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a b s t r a c t

Miltefosine (hexadecylphosphocholine, HePC) is the first effective oral agent for the treat-

ment of visceral leishmaniasis. This study aimed to determine whether this oral admin-

istration alters the integrity and transport capacities of the intestinal barrier. The objectives

of this study were: (i) to evaluate the cytotoxicity of HePC, (ii) to investigate the effects of

HePC on paracellular and transcellular transport and (iii) to investigate the influence of HePC

on three major transporters of the intestinal barrier, namely, P-glycoprotein, the human

intestinal peptide transporter (PepT-1) and the monocarboxylic acid transporter (MCT-1) in

Caco-2 cell monolayers, used as an in vitro model of the human intestinal barrier. We show

that HePC reduced the transepithelial electrical resistance and increased D-[14C]mannitol

permeability in a dose-dependent manner but had no effect on [3H]testosterone perme-

ability, demonstrating that HePC treatment enhances paracellular permeability via an

opening of the tight junction complex without affecting the transcellular route. Morpho-

logical studies using confocal fluorescence microscopy showed no perturbation of the

normal distribution of ZO-1, occludin or E-cadherin but revealed a redistribution of the

tight junction-associated protein claudin-1 and the perijunctional actin after incubation

with HePC. Finally, HePCwas found to inhibit the intestinal P-glycoprotein in the Caco-2 cell

model after a single short exposure. These results suggest that HePC could modify the oral

bioavailability of other therapeutic compounds absorbed via the paracellular route or which

are substrates of the intestinal P-glycoprotein.

# 2005 Elsevier Inc. All rights reserved.
1. Introduction

Miltefosine (hexadecylphosphocholine, HePC), an alkyl-lyso-

phospholipid (ALP), is the first orally effective drug against

visceral leishmaniasis (VL) and has proved to be highly

effective and less toxic than current therapies. It has shown

a 98% cure rate of VL patients during a phase III clinical trial in

India [1]. Following registration in India in 2002 for the

treatment of VL, HePC is about to play an essential role in the

control and treatment of this endemic disease [2]. Indeed, this

oral administration is a major advantage over the currently

recommended antileishmanial drugs that require parenteral
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administration. Although data on the remarkable activity after

oral administration exist, little is known about the mechan-

isms of action of HePC and other ALPs. It has been reported

that ALPs act primarily at the cell membranes [3] and alter

their physicochemical properties [4]. Moreover, the effect of

HePC on the intestinal barrier has not yet been fully

investigated. This question is all the more relevant since it

has been claimed that ALPs could enhance in vitro epithelial

permeability of human colorectal cancer cell monolayers T84

[5] and Madin-Darby canine kidney (MDCK) cell monolayers

[6]. Furthermore, previous studies performed with similar

phospholipid-like compounds: dodecylphosphocholine (DPC)
.
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[7], 2-alkoxy-3-alkylamidopropylphosphocholines [8] or 3-

alkylamido-2-alkoxypropylphosphocholines [9], have shown

that they are able to enhance the transport of hydrophilic

compounds across Caco-2 cell monolayers by modulating

tight junctions. These authors claimed that several lysopho-

sphatidylcholines could be used as enhancers of paracellular

permeability. In fact, several phospholipids and phospholipid-

like agents such as lysophosphatidylcholines or lysolecithin

increase the paracellular permeability of hydrophilic com-

pounds across various epithelia [10,11]. Even if themechanism

is still unclear, lipid surfactants can increase the permeability

of epithelial barriers in a concentration-dependent manner

[12] and it has been suggested that these phospholipid

derivatives also increase the paracellular permeability of

hydrophilic compounds by modulation of tight junctions

[7,13,14].

Furthermore, it has also been reported that phospholipid-

like agents such as non-ionic surfactants (i.e. Tween 80,

Cremophor EL and glycerol esters) with membrane fluidity

modulating activity were able to alter the activity of several

specific transporters [15–17] and inhibit efflux systems in

epithelial models.

Taken together, these results suggest that HePC could

modify the transport properties of the intestinal epithelial

barrier and thus influence – and perhaps improve – oral

absorption of other therapeutics agents delivered via the oral

route.

The aim of our present experiments was to investigate the

action of HePC on the intestinal epithelium barrier. The

human colon carcinoma cell line Caco-2 grown on Trans-

well1-clear polyester membranes was used as a validated

intestinal transportmodel system [18,19]. The three objectives

of this study were: (i) to determine HePC cytotoxicity towards

Caco-2 monolayers, (ii) to evaluate the effects of HePC on

paracellular and transcellular passive transport across Caco-2

cell monolayers and (iii) to establish its influence on three

active membrane transporters, namely the P-glycoprotein (P-

gp), the human intestinal peptide transporter (PepT-1) and the

monocarboxylic acid transporter (MCT-1).
2. Materials and methods

2.1. Materials

D-[14C]mannitol (specific activity 58 mCi/mmol) was purchased

from Amersham Life Science (Buckinghamshire, UK), [3H]tes-

tosterone (specific activity 78.5 Ci/mmol), [3H]digoxin (specific

activity 23.4 Ci/mmol) and Ultima GoldTM liquid scintillation

were from Perkin Elmer Life Science Products (Boston, USA). N-

[1-14C]Butyric acid, sodium salt (specific activity 56 mCi/mmol)

