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Lipid events in liposome-mediated transfection (lipofection) are largely unknown. Here we studied whether

phospholipase D (PLD), an important enzyme responsible for phospholipid breakdown, was affected during

lipofection of HepG2 cells with a luciferase plasmid. Synthetic cholesterol (Chol) derivatives, including 3β[L-

ornithinamide-carbamoyl]Chol, [polyamidoamine-carbamoyl]Chol and 3β[N-(N',N'-dimethylaminoethane)-

carbamoyl]Chol, and a cationic lipid, N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium chloride were

mixed with a helper lipid dioleoylphosphatidylethanolamine to form respective cationic liposomes. All cationic

liposomes were found to stimulate PLD. Although orders of magnitude effects of the cationic liposomes on

PLD stimulation did not consistently match those on cytotoxicity and luciferase expression, a causal

relationship between PLD activation and cytotoxic effect was remarkable. PLD stimulation by the cationic

liposomes was likely due to their amphiphilic characters, leading to membrane perturbation, as supported by

similar results obtained with other membrane-perturbing chemicals such as oleate, melittin, and digitonin. Our

results suggest that lipofection induces cellular lipid changes such as a PLD-driven phospholipid turnover. 
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Introduction

Numerous researches on development and optimization of

nonviral vectors for gene therapy have been accumulated

because viral vector systems are known to bring about

immunogenic and oncogenic response in spite of high trans-

fection efficiency.1,2 Successful nonviral vectors must offer

several advantages including proper safety, biocompatibility

and biodegradability. So far, nonviral vector systems includ-

ing polycationic polymers and cationic lipids have been

extensively studied to overcome various limitations to gene

therapy.3,4 In particular, gene transfer applications of DNA/

liposome complexes (lipoplexes) using cationic liposomes

have attracted much attention due to their potential therapeutic

possibilities.5,6 

A cationic liposome composed of 3β[N-(N',N'-dimethyl-

aminoethane)-carbamoyl]cholesterol (DC-Chol) and dioleo-

ylphosphatidylethanolamine (DOPE) was shown to be a

potent vector for treatment of several diseases such as mel-

anoma, breast cancer, and cystic fibrosis.7-9 Several derivatives

of hydrophobic cholesterol (Chol) having cationic head-

groups such as polyamine and guanidinium have been syn-

thesized and tested for their utility.10,11 We have also

developed the cationic Chol derivatives that are linked to L-

lysinamide, L-ornithinamide and polyamidoamine by solid-

phase synthesis method.12-14 

There have been a significant number of studies on cationic

liposomes in terms of synthesis, self-assembly, and confor-

mational changes upon a complex formation with DNA.

However, their effects on host cellular membranes remain

largely unknown although liposome-mediated transfection

(lipofection) involves a merger of target cellular membranes,

which is accompanied with dynamic changes in lipid shapes.

Accordingly, it is likely that cellular lipid composition is

altered during lipofection, facilitating the fusion of lipo-

somes and cellular membranes. 

Phospholipase D (PLD), widely distributed in mammalian

cells, plants, and bacteria, catalyzes the hydrolysis of phos-

pholipids such as phosphatidylcholine (PC) at their terminal

phosphodiester bond to produce phosphatidic acid (PA) and

headgroup.15 Many studies have shown that PLD plays an

important role in critical membrane events such as phago-

cytosis, endocytosis, and actin cytoskeletal rearrangement.16-18

Previously, we observed that melittin and mastoparan, α-

helical polypeptides that extensively interact with liposome

and cellular membranes remarkably activated PLD in intact

L1210 cells.19,20 Membrane permeabilization induced by a

steroid glycoside digitonin, a non-ionic detergent, and addi-

tion of unsaturated fatty acids also stimulated the PLD

activity.20,21 It seemed that the PLD stimulation by all these

chemicals was closely related to their membrane-perturbing

capability. 

