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Abstract

The effect of nonylphenol ethoxylates (NPEs) on selected barrier functions of biological membranes, such as tight junction
and P-gp efflux pump of epithelial membranes, against the transport of xenobiotics was examined. The Caco-2 cell line was used
to evaluate the transport of mannitol and daunomycin across the cell monolayer as well as the cellular uptake of daunomycin.
In the presence of NPEs, the transport of mannitol was increased, with NP-9 showing a maximal effect, and the transepithelial
electrical resistance (TEER) was reduced. The onset of this effect of NP-9 was fairly rapid and reversible for a short term (e.g.,
2 h) treatment, while irreversible for a long term (e.g., 72 h) treatment. In the presence of NP-9, the apical uptake of daunomycin
was increased, suggesting competitive inhibition between NP-9 and daunomycin in the efflux via the P-gp system. However, a
72 h pretreatment of the cells with NP-9 (up to 1000 nM) did not affect the apparent cellular uptake of daunomycin, suggesting
no significant effect of NPEs on the expression of P-gp. In conclusion, NPEs appear to rapidly open the tight junction of
epithelial cell membranes and to competitively inhibit the efflux of P-gp substrates, thereby reducing the self-protection ability
of the organism against xenobiotics or hazardous environmental compounds that are transported via the paracellular pathway
(i.e., uptake) or the P-gp system (i.e., efflux).
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Nonylphenol ethoxylates (NPES,g. 1) are syn-
* Corresponding author. Tel.: +82 2880 7873; fax: +82 2888 5969. thetic surfaCtamS. that ar_e INexpensive enoth to be
E-mail address: shimck@snu.ac.kr (C.-K. Shim). commonly used in a variety of household products,
1 These authors contributed equally to this work. and, as the result, are quite common in surface water
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the tight junction, the P-glycoprotein (P-gp), an ATP-
CoHyo (OCH,CH,),OH dependent efflux pump, often also functions as a barrier
against the permeation of xenobiotics across biological
membranesNlonteiro-Riviere et al., 2003NPEs are
_ _ known to be substrates of P-g@H{aruk et al., 1998;
Fig. 1. Chemical structures of nonylphenpl ethoxylates (NPEs) for Loo and Clarke, 1998 Thus, it seems reasonable to
NP-4, NP-7, NP-9, NP-10 and NP-35 which contain 4, 7, 9, 10 and 7 ' .
35 ethoxylates, respectively. The number following NP- indicates the aSsume the existence of an interaction between NPEs
average number of ethylene oxide units per molecule at position ~ and P-gp, which may influence the barrier function of
the cell membranes. In this regard, the effect of NPEs
and other aquatic environments that receive sewageon the function of P-gp was also investigated in the
dischargesNlaguire, 1999. NPEs have been used as present study.
wetting agents and as intestinal permeability enhancers  Information on this matter, as well as on the toxicity
to improve oral drug deliverySwenson et al., 1993a (Swenson et al., 1994a; Harrison et al., 199l aid
They are rapidly absorbed orally and topically and in developing a better understanding, for example, of
are actively excreted into the urine of healthy sub- the effect of NPEs on the reproductive systeiiarn(g
jects Monteiro-Riviere et al., 2000, 2003; Charuk et et al., 2003 and of the mechanism for malarial quino-
al., 1999. It has been suggested that long term expo- line resistance reversaCfandall et al., 2000; Ciach et
sure to NPEs might have an impact on the reproductive al., 2003. The Caco-2 cell monolayer was utilized as
systems in various animal species including humans a model biological membrane that contains tight junc-
(Kang et al., 2008 in that it exhibits a potent sper-  tions and the P-gp system.
micidal effect in the testisKang et al., 2008 The
inhibition of C&* pumps on the testis endoplasmic
reticulum has been suggested as a possible mechanism@. Materials and methods
for this spermicidal effectMlonteiro-Riviere et al., )
2003: Charuk et al., 1998; Minami etal., 2Q0Recent ~ 2-1- Materials
reports suggest that NPEs may function as hormone
disruptersilonteiro-Riviere etal., 2003; Minamietal.,
2000. Most interestingly, NPEs have been reported to
be potentialPlasmodium falciparum P-gp substrates
and drug efflux inhibitors, and are under examina-
tion as reversal agents for malarial quinoline resistance
(Crandall et al., 2000; Ciach et al., 2003
Biological membranes serve as barriers against the
permeation of xenobiotics into the systemic circula-
tion or specific organs. Membrane junction complexes
between the epithelial cells of the membrane, such
as desmosomes, adherens junctions and tight junc-
tions, appear to constitute the barrier function, with the
tight junction making the major contributio&fwin et
al., 1999; Knipp et al., 1997 In general, surfactants
are known to lower the barrier function of biologi-
cal membranes through affecting the integrigvé
et al., 1992 of the junction complexes. Thus, the
effect of NPEs, a new category of surfactants, on the
barrier function of tight junctions was studied. This > > o1l culture
is of special interest in that the tight junction con-
tributes to the blood—testis barridgrvin et al., 1999; Caco-2 cells (passage 45-55, American Type Cul-
Holash et al., 1993; Janecki et al., 1998 addition to ture Collection, Rockville, MD) were grown in the