was from MP Biomedicals Inc. (CA, USA), [14C]Gly-Sar (specific

activity 49.94 mCi/mmol) was from New England Nuclear

(Boston, MA, USA). HePC was obtained from Cayman Chemical

Company (AnnArbor,MI,USA). SolutionsofHePC (10mM)were

freshly made in water or in Krebs modified buffer immediately

before each experiment. Dulbecco’s modified Eagle’s medium

(DMEM), phosphate buffered saline (PBS), fetal bovine serum

(FBS), non-essential amino acids solution (NEAA 10mM, 100�),

penicillin–streptomycinsolution (10,000 units/mlpenicillinand
10,000 mg/ml of streptomycin), trypsin–EDTA solution (0.05%

trypsin, 0.53 mM EDTA) were obtained from Invitrogen-Life

Technologies. Transwell1-clear polyester membranes 12-well

(1 cm2 surface area, 0.4 mm pore size), Transwells1 24-well

(6.5 mm diameter, 0.4 mm pore size), 6-, 12- and 96-well plates

were purchased from the Costar Corning Corporation (NY,

USA). Cytotoxicity Detection Kit (LDH) was from Roche

Diagnostics (Meylan, France). Methylthiazoletetrazolium

(MTT), sodium butyrate, phalloidin–tetramethylrhodamine

(phalloidinTRITC labeled), glycyl-sarcosine (Gly-Sar)were from

Sigma–Aldrich (St. Louis, MO, USA). Testosterone was from

Fluka Chemika (Buchs, Switzerland). Antibodies directed

against tight junction proteins, anti-mouse and anti-rabbit

IgG antibodies (FITC-labeled) were purchased from Zymed

Laboratories Inc. (San Francisco, CA, USA).

2.2. Cell culture

Caco-2 cells (passages 45–65) were cultured in Dulbecco’s

modified Eagle’s medium (DMEM) supplemented with 20%

FBS, 1% non-essential amino acids, 1% L-glutamine and 1%

penicillin–streptomycinmixture. Cellswere kept at 37 8C in 5%

CO2 and 95% humidity. Every week, cells were trypsinized and

seeded at 5 � 103 cells per well onto 96-well cluster trays for

cytotoxicity studies, at 5 � 104 cells per insert onto Trans-

wells1 12-well for transport studies and at 2 � 104 cells per

insert onto Transwells1 24-well for immunohistochemistry.

Cells were then grown in the plates for a minimum of 14 days

and used for experimentation between days 14 and 21. The

medium was changed daily.

2.3. Cytotoxicity assays

2.3.1. Cell viability: the MTT assay
The cell viability in presence of HePC was evaluated using the

MTT colorimetric assay. Caco-2 cells seeded in 96-well culture

plates were washed three times with PBS at 37 8C. Subse-

quently, increasing concentrations of HePC were added to the

cells, PBS and DMSO were used as negative and positive

controls, respectively. Caco-2 cells were further incubated at

37 8C for 2, 6 or 24 h. Thereafter, cell viability was determined

by the MTT test according to the procedure described by

Mosmann [20]. Briefly, 10 ml of MTT solution at 5 mg/ml in PBS

were added to each well and plates were incubated at 37 8C for

4 h. Medium was removed and 100 ml of acid–isopropanol

(0.04N HCl in isopropanol) and 20 ml of DMSO were added to

each well and mixed thoroughly to completely dissolve the

dark blue crystals. The optical density values were measured

at 570 nm using a multiwell-scanning spectrophotometer.

2.3.2. Release of lactate dehydrogenase
The effect of HePC upon cell integrity was also determined by

measurement of lactate dehydrogenase (LDH)-release as a

marker of cell membrane damage. Cell monolayers grown on

96-well dishes were incubated with increasing concentrations

of HePC. After 2, 6 and 24 h of exposure 100 ml samples were

withdrawn and analyzed for LDH content. In control experi-

ments, the monolayers were incubated with PBS or 1% Triton

X-100. Afterwards, results were normalized to 0% and 100%

LDH release, respectively.
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2.4. Transport studies

Transepithelial transport was studied with cells grown on

permeable supports (Transwell1) for 18 days. The transport

medium consisting of Krebs modified buffer: 5.4 mM KCl,

2.8 mM CaCl2, 1 mM MgSO4, 0.3 mM NaH2PO4, 137 mM NaCl,

0.3 mMKH2PO4, 10 mMglucose and 10 mMHEPES/Tris (pH 7.4)

or 10 mM MES/Tris (pH 6.0). The pH was adjusted to 6.0 in the

apical compartment and to 7.4 in the basolateral compart-

ment. The culture medium of apical and basolateral compart-

ment was removed by aspiration, and monolayers were

washed three times with substrate-free transport medium

at 37 8C, 30 min before the beginning of the experiment. At

time 0, buffer containing radiolabeled compound ([14C]man-

nitol, [3H]testosterone, [14C]butyrate, [14C]Gly-Sar or

[3H]digoxin) was added on the apical (0.5 ml) or basolateral

(1.5 ml) compartment of the insert and the flux across Caco-2

cell monolayers was determined in the absence or presence of

various concentrations of HePC. The monolayers were con-

tinuously agitated on a shaker during the transport experi-

ments. The amount of radiolabeled compound transported

across Caco-2 cell monolayers was determinated by counting

the samples in a Beckman LS 6000TA liquid scintillation

counter. At the end of the experiment, uptake of the

radiolabeled compound into cell monolayer was determi-

nated. For this, monolayerswerewashed three timeswith ice-

cold buffer, solubilized with Triton X-100 at 1% and processed

for scintillation counting.