Not only the chemicals but also cationic Chol lipids have

amphiphilic structures having hydrophobic backbones and

hydrophilic headgroups to promote electrostatic interaction

with negatively charged DNA. DOPE that has been widely

used as a fusogenic helper lipid had superiority over di-

oleoylphosphatidylcholine in gene transfer using a cationic
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lipid, dioleyldimethylammonium chloride (DODAC), which

seemed to correlate with a difference in the ability to disrupt

cellular membranes.22 This suggests that cationic liposomes

are likely to induce membrane perturbation. Consequently,

we hypothesized that cationic Chol liposomes may also

affect PLD activity. Here, we report that cationic Chol

liposomes having cytotoxicity stimulate PLD activity.

Experimental Section

Materials. [9,10-3H(N)]Palmitic acid ([3H]PAL) was pur-

chased from Dupont NEN (Boston, MA). PC and DC-Chol

were purchased from Avanti Polar Lipids (Alabaster, AL).

Minimum essential medium (MEM), fetal bovine serum

(FBS), and Lipofectin were obtained from Invitrogen (Carlsbad,

CA). Precoated TLC (silica gel 60F254) and digitonin were

from Merck (Darmstadt, Germany). Synthesized melittin

was obtained from Peptron (Daejeon, Korea). All other

chemicals were from Sigma-Aldrich (St. Louis, MO).

Synthesis of Cationic Cholesteryl Derivatives. Cationic

Chol lipids, 3β[L-ornithinamide-carbamoyl]Chol (O-Chol)

and [polyamidoamine-carbamoyl]Chol (PAM-Chol), were

synthesized by conjugating the headgroup to Chol backbone

using solid-phase synthesis method according to the previ-

ous reports.13,14 

Preparation of Cationic Liposomes and Lipoplexes.

Cationic liposomes and lipoplexes were prepared by the

previous procedures.13,14 In brief, synthetic Chol derivatives

were resuspended in serum-free MEM and stored at 4 oC

before use. A stock solution of DOPE dissolved in chloro-

form was evaporated to dryness under N2 gas. The Chol

derivatives solubilized were added to the dried DOPE at a

weight ratio of 1:1. The mixtures were incubated overnight

at 4 oC and sonicated in a water bath. Plasmid DNA (2 μg

per 24-well or 10 μg per 6-well) diluted in serum-free MEM

was then added to each cationic liposome at a weight ratio of

DNA/liposome (1:6). The charge ratio of liposome/DNA

was set to 1.7, at which transfection efficiency was optimal.

The lipoplexes were left for 30 min at room temperature. 

Lipofection of HepG2 Cells. HepG2 (a human liver

carcinoma cell line) cells were grown in HEPES (20 mM)-

buffered MEM medium supplemented with heat-inactivated

10% FBS, 2 mg/mL sodium bicarbonate, 0.12 mg/mL peni-

cillin G, and 0.2 mg/mL streptomycin sulfate. Cells were

routinely maintained in monolayer on culture dishes at 37 oC

in a humidified atmosphere of 5% CO2 and 95% air. A

plasmid of pGL3-Luc encoding firefly luciferase as a reporter

was amplified in Escherichia coli and purified with a

Plasmid Maxi Kit (Qiagen, Germany) according to the sup-

plier’s protocol. Transfection of HepG2 cells was carried out

by the published method.13 HepG2 cells were seeded into a

6-well plate (7.5 × 105 cells/well) overnight. Each lipoplex in

a volume of 0.6 mL was added to the cells in a 3 mL of

serum-free MEM. A commercially available cationic lipo-

some referred to as Lipofectin, a 1:1 mixture of N-[1-(2,3-

dioleyloxy)propyl]-N,N,N-trimethylammonium chloride

(DOTMA) and DOPE, was used as a positive control. After

transfection was performed for 4 h, culture media were

replaced by a complete growth medium. 