Unradiolabeled daunomycin was a kind gift from
Dong-A Pharm. Co. (Kyounggi-do, Korea)3H]-
Daunomycin (4.4 Ci/mmol) and {C]mannitol
(50 mCi/mmol) were purchased from New England
Nuclear Life Science Products (Boston, MA). Fetal
bovine serum was purchased from Hyclone Laborto-
ries (Logan, UT). Trypsin-EDTA was purchased from
Gibco Laboratories (Gaithersburg, MD). NPEs which
contain 4, 7,9, 10 and 35 ethoxylates (i.e., NP-4, NP-7,
NP-9, NP-10 and NP-35, respectively), Dulbecco’s
Modified Eagles’'s medium, nonessential amino acid
solution, penicillin—streptomycin, Hank’s balanced salt
solution (HBSS), N-2-hydroxyethylpiperazine¥-2-
ethanesulfonic acid (HEPES),Amorpholinoethane
sulfonic acids (MES)p-glucose and sodium bicar-
bonate were purchased from Sigma Chemical Co. (St.
Louis, MO). All other reagents were of analytical
grade.
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form of monolayers in Dulbecco’s modified Eagles’
medium, 10% fetal bovine serum, 1% nonessen-
tial amino acid solution, 100 units/ml penicillin, and
0.1 mg/ml streptomycin at 3 in an atmosphere of
5% CQ and 90% relative humidity. For the transport
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side, and 1.5ml of incubation medium without these
compounds was added to the basolateral side. The
inserts were moved to wells containing fresh incuba-
tion medium every 15min for 1 h. After the experi-
ments, TEER value of each well was checked. The

experiments, cells were seeded on permeable polycar-radioactivity of a 1-ml aliquot of the basolateral side

bonate inserts (1 cf0.4pm pore size, Corning Costar
Co., Cambridge, MA) in 12-Transwell plates (Corning
Costar Co.) at a density of 1-1:510° cells/cnt. The
inserts were fed with complete media at 2-day intervals
during the first week, and then daily until they were

of each well was determined by liquid scintillation
counter (Wallac 1409, Perkin-Elmer Life Science Inc.,
Boston, MA).