The apparent permeability coefficient, Papp (cm/s) for the

radiolabeled compounds were determined by the following

equation: Papp = (1/AC0)(dQ/dt), where dQ/dt is the flux across

the monolayer, A is the surface area of the Transwell1

membrane and C0 is the initial concentration of the radio-

labeled compound in the donor compartment.

2.5. Measurement of transepithelial electrical resistance
(TEER)

The transepithelial electrical resistance (TEER) is an index of

confluence and integrity of monolayers [19]. The TEER value

wasmeasured at the beginning of transport experiments with

an EVOM Epithelial Tissue Voltohmmeter (World Precision

Instruments, Sarasota, FL) to check the integrity of mono-

layers. Monolayers that displayed a TEER of 200–300 V cm2

were used in the experiments. TEER measurements were also

performed to evaluate the effect of HePC on tight junctions

and on paracellular permeability. Thus, monolayers were

treated on the apical side with various concentrations of HePC

dissolved in Krebsmodified buffer (pH 6). Measurements were

performed at 37 8C and results were expressed as relative

resistance (percentage of TEER in presence versus in absence

of treatment).

2.6. Recovery experiments

In order to determine whether the effect of HePC on the

intestinal barrier permeability was reversible or irreversible,

cell monolayers were preincubated with HePC for 2 h, washed

three times with Krebs buffer and then incubated with

[14C]mannitol (0.1 mCi per well) in fresh medium for 24 h. A
control was performed with cells not treated with HePC. TEER

was measured at the end of the experiment to check the

integrity of the cell monolayer.

2.7. Immunohistochemistry

Caco-2 cell were grown on Transwell1 for 18 days. Cell

monolayers were incubated with HePC at 50 mM for 2 h. The

mediumwas removed and themonolayerswerewashed three

times with PBS at room temperature. The cells were fixedwith

3% paraformaldehyde for 15 min, rinsed three times with PBS,

and then permeabilizedwith 0.2%Triton X-100 for 10 min. The

filter was cut out and after three washes, cells were blocked

with PBS containing 1% BSA. After further rinsing, the cell

monolayer was incubated with PBS containing 0.2% gelatin

and 0.008% saponin. The cells were then incubated for 20 min

with rhodamine–phalloidin diluted in PBS containing 1% BSA

to reveal filamentous actin. The primary antibody (mouse

monoclonal antibody against E-cadherin, ZO-1 and occludin,

rabbit polyclonal antibody against claudin 1), diluted at 1:200

in PBS containing 0.2% gelatin, was applied to the cell

monolayers and incubated for 1 h. After several washes with

PBS/0.2% gelatin, cells were incubated for 45 min with the

FITC-labeled goat anti-mouse or anti-rabbit IgG antibody,

diluted at 1:200 in PBS/0.2% gelatin. After several rinses with

PBS/0.2% gelatin, filters were mounted in glass slides and

examined using a Zeiss confocal microscope.

2.8. Western blot analysis

For total protein extraction, Caco-2 cells pellets were homo-

genized at 4 8C in lysis buffer (Tris 10 mM, EDTA 5 mM, NaCl

126 mM, Triton 1% and SDS 0.1%) supplemented with

100 mmol/l aprotinin, leupeptin and pepstatin. The homo-

genates were centrifuged at 12,000 � g for 20 min at 4 8C and

the supernatants collected for Western blot analysis. Proteins

were quantified using the Bio-Rad protein assay (Bio-Rad

Laboratories, Hercules, CA). Briefly, 20 mg of proteins were

solubilized in electrophoresis sample buffer containing b-

mercaptoethanol, separated by sodium dodecyl sulfate-poly-

acrylamide gel electrophoresis (SDS-PAGE) on 8% polyacryla-

mide gel (Bio-Rad) and transferred to nitrocellulose

membranes. The blots were blocked 1 h in TBS buffer

containing 0.1% Tween 20 (TTBS) and 10% non-fat dry milk.

After washing with TTBS, the blots were incubated overnight

at 4 8C with a 1:100 dilution of monoclonal antibody C219

(Dako, Glostrup, Denmark). After washing five times for

10 min in TTBS, they were further incubated 1 h at room

temperature with an anti-mouse horseradish peroxidase-

conjugated antibody diluted 1:10,000 (Amersham, UK). The

membranes were washed four times for 10 min in TTBS and

then revealed using a chemiluminescence system (ECL,

Amersham Biosciences, UK). The intensity of the bands was

quantified using Scion Image (NIH, Scion Corporation,

Bethesda, USA).

2.9. Statistics

Results are expressed as mean � standard deviation (S.D.).