Measurement of PLD Activity. PLD activity was deter-

mined by measuring phosphatidylethanol (PEt) in the pre-

sence of ethanol as described previously.20,21 Briefly, HepG2

cells were seeded into 6-well plates in 2 mL of serum-free

MEM containing 0.3% (w/v) fatty acid-free bovine serum

albumin and labeled with [3H]PAL (3 μCi/mL) for 3 h

before transfection. After treatment in the presence of 1.5%

ethanol, cells were immediately trypsinized and total lipids

were extracted by an addition of 2 mL of chloroform/meth-

anol (1:1). [3H]PEt produced were separated on a TLC plate

using a solvent system of ethylacetate/isooctane/acetic acid/

water (13/2/3/10, v/v). For the detection of [3H]PEt, cold

(non-isotope labeled) PEt prepared from PC using cabbage

PLD was added to the cellular lipid extracts.23 

Luciferase Expression and Cytotoxicity. HepG2 cells

were seeded to a 24-well plate (1.5 × 105 cells/well) one day

prior to lipofection. Each lipoplex (0.12 mL) was added to

cells in a 0.6 mL of serum-free MEM. At 48 h post-trans-

fection, cells washed with PBS were lysed in a Reporter

Lysis Buffer and luciferase activity was assayed with a

Luciferase Assay Kit (Promega, Madison, WI) according to

supplier’s protocol. Protein amounts were quantified with a

bicinchoninic acid reagent (Pierce, Rockford, IL). Lumine-

scence intensities were measured using a Lumat LB 9507

luminometer (Berthold, Germany) and presented as RLU/ng

protein. For measurement of cytotoxicity, cells were plated

into a 96-well (1.0 × 104 cells/well) and cell cytotoxicity was

determined using a 3-[4,5-dimethylthiazol-2-yl]-2,5-diphen-

yltetrazolium bromide (MTT) assay as described previously.14

Absorbance of the reduced MTT was measured at 570 nm

using a spectrophotometer.

Results and Discussion

Figure 1 shows the structures of cationic Chol derivatives

of DC-Chol, O-Chol, and PAM-Chol, and those of another

cationic lipid DOTMA and a helper lipid DOPE, which were

employed for liposome formation in this study. We previ-

ously characterized the formation, shapes, and particle sizes

of the cationic liposomes by agarose gel electrophoresis and

atomic force microscopy.13,14 The various cationic headgroups

were conjugated to hydrophobic Chol backbone that allowed

the Chol derivatives to be soluble and to bind the negatively

charged DNA. When the cationic Chol lipids were resuspend-

ed in a serum-free medium, they formed a micellar solution.

We investigated whether PLD activity was changed during

cationic liposome-mediated gene transfer. PA is the endo-

genous lipid product of PLD, but PA can be degraded to

diacylglycerol by PA phosphohydrolase activity or produced

by diacylglycerol kinase activity from diacylglycerol.15 PLD

mediates the unique transphosphatidylation reaction in the

presence of ethanol, catalyzing the generation of PEt at the

expense of PA production. Hence, PEt formation from HepG2

cells in a culture medium containing 1.5% ethanol was

monitored as readout of PLD activity.19-21 The isotope-
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labeled cells were incubated with the lipoplexes of cationic

Chol derivatives and a luciferase plasmid for 4 h. As shown

in Figure 2, all cationic liposomes significantly stimulated

the PLD activity. The effect of DOTMA liposome on PLD

activity was the highest (7-fold over the control). PAM-Chol

liposomes also showed a remarkable stimulatory effect (4-

fold), which was next ranked by DC-Chol (3-fold) and O-

Chol (2-fold) liposomes. When cells were incubated with

only DNA, the PLD stimulation was negligible in compari-

son with control cells that contained neither liposome nor

DNA. We then examined a possibility of differential effects

between liposomes and lipoplexes on PLD activation. For

this, cells were incubated with the cationic Chol liposomes

in the absence or presence of DNA. The stimulating effects

of DC-Chol, PAM-Chol, and O-Chol liposomes on PLD

activity were similar to those of respective lipoplexes (Figure

3), indicating that the cationic liposome alone was the main

factor for PLD stimulation.

