necrosis, these findings should be evaluated
together with caspase activation analysis.

Apoptosis induction pathway activated by DMTAP-cHL

To investigate the apoptosis induction pathway in HuCCT-1
cells treated with DMTAP-cHL, the activation rates of caspase-3,
caspase-8, and caspase9 were measured by flow cytometry. The
results are shown in Figure 5.

DMTAP-cHL treatment significantly increased the activation of
caspase-3, caspase-8, and caspase-9 compared with the control
group. Caspase-3, an executioner caspase in apoptosis, was also
significantly activated compared with the HL21-treated group.

Caspase-8 is mainly involved in the death receptor-mediated
extrinsic apoptosis pathway, whereas caspase-9 is involved in the
mitochondria-mediated intrinsic apoptosis pathway. Caspase-3 is
activated by these upstream caspases and plays a central role in
the execution phase of apoptosis, including DNA fragmentation
and morphological changes. Therefore, these results indicate that
DMTAP-cHL may activate the caspase cascade in HuCCT-1 cells
through both extrinsic and intrinsic pathways, ultimately inducing
caspase-3-mediated apoptosis.
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“P<0.05 vs. HL21.

Figure 5: Activation of caspase-3, caspase-8, and caspase-9 in HuCCT-1 cells treated with DMTAP-cHL. Note: [DMPC]=(360 pM); 'P<0.05 vs. control;

The stronger activation of caspase-3 by DMTAP-cHL than by HL21
suggests that incorporation of the cationic lipid DMTAP enhances
interaction with the cell membrane and promotes apoptotic
signaling. Consistent with the increase in DNA fragmentation
described above, the growth-inhibitory effect of DMTAP-cHL
appears to be closely associated with caspase-dependent apoptosis.

These results indicate that DMTAP-cHL induces caspase-8-,

caspase-9-, and caspase-3-mediated apoptosis in HuUCCT-1 cells.

Changes in membrane fluidity of cholangiocarcinoma cells

induced by DMTAP-cHL

Changes in the membrane fluidity of HuCCT-1 cells after addition
of DMTAP-cHL were evaluated by fluorescence polarization
analysis using DPH. The results are shown in Figure 6.

Figure 6: Changes in membrane fluidity of HuCCT-1 cells after treatment with DMPC liposomes, HL21, and DMTAP-cHL. Note: [DMPC]=0.26 mM.

After addition of DMPC liposomes, HL21, or DMTAP-cHL, the
P value of HuCCT-1 cells decreased within 5 min, indicating an
increase in membrane fluidity. DMTAP-cHL increased membrane
fluidity to a degree comparable to that of the other liposome
samples.

The increase in plasma membrane fluidity may reflect contact
and fusion of liposomes with the plasma membrane, resulting

J Carcinog Mutagen, Vol.17 Iss.3 No:1000505

in changes in lipid arrangement and membrane structure. In the
case of DMTAP-cHL, the cationic lipid DMTAP may enhance
electrostatic interactions with the HuCCT-1 plasma membrane,
allowing DMTAP-cHL to act rapidly on the membrane surface.

Changes in membrane fluidity may also affect intracellular
signal transduction, the arrangement of membrane proteins,
and mitochondrial function. Therefore, the increase in plasma
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membrane fluidity induced by DMTAP-cHL may represent not
only a physical alteration but also an early event leading to caspase
activation and apoptosis induction.

These results suggest that DMTAP-cHL rapidly acts on the plasma
membrane of HUCCT-1 cells and increases membrane fluidity,
thereby inducing changes in the membrane environment that are
involved in cell death.

Fusion and accumulation of DMTAP-cHL in
cholangiocarcinoma cells

To observe the fusion and accumulation of DMTAPcHL in
HuCCT-1 cells, DMTAP-cHL/NBD-PC containing the fluorescent
lipid NBD-PC was prepared and examined by confocal laser
microscopy. The results are shown in Figure 7.

and 3 h. Note: Magnification: x 40; Scale bar: 100pm; [DMPC]=0.26 mM.

Figure 7: Confocal fluorescence micrographs of HuCCT-1 cells treated with DMPC/NBD-PC, HL21/NBD-PC, and DMTAP-cHL/NBD-PC for 1, 2,

Green fluorescence was observed from 1 h after addition of
DMTAP-cHL/NBD-PC to HuCCT-1 cells, indicating that DMTAP-
cHL fused with and accumulated in HuCCT-1 cells within a short
period. Compared with DMPC/NBD-PC and HL21/NBD-PC, the
fluorescence signal of DMTAP-cHL/NBD-PC was detected at an
earlier stage, suggesting that introduction of DMTAP improved the
affinity of the liposomes for HuCCT-1 cells.

These results support the possibility that the cationic surface charge
of DMTAP-cHL electrostatically interacts with negatively charged
components on the HUCCT:1 cell membrane, thereby promoting
adhesion, fusion, and accumulation. In addition, the fluorescence
signal was detected within a relatively short period of 1 h, suggesting
that the action of DMTAP-cHL on the cell membrane progresses
rapidly.

In contrast, accumulation of DMTAP-cHL/NBD-PC in normal
cholangiocytes was not clearly observed up to 3 h after addition.
These results suggest that DMTAP-cHL do not readily fuse with
or accumulate in normal cholangiocytes and may act selectively on
HuCCT-1 cells. However, additional studies, including evaluation
of cell number, observation time, and quantitative fluorescence
intensity, are necessary to further assess the effects on normal cells.

These results suggest that DMTAP-cHL selectively and rapidly
fuse with and accumulate in HuCCT-1 cells and are involved in
subsequent changes in membrane fluidity and apoptosis induction.

CONCLUSION

In this study, we investigated the anticancer effects of DMTAP-cHL
on HuCCT-1 human cholangiocarcinoma cells.

¢ DMPC liposomes precipitated after preparation
were unstable. HL21 showed a hydrodynamic diameter of
approximately 70 nm immediately after preparation, but the

and
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diameter increased during storage. In contrast, DMTAP-cHL
maintained a hydrodynamic diameter of approximately 30 nm
and remained stable for a prolonged period.

¢  DMTAP-cHL exhibited membrane fluidity comparable to
that of DMPC liposomes and HL21, indicating that the
introduction of DMTAP did not significantly alter membrane
fluidity.

*  DMTAP-cHL showed a lower IC,  value than DMPC liposomes
and HL21, indicating a stronger antiproliferative effect on

HuCCT-1 cells.

e  DMTAP-cHL induced DNA fragmentation and apoptosis in
HuCCT-1 cells.

¢  DMTAP-cHL activated caspase-3, caspase-8, and caspase-9,
suggesting that DMTAP-cHL induces cell death in HuCCT-1
cells via both extrinsic and intrinsic apoptotic pathways.

¢  DMTAP-cHL rapidly increased the membrane fluidity of
HuCCT-1 cells, suggesting that DMTAP-cHL alters the
membrane environment by fusing with the cell membrane.

¢ DMTAPcHL rapidly fused with and accumulated in
HuCCT-1 cells but did not clearly accumulate in normal
cholangiocytes, suggesting that DMTAP-cHL selectively act on
cholangiocarcinoma cells.

These results indicate that DMTAP-cHL selectively fuse with
and accumulate in HuCCT-1 cells, increase membrane fluidity,
and induce caspase-dependent apoptosis, thereby exhibiting
strong growth-inhibitory activity. Further evaluation of the safety
of DMTAP-cHL in normal cells, as well as in vivo assessment of
their antitumor effects and toxicity, will be necessary to verify the
usefulness of DMTAP-cHL for clinical application.
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