Statistical analysis was performed using one-way analysis of
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variance (ANOVA) with a Mann–Whitney post-test for double

comparisons (GraphPad Instat, San Diego, CA). Statistical

significance was accepted as p < 0.05.
3. Results

3.1. Effects of HePC on apical membrane integrity and cell
viability

The aim of these studies was to determine subtoxic concen-

trations of HePC, which could be used in the subsequent

studies on Caco-2 cell monolayers. The cytotoxicity of HePC

towards Caco-2 cells was examined using the MTT assay and

LDH release fromCaco-2 cells. The dose-dependent viability of

Caco-2 cells treated with HePC for 2, 6 and 24 h is presented in

Fig. 1. These results showed that HePC had cytotoxic effects in

a concentration and time-dependentmanner. A 2-h treatment

with HePC up to 200 mM induced no significant mitochondrial

toxicity towards Caco-2 cells (more than 90% cell viability);

however significant LDH release was observed. This result

suggests that HePC could cause rapid membrane damage,

without inducing a subsequent decrease in cell viability. A 6-h

exposure to HePC led to a marked decrease in cell viability at

concentrations above 50 mM and a 24-h exposure resulted in a
Fig. 1 – Cytotoxic effects of HePC on Caco-2 cell monolayers

as a function of time and concentration. Cytotoxicity was

measured by the MTT assay (A) and LDH release (B)

following 2, 6 or 24 h incubation at 37 8C, 5% CO2 and 95%

relative humidity. For the MTT assay, PBS and DMSO were

used as positive (100% cell viability) and negative (0% cell

viability) controls, respectively. For LDH assay, PBS and

Triton 1% were used as negative (0% LDH release) and

positive (100% LDH release) controls, respectively, and

results were normalized to 0% and 100% LDH-release. All

measurements were expressed as meanW S.D. (n = 8).
more pronounced decrease in cell viability and a significant

LDH leakage for all doses studied. The effective LD50 values

(concentration that causes 50% lethality) at 2, 6 and 24 h were

approximately 550, 140, and 75 mM, respectively. Subsequent

studies were performed at HePC concentrations that gave

more than 80% cell viability and moderate LDH release.

3.2. Effects of HePC on passive permeation

3.2.1. Effects of HePC treatment on mannitol and testosterone
transport and on TEER
After the determination of subtoxic HePC concentrations, the

effects of HePC on the two passive pathways, paracellular and

transcellular transport across Caco-2 cell monolayers were

assessed.

The apical side of Caco-2 cell monolayers was exposed to

various concentrations of HePC for 2 h, from 0 to 100 mM. The

effect of HePC exposure on paracellular permeability of the

Caco-2 cell monolayers was estimated by the permeability of

mannitol—a hydrophilic molecule, which is absorbed exclu-

sively by passive diffusion through the paracellular route [21]

and by TEER measurement, while the effect on transcellular

permeability was estimated by the permeability of testoster-

one. These results are shown in Fig. 2. Apical exposure of the

monolayers to HePC induced both an increase of mannitol

permeability and a decrease of TEER in a concentration-

dependent manner. The permeability coefficient for mannitol

of untreated cells was 1.1 � 0.2 � 10�6 cm/s and was in

accordance with the literature values [22,23]. After an

incubation of Caco-2monolayerswithHePC at a concentration

of 100 mM for 2 h, the apparent permeability coefficient Papp of

mannitol was approximately 20-fold higher and TEER value

was reduced to 50%, compared with control. No effect on

either absorption of mannitol or TEER were observed after

exposure toHePC concentrations lower than 5 mM(evenafter a

5-h exposure, data not shown). These results showed that

HePC clearly enhanced the permeability of the paracellularly

transported marker mannitol across intestinal Caco-2 cell

monolayers.

Furthermore, Fig. 2 shows that HePC, at the concentrations

and exposure times studied, did not affect the permeability of

testosterone, indicating that HePChad no effect on the passive

transcellular pathway across Caco-2 cell monolayers. The

permeability coefficient of testosterone across monolayers of

untreated cells was 29.0 � 1.3 � 10�6 cm/s and was in accor-

dance with the literature values [23]. This result indicated that

the permeability increase induced by HePC allowed small

molecules such as mannitol to cross the paracellular space

whereas the monolayer was still able to provide a barrier

function as effective as that of control monolayers against the

passage of lipophilic molecules such as testosterone.

3.2.2. Reversibility of HePC-induced effects
In order to determine whether this enhancement of para-

cellular permeability was deleterious or not for the intestinal

barrier, we decided to evaluate the ability of Caco-2 cell

monolayers to recover their integrity after exposure to HePC.

Monolayers were exposed to 20 mM HePC for 2 h to mimic

physiological conditions after an oral administration of the

drug. After exposure, monolayers were washed, replaced in



b i o c h em i c a l p h a rma c o l o g y 7 1 ( 2 0 0 6 ) 4 8 6 – 4 9 6490

Fig. 2 – Effect of HePC (20, 50 and 100 mM) on TEER and

changes in permeability of mannitol as a marker of

paracellular transport and testosterone as a marker of

transcellular transport across monolayers. HePC was co-

administered with [14C]mannitol (0.5 mCi per well) or

[3H]testosterone (100 mM, 0.5 mCi per well) on the apical

side of Caco-2 cell monolayers and the apparent

permeability coefficients (Papp) for mannitol and

testosterone from apical to basolateral compartment were

calculated, as described in Section 2, after 2 h of

incubation. Results shown are the ratio of Papp calculated

from HePC-treated cells/Papp calculated from untreated

cells (control). TEER was expressed as a percentage of TEER

at t0. The cell viability (>95%) was not compromised, as

determined by the MTT assay, at the end of the

experiment. All measurements were expressed as

meanW S.D. (n = 9).