Introduction of DNA into mammalian cells using cationic

liposomes has been demonstrated to be an effective method,

comparable to other transfection methods. We compared the

transfection efficiency of the cationic Chol liposomes. For

this purpose, we used a luciferase plasmid as a reporter gene

and measured luminescence intensities. O-Chol liposome

showed the highest transfection efficiency, which was five

times higher than that of DC-Chol liposome (Figure 4). The

effectiveness of a commercially available DOTMA liposome

was also significant. PAM-Chol liposome was less effective

than DC-Chol liposome. As expected, luminescence was

hardly detectable in the absence of liposome irrespective of

the presence of the reporter gene. 

Lipofection is subject to decrease cell viability to some

extent because of its cytotoxic effect. Cell cytotoxicity of the

cationic Chol liposomes was determined in the absence of a

plasmid DNA by measuring relative cell viability with a

MTT assay. We observed the concentration-dependent cyto-

toxic effects of the cationic liposomes but the resulting cyto-

toxicity seemed somewhat different among them (Figure 5).

Figure 1. Chemical structures of lipids used in this study.

Figure 2. PLD stimulation following gene delivery using cationic
lipoplexes. Cationic Chol derivatives and DOTMA as indicated
were mixed with DOPE. [3H]PAL-labeled HepG2 cells were trans-
fected with mixtures of the respective liposomes and a luciferase
plasmid DNA. Controls included resting cells (cell only) or cells
treated with DNA in the absence of liposome (DNA only). After 4
h transfection in the presence of 1.5% ethanol, the [3H]PEt formed
was measured by TLC and the radioactivity was expressed as
percentage of total lipid radioactivity. The data were presented as
percentage of radioactivity in PEt with respect to the total lipid
radioactivity. Values are expressed as means ± SD for 3-4 measure-
ments performed in duplicate.

Figure 3. Comparison between the effects of cationic liposomes
and lipoplexes on PLD activity. [3H]PAL-labeled HepG2 cells
were incubated with liposomes (without DNA) of cationic Chol
derivatives and DOPE or with their respective lipoplexes (with
DNA) as indicated conditions. As a control, liposome-untreated
cells were tested. After 4 h incubation in the presence of 1.5%
ethanol, the [3H]PEt formed was measured by TLC. The radio-
activity of [3H]PEt formed was measured and presented as
described in the legend of Figure 2. 
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DC-Chol liposome was the most cytotoxic of all liposomes,

which was followed by DOTMA liposome. When the con-

centration in which relative cell viability reached 50%

comparing to the control (designated as IC50), IC50 values of

DC-Chol and DOTMA liposomes were calculated approxi-

mately 15.5 and 21.2 μg/mL, respectively. In case of PAM-

Chol liposome, IC50 value was approximately 48.0 μg/mL

and O-Chol liposome showed the least cytotoxic effect.

We tested whether other cytotoxic chemicals such as oleate

(an unsaturated fatty acid), melittin (an amphiphilic poly-

peptide), and digitonin (a well-known membrane perme-

abilizing reagent) could also exert stimulatory effects on

PLD in HepG2 cells. Although molecular characteristics of

the chemicals are different each other, there is a considerable

common property among them in that they extensively

interact with membranes leading to morphological changes

such as micelle formation, membrane fusion, or membrane

pore formation.24-26 When HepG2 cells were treated with

them, substantially increased PEt formation was observed

with oleate (2-fold), melittin (3-fold), and digitonin (6-fold)

(Figure 6). Melittin is known to have hemolytic and anti-

microbial activity and perturb lipid bilayer structures.25,27

The exposure of mouse proximal tubular cells to exogen-

ously added oleic acid evoked severe cell injury and oleic

acid disordered the physical properties of membranes.28,29

Treatment of L1210 cells with digitonin, a well-known

membrane permeabilizing reagent, evoked the extensive

changes in cellular membrane lipids like mastoparan 7, an

amphiphilic peptide that disorganizes membrane structures

through lipid binding.30 The considerable similarity in PLD

activation between cationic liposomes and the cytotoxic

chemicals tested suggests that membrane destabilization

induced by cationic liposomes may activate PLD.