For measurement of onset time for NP-9 to affect the
tight junction of biological membranes, mannitol leak-

used for the transport experiments 18-25 days after theage was measured after preincubation of the monolayer

seeding (i et al., 200).
The integrity of the cell monolayers was evalu-

with 10nM NP-9 for 2, 4, 6, 10, 20 or 60 min. The
reversibility of the effect of NPEs on the tight junc-

ated by measuring transepithelial electrical resistance tion was examined by measuring mannitol leakage for

(TEER) values with an EVOVM epithelial volt/ohm-
meter (World Precision Instruments, Sarasota, FL).
When the TEER value reached 300-D6n?, the
transport of *C]mannitol (10uM) became <0.25%

monolayer pretreated with 10 nM NP-9 for short term
(i.e., 2h) or long term (i.e., 72 h) period. A period of
72 hwas selected based on our previous study in which
the pretreatment of Caco-2 cells for 72 h, but not for

of the dose/h, corresponding to an apparent permeabil-24 or 48 h, with a P-gp substrate, berberin, induced
ity (Papp) value of 5.6x 10" cm/s. Cell inserts which  the expression of P-gpMaeng et al., 2002 The pre-

showed such TEER values were used for the transporttreatment was performed by further incubating the cell
experiments. For the cellular uptake study, Caco-2 cells monolayers, cultured on permeable inserts in Transwell

were grown on collagen-coated 12-well plates (£gm

plates for 18 days, at 3T for 2 h in transport medium

for 12-15 days and the medium was replaced at 2-day or 72 h in culture medium containing 10 nM NP-9 in

intervals (i et al., 200).

2.3. Transepithelial transport of mannitol and
TEER

Effect of NPEs on the apical to basolateral (A-B)
transport of mannitol (i.e., mannitol leakage) across
Caco-2 cell monolayers, as well as the onset time
and the reversibility of the effect, was investigated.
Prior to the transport experiments, the cell monolay-
ers were washed three times with incubation medium
(pH 7.4, HBSS containing 25 mM HEPES and 25 mM
p-glucose). After each wash, Caco-2 cell monolayers
were incubated in incubation medium for 30 min at
37°C, and the TEER value was then measunede(
al., 2001; Maeng et al., 20D2ncubation medium on

the apical side. After each pretreatment, the monolayers
were replaced with fresh incubation medium without
NP-9 at30 minintervalsfor2 h(i.e., fourtimes), and the
leakage of f*C]mannitol (10uM) in the A—B direction
across the cell monolayer was measured for 1 h. Effect
of the long term (72h) pretreatment on cell toxicity
was also examined by measuring protein concentra-
tion in the cells by Lowry method_pwry et al., 195}
using bovine serum albumin as a standard, and cell
viability by trypan blue exclusion methodtiéan et al.,
1999.

2.4. Transepithelial transport of daunomycin

Effect of pretreatment of Caco-2 cell monolayers
with NP-9 on the transepithelial transport of dauno-

both sides of the cell monolayers was then removed mycin was measured. The pretreatment of the cell

by aspiration. For measurement of the apical to baso-

lateral transport of mannitol, 0.5ml of incubation
medium containingf*C]mannitol (10wM) in the pres-

ence of various NPEs (i.e., NP-4, NP-7, NP-9, NP-
10 or NP-35, 1 nM each) or various concentrations
of NP-9 (i.e., 0.01-100 nM) was added to the apical

monolayers for 72 h was performed as mentioned in
the uptake section. For measurement of the apical to
basolateral transport of daunomycine, 0.5 ml of incu-

bation medium containing®H]daunomycin (3.M)

was added to the apical side, and 1.5 ml of incubation
medium without daunomycin was added to the basolat-
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eral side. The subsequent procedures were identical towere calculated in both apical to basolateral and
the measurement of A—B transport of mannitol. For the basolateral to apical directions using the equation
measurement of basolateral to apical (B—A) transport of below:

daumomycin, 1.5 ml of incubation medium containing do 1
[3H] daunomycin (1uM) was added to the basolateral  Payp = rm X 1 % Co
side, and 0.5 ml of incubation medium without dauno-

mycin was added to the apical side. Incubation medium where the @/d: (nmol/min) is the drug permeation
in the apical side was replaced with 0.3 ml of freshincu- rate,A the surface area of the monolayer membrane
bation medium every 15 min for 1 h. A 3Q@-aliquot (1cn?) and Co (1M) is the initial mannitol or dauno-

of the apical side was taken after each replacement, andmycin concentration in the donor compartment. Three
the radioactivity was measured by liquid scintillation monolayers were used in the determination of the

@

counting. means £S.D.). The statistical significance of differ-
ences between treatments was evaluated using unpaired
2.5. Cellular uptake of daunomycin Student’'s-test, and a value @t < 0.05 was considered

to be statistically significant.