Fig. 3 – Reversibility of effect of HePC on mannitol

permeability across Caco-2 cell monolayers. Cells were

preincubated for 2 h with HePC 20 mM in the apical

compartment (&) or Krebs modified buffer pH 6.0 as a

control (&). Cells were then washed three times with fresh

buffer and [14C]mannitol (0.1 mCi per well) was added to

the apical compartment at t0. Papp for mannitol from apical

to basolateral compartment was calculated as described in

Section 2, over 24 h. Monolayers were kept at 37 8C and 5%

CO2 during all experiments. All measurements were

expressed as meanW S.D. (n = 9).
fresh medium and the permeability of mannitol was studied

over 24 h. Fig. 3 shows the evolution of apparent permeability

coefficient. Themannitol Pappwas two-fold higher than that of

untreated control cells after 1 h of recovery and more than

four-fold higher after 3 h. The Papp of mannitol of treated

monolayers reached a peak 6 h after exposure to HePC with a

value approximately four-fold higher than that of untreated

monolayers, suggesting the existence of a delay before the

maximal effect of HePC. Thereafter, paracellular permeability

decreased and approched the value for control monolayers.

Over the 24-h period of these experiments, cellmonolayers did

not totally recover paracellular integrity, as indicated by the

mannitol permeability value at 24 h, which was two-fold

higher than control monolayers. Continuing the experiment

for more than 24 h led to a deterioration of untreated

monolayer integrity as indicated by the TEER measurement

(data not shown). These results demonstrated that recovery of

the monolayers after HePC exposure was quite slow but

possible and would authorise the co-administration of drugs

which undergo passive paracellular transport.

3.2.3. Influence of the localization of HePC and temperature on
HePC-induced effects
The above results show that HePC increased mannitol

permeability when applied apically. To investigate whether
this effect was mediated by apical or basolateral stimulation

and to clarify the mechanism, a series of experiments was

performed in which media containing various concentrations

of HePC were added to the apical or basolateral sides of the

cells. The results are presented in Fig. 4A. The effects of HePC

on the cell monolayers were found to be asymmetrical: the

enhancement of mannitol permeability was much more

pronounced when HePC was applied to the apical side than

when it was added to the basolateral side of Caco-2 cell

monolayers. This differential effect does not seem to be due to

the polyester membrane, as the transport of HePC from AP to

BL compartmentwas similar to the BL toAP transport (data not

shown). Therefore, the apical membrane might be more

sensitive. The HePC-induced increase of mannitol perme-

ability (and decrease in TEER, data not shown) was also

observed at 4 8C but the effect was less pronounced (Fig. 4B).

3.2.4. Effects of HePC on tight-junction-associated proteins
distribution and on actin filament organization
The tight junction is a complex structure composed of both

transmembrane and cytosolic proteins, which provides a

continuous seal around the apical region of the lateral

membranes of adjoining epithelial cells, preventing the free

passage of molecules by the paracellular pathway. To clarify

the mechanism of paracellular permeability enhancement

observed after HePC treatment, we investigated its effect on

the distribution of four major tight junction-associated

proteins in Caco-2 cells, namely ZO-1 (Fig. 5A), occludin

(Fig. 5B), E-cadherin (Fig. 5C) and claudin-1 (Fig. 5D). The

expression and localization of these proteins were studied by

immunostaining followed by confocal laser scanning micro-

scopy (Fig. 5). Control cells showed an uniform distribution of
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Fig. 4 – Influence of localization of HePC (A) and temperature (B) on mannitol permeability. (A) Monolayers were treated on

the apical or basolateral side with HePC at 37 8C, 5% CO2 and 95% relative humidity. (B) Monolayers were treated apically

with HePC at 37 8C or 4 8C. [14C]mannitol (0.5 mCi per well) was added in the apical compartment and the apparent

permeability coefficient (Papp) from apical to basolateral compartment was calculated as described in Section 2, after 2 h

incubation with HePC. The results shown are the ratio of Papp calculated from HePC-treated cells/Papp calculated from

untreated cells (control). All measurements were expressed as meanW S.D. (n = 9).
the four proteins at intercellular junctions.Monolayers of cells

treated with HePC had an abnormal localization and cellular

distribution of claudin-1. Its localizationwithin themembrane

was not as well defined as that shown by control cells, with a

granular appearance and significant presence in the cytosol.

The distribution of the other three proteins studied was not

affected.

The effect of HePC on F-actin filament organization was

also investigated because these filaments are intimately

associated with the junctional complex [24]. Staining of F-

actin with rhodamine–phalloidin showed that HePC induced

changes in the cellular actin distribution (Fig. 6). Inmany cells,

the intensity of the actin staining was reduced and the

perijunctional ring of actin filaments was partially disbanded.

This effect appeared to be concentrated in the basal region of

Caco-2 cells, since the basal actin on the cell border was more

discontinuous than in untreated cell monolayers. This result

showed that HePC had clear effects on the cytoskeleton and

suggests that HePCmight cause changes in the interactions of

the cytoskeleton with the tight-junction-associated protein

claudin-1.