As lipoplex always passes through target cellular membranes,

it is thought that such cytotoxicity, not necessarily but at

least partially, influences on cellular membranes. Previously,

gene transfer using a cationic DODAC/DOPE liposome in

BHK cells, a disruption of membrane integrity by the lipo-

some was proposed as a relevant mechanism.22 In addition, a

study on gene delivery using amphiphilic polypeptides in

COS-7 cells, the membrane-perturbing activity of poly-

peptides was regarded as an important factor for efficient

transfection.31 Cationic lipids have generally adopted both

hydrophobic and hydrophilic groups for promoting gene

transfer. Cationic lipids such as N-[1-(2,3-dioleoyloxy)propyl]-

N,N,N-trimethylammonium (DOTAP) were shown to bind

phospholipids and affect physical properties of liposome

bilayer structure.32 Due to their amphiphilic structures, cati-

Figure 4. Test of transfection efficiency by cationic liposomes.
Transfection of HepG2 cells with a luciferase gene was carried out
using the indicated cationic Chol liposomes for 4 h. As controls,
cells were incubated without or with the plasmid in the absence of
Chol liposome. The luciferase activity was determined with a
commercial assay kit at 48 h posttransfection and normalized
against cell lysate amounts. The data were presented as means ±
SD for 3-4 measurements performed in triplicate. 

Figure 5. Effects of cationic liposomes on cell viability. HepG2
cells were incubated with various concentrations of cationic Chol
liposomes without DNA for 4 h. Cell viability was then measured
using a MTT assay after 48 h. Relative cell viability was calculat-
ed as a percentage to the control resting cells.

Figure 6. Effects of membrane-perturbing chemicals on PLD
activity in HepG2 cells. [3H]PAL-labeled HepG2 cells were un-
treated or treated with oleate (0.5 mM), melittin (5 mM), or
digitonin (24 mM) in the presence of 1.5% ethanol. After 20 min
incubation, [3H]PEt formed was measured and presented as
described in the legend of Figure 2. 
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onic liposomes are expected to strongly interact with target

cellular membranes. Moreover, liposomes and lipoplexes

made of DOTAP analogs and Chol or DOPE became more

stable and lipid composition of the liposomes critically

determined gene transfer efficiency.33

The PLD stimulation by lipoplexes was repeated in the

absence of DNA, suggesting that cationic liposomes them-

selves could perturb the HepG2 cellular membranes (Figure

3). This result was in good agreement with the cytotoxicity

test performed in the absence of DNA (Figure 5). The results

of PLD stimulation by the cytotoxic Chol liposomes might

be originated from their ability to induce membrane pertur-

bation (Figures 2 and 5). Melittin, oleate, and digitonin also

stimulated PLD activity (Figure 6). Thus, the actions of cati-

onic liposomes are likely parallel to those of the membrane-

perturbing chemicals. Perturbation of cellular membranes

induced by chemical or physical stimuli modulated various

biological events including membrane fluidity, gene expression,

and heat shock response.34,35 These observations raise the

possibility that membrane-perturbing action of the cationic

Chol liposomes can cause PLD-dependent change in lipid

composition.

Conclusion

In summary, we report that cationic liposomes comprising

DC-Chol, O-Chol, and PAM-Chol together with DOPE

significantly stimulated PLD activity in HepG2 cells. These

observations support an idea that cytotoxic and membrane-

perturbing effects induced by the Chol liposomes play a

primary role in the upregulation of PLD activity. Although

biochemical and biophysical properties of cationic lipids

have been systematically studied with model membranes,

their potential to affect intact cellular membranes has not

been well understood. This study provides an insight into a

new character of cationic liposome for its potential to alter

cellular lipid composition. In this regard, our results suggest

that PLD-catalyzed phospholipid breakdown can be con-

sidered as an index for evaluating a biological property of

cationic liposomes. 
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