Effect of NPEs on the cellular uptake of dauno-
mycin, a P-gp substrate, was investigated in two ways,
i.e., in the presence of NP-9 and after the pretreat- 3. Results and discussion
ment of the cell with NP-9. First, the cellular uptake
of daunomycin, in the presence or absence of NP-9, 3.1. The effect of ethoxylate number in NPE
was measured at 3T for Caco-2 cells grown for 15  molecules on mannitol leakage
days on 12-Transwell plates. After washing each well
plate three times with 2 ml of incubation medium, the The A-B transport of mannitol (10M) was essen-
medium was removed and the uptake was initiated by tially linear for periods of up to 60 min regardless of the
the addition of 2 ml of incubation medium containing presence of various NPEs (i.e., NP-4, NP-7, NP-9, NP-
[3H]daunomycin (3.M) with (100-1000 nM) or with- 10and NP-35)inthe apical sidei@. 2A). The presence
out NP-9. At 5min after the initiation, the medium of NPEs (1 nM, each) in the apical side, generally led
was immediately removed by aspiration and replaced to an increase in the leakage of mannitol across Caco-2
with fresh cold (4C) incubation medium containing  cell monolayers, leading to a 1.3-3.3-fold increase in
1 mM daunomycin three times in order to wash out any permeability compared to the control value (i.e., man-
[3H]daunomycin that might be adsorbed to the surface nitol leakage in the absence of NPEB)d. 2B). The
ofthe cellmonolayers. One milliliter of a cell lysis solu- ~ effectwas variable depending on the number of ethoxy-
tion (1% Triton-X 100 in 1 M NaOH) was then added late groups in the NPE molecules and a maximal effect
to the well and lysed overnight at room temperature. was found for the 9 ethoxylates (i.e., NP-9). Thus, NP-9
The radioactivity in a 0.8-ml aliquot was determined was selected as a representative NPE in the subsequent
by LSC. experiments. A similar result was reported for a rat

Effect of pretreatment with NPEs on the cellu- intestinal perfusion model, in which 1% (w/v) NPEs
lar uptake of daunomycin was then investigated. The with 9-20 ethoxylates most increased the permeabil-
uptake for 5 min was measured as above described afterity of phenol red across the intestinBvwenson et al.,
the pretreatment of Caco-2 cell monolayers, which 19943.
were cultured in 12-well plates for 15 days, were fur-
ther cultured with culture medium containing NP-9 (1, 3.2. The effect of NP-9 concentration on mannitol
50, 100 and 100 nM) for 72 h at 3. leakage and TEER values

2.6. Data analysis The leakage of mannitol in the A-B direction
across Caco-2 cell monolayers increased with increas-
In the transport studies with mannitol and dauno- ing concentrations of NP-9 in the apical side from
mycin, the apparent permeability coefficienfygy) 0.01 to 100nM Fig. 3A). For example, more than
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Fig. 2. Effect of 1nM NPEs on apical to basolateral transport
(A) and leakage (B) of*Clmannitol (10uM) across Caco-2 cell
monolayers. Each point and bar represents the meuD. of
four experiments! Significantly different from the control value
(P<0.05).

Fig. 3. Effect of NP-9 concentrations oA*C]mannitol leakage
(10nM) (A) and TEER values (B) across Caco-2 cell monolayers.
Each point and bar represents the mge®D. of four experiments.
*Significantly different from the control valug@ & 0.05).