3.3. Effects of HePC on active transport

3.3.1. Effect of a single exposure to HePC on Caco-2
transporter activity
Since HePC is predominantly incorporated in the cellular lipid

compartments,wedecided to investigate possible interactions

of HePC with physiological intestinal barrier functions, in

particular active transport. Three apical membrane proteins

transporting very different substrates were studied: (i) the

monocarboxylic acid transporter (MCT-1) which can transport

a wide range of short-chain monocarboxylates, (ii) the human

intestinal peptide transporter (PepT-1)which is responsible for
the absorption of di and tripeptides and peptidomimetic drugs

such as b-lactam antibiotics in the small intestine, and (iii) the

multidrug resistance (MDR1) protein P-glycoprotein (P-gp),

which is widely studied as example of an active transport

mechanism which expels drugs from the cells, decreasing the

intracellular concentration of cytotoxic agents and causing

multidrug resistance. These three transporters use energy

derived from ATP by direct hydrolysis for P-gp or from a

transmembrane proton gradient maintained by a Na+/H+

pump for PepT-1 and MCT-1.

To study the effect of a single exposure to HePC, cells were

preincubated for 1 h with 20 mM HePC—conditions which

were non-toxic and without effect on passive permeation.

The functionality of MCT-1, PepT-1 and P-gp in presence or

absence of HePC was then evaluated by studying the

transport of a known specific substrate of each transporter:

butyrate [25], glycylsarcosine (Gly-Sar) [26] and digoxin [27],

as previously described. Fig. 7 shows the relative apical to

basolateral (AP-BL) permeability coefficients of [14C]butyrate

(20 mM), [14C]Gly-Sar (10 mM) and [3H]digoxin (5 mM) in the

presence of HePC comparedwith control. HePC treatment did

not significatively affect Gly-Sar or butyrate permeability

across Caco-2 cellmonolayers indicating that, at the time and

dose studied, HePC modified neither PepT-1 nor MCT-1

activity. As far as P-glycoprotein activity was concerned,

Fig. 7 clearly shows that HePC increased apical to basolateral

permeability of the P-gp substrate digoxin two-fold from 4.05

to 8.05 � 10�6 cm/s ( p < 0.01). Since the normal activity is the

efflux of compounds from the cell at the apical pole, causing a

net decrease in AP to BL transport, this result suggested that

HePC could inhibit P-gp. A positive control with cyclosporine

A—a known P-gp inhibitor—was performed and showed an

increase of AP to BL permeability of digoxin, as expected (data

not shown).



b i o c h em i c a l p h a rma c o l o g y 7 1 ( 2 0 0 6 ) 4 8 6 – 4 9 6492

Fig. 5 – Effect of HePC treatment on the distribution of four tight junction-associated proteins in Caco-2 cells, namely ZO-1

(A), occludin (B), E-cadherin (C) and claudin-1 (D). Untreated cells or those treated with 50 mM HePC for 2 h at 37 8C, 5% CO2

and 95% relative humidity were treated sequentially with primary antibody and FITC-labeled anti-rabbit or anti-mouse IgG

antibody and examined with a Zeiss fluorescence confocal microscope. Scale bar 10 mm.
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Fig. 6 – Effect of HePC treatment on actin filament organization in Caco-2 cell monolayers. (A) untreated cells and (B) cells

treated apically with HePC 50 mM for 2 h at 37 8C, 5% CO2 and 95% relative humidity. Cell monolayers were then incubated

with phalloidin conjugated with rhodamine for 30 min and subsequently washed with PBS, as described in Section 2. Actin

filament organization was viewed with a Zeiss fluorescence confocal microscope. Scale bar 10 mm. The arrows indicate

regions of actin redistribution in the basal region.
3.3.2. Effect of chronic exposure to HePC on P-gp expression
Fig. 7 suggested an interaction between HePC and the P-

glycoprotein in the Caco-2 cell line. Since VL treatment

consists in daily oral administration of HePC for 28 days, we

exposed the apical side of Caco-2 cells to HePC for 4 weeks in

order to mimic physiological conditions and thereby evaluate

whether a chronic exposure of the intestinal barrierwithHePC

could modify the P-gp activity. The expression of P-gp in

control cells and in HePC-treated cells determined byWestern

blot analysis is presented in Fig. 8. This shows that chronic
Fig. 7 – Effects of HePC on MCT-1, PepT-1 and P-gp

activities. Caco-2 monolayers were preincubated with

HePC 20 mM (&) or Krebs buffer as control (&) for 1 h. HePC

(20 mM) was co-administrated with 0.5 mCi per well of

[14C]butyrate (20 mM), [14C]Gly-Sar (10 mM) or [3H]digoxin

(5 mM) on apical side and Papp from apical to basolateral

compartment was calculated as described in Section 2.

The results shown are the ratio of Papp calculated from cell

treated with HePC/Papp calculated from untreated cells

(control). MeanW S.D. (n = 9) **p < 0.01 vs. control.
exposure of the cells to HePC did not lead to a decrease of

expression of the protein, as revealed by the densitometric

analysis of immunoblots. Thus, oral administration of HePC

for 28 days as described [28]wouldnot be expected to induce P-

gp modulation.
4. Discussion

Little is known about the impact of oral administration of

HePC on the intestinal barrier despite the physiological and

therapeutic interest of this molecule.We therefore used Caco-

2 cell monolayers to study the dose-dependent effects on the

intestinal epithelium of short- and long-term exposure to

HePC and its influence on the three major routes of

transepithelial movement namely: (1) transcellular passive

diffusion, (2) paracellular passive diffusion and (3) carrier-

mediated transcellular transport.

We demonstrated that HePC had no effect on testosterone

permeability but increased mannitol permeability and

decreased TEER values without irreversible cell damage.

These effects were time, dose and temperature-dependent

and could not be ascribed to aspecific cytotoxicity – under our

experimental conditions – as shown by cell viability controls

by MTT and LDH measurement. Taken together, these results

clearly indicate that HePC enhances passive paracellular

permeability across Caco-2 cell monolayers without affecting

the passive transcellular route and are in agreement with

previous studies conductedwith similar compounds in this [7–

9] and other epithelial cell lines [6].

Permanent disruption of the barrier properties after

treatment of the intestinal epithelium could lead to problems

such as an increased risk of infection of the area. Therefore the

ability of Caco-2 cells to recover from treatment with HePC

was investigated. The permeability of mannitol across HePC-

treated monolayers approched control values after 24 h of

recovery but complete recovery was not observed. This seems

in contrastwith previous studieswith dodecylphosphocholine
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Fig. 8 – Effect of chronic treatment with HePC on P-

glycoprotein expression in Caco-2 cells. Caco-2 cells were

cultivated for 3 weeks and then seeded into 6-well plates

and grown for 18 days. The medium was supplemented

with HePC 5 mM throughout this period. P-gp expression

was then evaluated by Western blot analysis in 20 mg of

total proteins using the mouse monoclonal C219 antibody.

One immunoreactive protein of 170 kDa was detected.

Densitometric analysis of immunoblots was performed

using the NIH image analysis (Scion Image Corporation).

Data are expressed in arbitrary units as meanW S.D. of

n = 3 wells per group. The difference was not statistically

significant (p > 0.05).
(DPC) [7] in which DPC-treated monolayers recovered full

integrity after 10 h in fresh medium. This difference may be

due to the different nature of the phospholipids themselves

but also to the duration of treatment, since Lui et al. performed

only 30 min of treatment with DPC. Our study also showed

that a latent period was necessary before the full effect of

HePC was evident. Indeed, even after removal of the drug in

contact with the cells, the mannitol permeability across Caco-

2 monolayers kept increasing. This latent period and the slow

recovery observed in our experiments could also be explained

by the hypothesis of HePC molecules sequestered within the

cell membranes, influencing paracellular permeability

although the drug was not still present in the medium.

The permeability increase induced by HePC could allow

small molecules to cross the intestinal barrier via the

paracellular space and could therefore be exploited to improve

the transport of other therapeutic agents co-administered

with HePC. An example of co-administration could be

bitherapy for visceral leishmaniasis. Although HePC is

extremely active against Leishmania donovani, the ease with

which resistantmutants can be produced in the laboratory is a

cause of concern [29]. Thus, to reduce and postpone the

emergence of resistant mutants, it might be advantageous to

use HePC in combination with other anti-leishmanial drugs.

Antiparasitic drugs such as amphotericin B, atovaquone and

artemisinin, which are poorly soluble in water, are hardly

absorbed via the gastrointestinal tract (GIT) and exhibit only
low oral bioavailability. Co-administration with HePC could

promote their paracellular transport by reversibly opening

epithelial tight junctions and therefore improve their oral

availability.

HePC is a phospholipid analogue and it is important to note

that our results can be compared to previous studies on the

effects of lipid surfactants on epithelial barriers. Although the

mechanism is still unclear, it has been shown that these

surfactants can increase the permeability of epithelial barriers

in a concentration-dependent manner [12]. Furthermore, it

has been suggested that phospholipid derivatives increase the

paracellular permeability of hydrophilic compounds by

modulation of tight junctions [7,13,14]. Here we provide

information that HePC can act in the same way in Caco-2

cell monolayers.

There are several possible mechanisms by which HePC

could affect the integrity of the tight junctions. The hypothesis

that the protein complex is disrupted by solubilization of the

lipid membrane can be discounted since it has recently been

demonstrated that HePC is not able to solubilize the

membrane lipids [30]. Our experiments also demonstrated

that the effect of HePC on paracellular permeability was

reduced but not abolished at 4 8C, suggesting that HePC did not

disturb the tight junctional complex by an ATP-dependent

pathway. Furthermore, the asymmetrical effect of HePC on

paracellular permeability depending on whether it was

applied to the apical or basolateral pole could be explained

by several hypotheses: (i) a polarized activity of HePC

depending on membrane phospholipid composition, since it

is known that apical and basal membranes differ in lipid

composition; (ii) a carrier-mediated effect of HePC with

receptors located the apical membrane of Caco-2 cells; (iii) a

membrane phospholipid composition-dependent uptake of

HePC by Caco-2 cells. Indeed, it is known that HePC has

multiple effects on cell membranes [31] and membrane

composition may be an important factor in the enhancement

of paracellular transport.

To investigate the effect of HePC on paracellular perme-

ability further, its influence on tight junction proteins and on

actin organization were examined at a concentration which

caused a decrease in TEER and an increase in paracellular

permeability. In the intestinal Caco-2 cell model, HePC

treatment appeared to alter the distribution of one of the

four tight junction-associated proteins studied, claudin-1, a

transmembrane protein, and provoked a dramatic disorgani-

zation of cytoskeletal actin filaments. Indeed, immunofluor-

escent analysis of claudin-1 expression showed an abnormal

distribution of the protein in cells treatedwithHePC compared

with the well-defined localization of claudin-1 in membranes

of control cells. Furthermore, there were granules of claudin-1

present in the cytosol of HePC-treated cells. Thus, for the first

time we demonstrate that claudin-1 localization may be

involved in the enhancement of passive paracellular perme-

ability induced by HePC in Caco-2 cells. This result is

consistent with the fact that claudins are the major structural

components of tight junctional strands [12]. Therefore, a

modulation of this crucial protein for the assembly of

intracellular tight junction by HePC would lead to an increase

of epithelial permeability. On the other hand, no redistribution

of the tight junction-associated protein ZO-1 was observed in
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our experiments, in contrast to previous studies which

reported changes in ZO-1 protein distribution after ET-18-

OCH3 treatment on T84 cells [5] andwith dodecylphosphocho-

line on Caco-2 monolayers [7]. This suggests that the effect of

HePC is not exactly identical to other ALPs and may be cell

line-dependent.