3.3. The onset time for NP-9 to open the tight
a 15-fold increase in mannitol leakage was observed junctions
in the presence of 100nM NP-9. Consistent with
these results, the TEER values were decreased with In order to determine the onset time for NP-9
increasing concentrations of NP-9 in the apical side to open the tight junctions, the effect of NP-9 on
(Fig. 3B). The above results suggest that NPEs, as the A-B transport of J*C]mannitol (10.M) across
represented by NP-9, open the tight junctions and Caco-2 cell monolayers was examined for 1h after
reduce TEER values across Caco-2 cell monolayers, preincubation of the cell monolayer as a function of
thereby increasing the permeability of mannitol prob- incubation time (2, 4, 6, 10, 20 and 60 min) in the
ably via the paracellular pathway. Thus, NPEs appear presence of 10 nM NP-9. Mannitol leakage increased
to lower the barrier function of biological membranes with increasing NP-9 incubation times with a maximal
via opening the tight junction of the paracellular path- rate for the first 10 min period~g. 4). Even when the
way of epithelial cells at least for hydrophilic small incubation time of 6 min was used with 10 nM NP-9, a
molecules. significant increase in the leakage of mannitol
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Fig. 4. Effect of NP-9 (10 nM) as a function of incubation time on 6007 ()
[*C]mannitol leakage (1@M) across Caco-2 cell monolayers. Each
bar represents the me#arS.D. of four experiments.Significantly
different from the control valueA(< 0.05). N,;
2 400
g *
was observed (0.360.05%h! versus 0.92 5
0.26% ). This indicates that the effect of NP-9 ot
on the tight junction of Caco-2 cell monolayers is E 200
manifested rapidly. |
3.4. The reversibility of the effect of NP-9 on the
tight junction 0.
o Control 2 72
The reversibility of the effect of NP-9 pretreat- Exposure Period to NP-9 (hr)

ment on the tight junction of biological membranes

was examined following pretreatment of Caco-2 cell Fig. 5. Effect of exposure (2 and 72 h) to NP-9 (10 nM) on mannitol
monolayers with 10 nM NP-9 for short term (2h) and leakage (1gM) (A) and TEER values (B) of the Caco-2 cell mono-
long term (72 h) periods. After the short term expo- 1ayers. Each point represents the mga®.D. of four experiments.
sure (i.e., 2 hincubation), mannitol leakages and TEER Significantly different from the control valu@ & 0.05).

value across the monolayer were reversed to the con-

trol level (Fig. 5A and B), indicating the effect of  cells (74+11pg/ml for control versus 8 5 pg/ml
NP-9 on the membrane is fairly reversible under the for 72hincubation), or the viability of the cells (>93%
given pretreatment conditions (i.e., 2 hincubation). The Viability by the 72h incubation). It is not clear from
above results appear to be consistent with the fact thatthe above results, whether the NP-9 interacts directly
surfactants generally enhance the permeability of xeno- With the junctional complexes or affects intracellular
biotics across the intestinal wall in a reversible manner €vents. However, inhibition of G4 pumps by NPEs
(Swenson et al., 1993However, the long term expo- ~ (Monteiro-Riviere et al., 2003nd subsequent disrup-
sure (i.e., 72 h incubation) of NP-9 increased manni- tion 0f+t!9hFJUDCt|0“S Ma et al., 200pin the absence
tol leakagesKig. 5A), with a corresponding decrease Of Ca*ioniis likely to represent the responsible mech-
in TEER values Fig. 5B), suggesting that the effect ~anism. Inshort, the effect of NPEs on the tight junction
of long term exposure NP-9 on mannitol leakage is appears to vary depending on the period of the pre-
irreversible. The long term exposure of NP-9, how- treatment, i.e., reversible for short term exposure and
ever, had no effect on the content of protein in the irreversible for long term exposure to NP-9.
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12 - l The effect of NP-9 on the barrier function of
P-gp was also investigated. The uptake oM
[3H]daunomycin increased in the presence of NP-9
in incubation medium with increasing NP-9 concen-
trations (100, 500 and 1000 nM), suggesting that NP-
* 9 inhibits the P-gp-mediated efflux of daunomycin
41 (Fig. 7A). This is consistent with the fact that NPEs are