Recently, it has been demonstrated that phospholipase C-b

(PLC-b) modulates tight junction permeability by affecting

actin filament organization and that PLC-b inhibition leads to

increased tight junction permeability across MDCK cell

monolayers [6]. Since HePC has been shown to inhibit PLC-b

[32], we suggest that HePC is able to increase tight junction

permeability in Caco-2 cell monolayers by PLC-b-mediated

reorganization of the actin ring.

In conclusion, we have demonstrated here that the

interaction of HePC, used at subtoxic doses, with the Caco-2

cell membrane results in a structural reorganization of the

tight junction-associated protein claudin-1 and a disruption in

actin filament organization which is followed by enhanced

transport through the passive paracellular pathway. In this

wayHePC could compromise the barrier function of theCaco-2

cell monolayers. Further research is required to examine the

full nature andmolecular basis of these effects of HePC on the

intestinal barrier.

In this study,we also decided to elucidate the impact of oral

administration of HePC on carrier-mediated transport across

the intestinal barrier. The three transporters chosen are

capable of transporting a large number of pharmacological

agents and anymodification of their transport capacities could

havemajor repercussions on the bioavailability of these drugs.

Indeed, PepT-1 is involved in the absorption of di and

tripeptides, arising from the digestion of dietary proteins in

the small intestine but also has a broad substrate specificity

and is capable of transporting several compounds, which

possess structural features similar to those of small peptides,

for example b-lactam antibiotics, angiotensin converting

enzyme (ACE) inhibitors, prodrugs of acyclovir, gancyclovir,

L-dopa and pamidronate. MCT-1, the proton-linked mono-

carboxylate transporter, is involved in the transport of a wide

range of short chain monocarboxylic acids such as acetic acid

and nicotic acid. Finally, P-glycoprotein, a membrane ATPase

extensively expressed in the intestinal barrier, is involved in

the outward transport of several cytotoxic agents and

contributes to reduced oral absorption of drugs. Previous

studies have reported that several non-ionic surfactants (i.e.

Tween 80 and Cremophor EL) with membrane fluidity

modulating activity were able to inhibit P-gp and the peptide

transporter in a concentration-dependent manner [16]. Inter-

estingly, in our experiments, HePC treatment of Caco-2 cells

did not alter PepT-1 or MCT-1 activities, but caused an

inhibition of the intestinal P-glycoprotein activity. These

results suggest differences of sensitivity of these cellular

transport systems towards HePC and showed that HePC did

not simply influence membrane transporter function by

modification of membrane fluidity or lipid organization but

strongly suggest that HePC could inhibit P-gp in amore specific

way. This observed inhibition of P-gp is consistent with the

fact that protein kinase C (PKC) blockers inhibit P-gp-mediated

drug transport [33], since HePC is known to be a potent

inhibitor of PKC [34,35]. The mechanism and concentration
dependence of HePC-induced P-gp inhibition in Caco-2 cells

remains to be investigated.

This observed HePC-induced P-gp inhibition could have

major repercussions on the use of HePC in leishmaniasis

treatment. Indeed, oral HePC has proven to be highly effective

against visceral leishmaniasis in patients with human immu-

nodeficiency virus (HIV)-Leishmania coinfection [36], a serious

new disease pattern, which is becoming increasingly frequent.

However, the interactions between antiretrovirals and anti-

leishmanials (especially HePC) have not been studied. Protease

inhibitors such as indinavir, saquinavir, ritonavir, nelfinavir

and non-nucleoside reverse-transcriptase inhibitors such as

efavirenzusedinHIV treatmentareknowntobeP-gpsubstrates

[37,38]. Therefore, our present results suggest that HePC, by

virtue of its inhibition of the intestinal P-gp, could have the

potential to enhance gastrointestinal tract absorption of P-gp

substrates by decreasing P-gp-mediated drug efflux.

Since we had demonstrated that short-term exposure of

HePC on epithelial Caco-2 cells leads to an inhibition of the P-

glycoprotein, we decided to evaluate the consequence of a

long-term exposure. Our results show that chronic exposure

of intestinal cells to low doses of HePC did notmodify the level

of P-gp expression, suggesting that the observed influence of

short-term exposure HePC on P-gp should be attributed to a

direct interaction with the protein. The molecular interaction

between HePC and P-gp remains to be investigated.

In summary, we demonstrate that: (i) HePC had no

influence on the passive transcellular pathway, (ii) HePC

enhanced paracellular permeation across Caco-2 cell mono-

layers, (iii) HePC reversibly opened Caco-2 epithelial tight

junctions via disorganization of claudin-1 and disruption of

actin filaments, (iv) HePC single short-term exposure led to an

inhibition of intestinal P-gp activity. These observations open

new perspectives for using HePC to improve the transport of

other therapeutic molecules by the oral route.
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