0 '. T T

Control NP-9 Pretreatment

10 1

Fig. 6. Effect of pretreatment with 10 nM NP-9 for 72h on the
permeability of 3uM [3H]daunomycin across Caco-2 cell mono-
layers in the apical to basolater@) and basolateral to apicallf
directions. Each bar represents the me&D. of four experiments.
*Significantly different from respective control valuegs<0.05).

3.5. The effect of pretreatment with NP-9 on the
transepithelial transport of daunomycin

It is known that P-gp substrates frequently induce
the expression of P-gp and accelerate the function of
the transporterHauser et al., 1998 Thus, the issue
of whether the pretreatment of Caco-2 cells with NP-9
induces the transport activity of P-gp was investigated.
The vectorial transports of iM daunomycin, a rep-
resentative P-gp substratédoiveld et al., 2001; Song
etal., 2003, across Caco-2 cell monolayers were mea-
sured prior to and after pretreatment of the monolayer
with 10 nM NP-9 for 72 h. In the absence of the pre-
treatment, the B—A permeability of daunomycin was
approximately 3.5-fold larger than the A—B permeabil-
ity (Fig. 6), consistent with the fact that daunomycin is 2 -
a typical substrate of P-gpifoiveld et al., 2001; Song
et al., 2003. Interestingly, both A-B and B—A perme-
abilities of daunomycin were slightly increased by the 1-
pretreatmentKig. 6). However, this change appears
to be attributable to the opening of tight junctions, as
demonstrated bifigs. 3-5 rather than to P-gp associ- 0
ated changes, since induced expression or accelerated 0 10 50 100 1000
function of P-gp, for example, would have decreased Pretreated NP-9 (nM)
the A-B permeability of daunomycin, contrary to the
present case (i.€5jg. 6). Therefore, no firm conclusion Fig: 7. Effect of the_presence (A)and 72h prgtreatment (B) offwith
concerning the effect of P-gp expression can be madev?:clrlous conce_ntratlons .of' NP-9 on the apical uptake @fMlL

- . [°H]daunomycin for 5min into Caco-2 cell monolyaers. Each bar
from the results of the transport studies, necessitating represents the meanS.D. of four experiments.Significantly dif-
relevant uptake experiments. ferent from the control valugP(< 0.05).
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P-gp substratesCharuk et al., 1998; Loo and Clarke, junction or paracellular pathway of Caco-2 cell mono-
1998. Thus, the efflux function of P-gp would be layers varied depending on the pretreatment period,
expected to be perturbed by the presence of NPEs,i.e., reversible for a short term (e.g., 2 h) treatment
thereby reducing the protection of the body from while irreversible for a long term (e.g., 72 h) pretreat-
xenobiotics and hazardous environmental compoundsment. NPEs do not appear to induce the expression
(Charuk et al., 1998 NPEs have been reported to of P-gp or accelerate the function of P-gp systems on
reverse the malarial quinoline resistan€@gndall et the biological membranes. This is the first study that
al., 2000; Ciach et al., 2003The inhibition of quino- reports the effect of NPEs in a cell monolayer level.
line efflux via P-gp fron®. falciparum in the presence  The relevance of the opening of the tight junction and
of NPEs might be associated with the reversal mecha- competitive inhibition of the P-gp mediated transport
nism. The complete reversal of chloroquine resistance in the cell monolayer system to their reported toxic-
by verapamil Martin et al., 198, a representative P- ity in the body (e.g., spermicidal effect) and reversal
gp substrate, supports this hypothesis. activity for malarial quinoline resistance awaits further
study.
3.7. The effect of pretreatment with NP-9 on the
uptake of daunomycin
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