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ABSTRACT MDR1-encoded P-glycoprotein (P-gp) is a drug efflux transporter
mainly expressed in liver, kidney, intestine, brain (at the level of the blood-brain
barrier), and placenta. It thus plays important roles in drug absorption, distribution, and
excretion. Cetirizine is a second-generation nonsedating antihistamine used to treat al-
lergic disease of respiratory system, skin and eyes. To evaluate P-gp expression and
function in Caco-2 cells pretreated with cetirizine enantiomers, we assessed the sensitiv-
ity of Caco-2 cells to paclitaxel using the MTT assay and the polarized transport of
rhodamine-123 and doxorubicin across Caco-2 monolayers. RT-PCR and flow cytometry
were used to assay MDR1 mRNA and P-gp protein respectively. The sensitivity of Caco-
2 cells to paclitaxel decreased significantly after cells were pretreated with 100 lM
R-cetirizine but increased upon treatment with S-cetirizine. The efflux of rhodamine-123
and doxorubicin was enhanced significantly after Caco-2 monolayers were pretreated
with 100 lM R-cetirizine but was reduced by S-cetirizine. The MDR1 mRNA and P-gp
levels in Caco-2 cells were increased by 100 lM R-cetirizine and decreased by 100 lM
S-cetirizine. These results suggest that R-cetirizine up-regulates MDR1 expression while
S-cetirizine down-regulates MDR1 expression. Chirality 19:485–490, 2007. VVC 2007

Wiley-Liss, Inc.
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INTRODUCTION

MDR1 or P-glycoprotein (P-gp) is a multidrug efflux
transporter, which plays an important role in drug absorp-
tion, distribution, and excretion. It has been reported that
P-gp can be induced or suppressed by a variety of drugs or
xenobiotics.1–3 The regulation of P-gp could influence the
pharmacokinetic behavior of other drugs in vivo and may
lead to drug–drug interactions by altering intestinal absorp-
tion, brain distribution, proximal renal-tubular excretion, or
biliary excretion. Therefore, these regulatory effects should
be estimated when two or more drugs are coadministrated.

Caco-2 cells originate from human colorectal carcinoma
and used as a model for intestinal epithelial cells. It is well
known that Caco-2 cells express P-gp and other ATP-bind-
ing cassette proteins such as multidrug resistant-associated
proteins (MRPs).4

Cetirizine is a highly efficacious and long-acting second-
generation nonsedating antihistamine for the treatment of
allergic disorders of the respiratory tract, skin, and eyes.5

R-cetirizine (levocetirizine) has high affinity to H1 receptor
but S-cetirizine has no antihistaminic efficacy.6 Unlike first-
generation antihistamines, cetirizine is nonsedating. Since it
is transported by P-gp located at the brain-blood barrier,
only a small amount of the drug reaches the central nerv-
ous system (CNS).7 Cetirizine is a substrate of P-gp but it is
still unclear whether it has any effect on MDR1 expression.

Enantiomers often have different pharmacological, toxi-
cological, pharmacokinetic (PK), and pharmacodynamic
(PD) characteristics8 including their transport by P-gp,9

but do enantiomers behave differently with regard to
MDR1 expression? In this study, the toxicity of paclitaxel
to Caco-2 cells was compared with and without pretreat-
ment with cetirizine enantiomers; polarized transport of
rhodamine-123 and doxorubicin across Caco-2 monolayers
were also estimated. Reverse transcriptase-PCR (RT-PCR)
and flow cytometry techniques were used to assay MDR1
mRNA and protein expression. We found that cetirizine
enantiomers can regulate MDR1 expression in Caco-2 cells
and that these regulatory effects were totally different.

MATERIALS AND METHODS
Chemicals

Enantiomers of cetirizine hydrochloride were provided
by Minsheng Pharmaceutical Industry Group (Hangzhou,
China). Enantiomers of cetirizine hydrochloride were

*Correspondence to: Prof. Su Zeng, Department of Drug metabolism and
Pharmaceutical Analysis, College of Pharmaceutical Sciences, Zhejiang
University, Hangzhou, 310058, China. E-mail: zengsu@zju.edu.cn
Received for publication 5 September 2006; Accepted 8 February 2006
DOI: 10.1002/chir.20400
Published online 12 April 2007 in Wiley InterScience
(www.interscience.wiley.com).

CHIRALITY 19:485–490 (2007)

VVC 2007 Wiley-Liss, Inc.



prepared as 20.0 mM DMSO stock solutions. These two
stock solutions were diluted with HBSS (137 mM NaCl,
5.4 mM KCl, 1.3 mM CaCl2, 0.4 mM MgSO4, 0.5 mM
MgCl2, 0.3 mM Na2HPO4, 0.4 mM KH2PO4, 4.2 mM
NaHCO3, 5.6 mM glucose, and 25 mM HEPES) before
use. DMSO concentration did not exceed 0.5% in culture
medium or incubation buffer. Paclitaxel was a product of
Sichuan Taiji Pharmaceutical (Chengdu, China). Campto-
thecin was obtained from Sichuan Jiangyuan Natural Prod-
ucts (Chengdu, China). Lucifer yellow, rhodamine-123 and
doxorubicin were purchased from Sigma (St Louis, Mo).
All other chemicals were obtained commercially and were
of analytical grade requiring no further purification.

Cell culture

Caco-2 cells (51–55 passages) obtained from the Chi-
nese Academy of Medical Sciences (CAMS, Beijing,
China) were cultured in high glucose Dulbecco’s Modified
Eagle’s Medium (DMEM, Gibco, NY) supplemented with
10% heat-inactivated fetal bovine serum (Gibco, NY), 1%
nonessential amino acid (Gibco), 100 U/ml penicillin G
and 100 lg/ml streptomycin sulfate. Cells were grown in a
humidified atmosphere of 5% CO2 at 378C.

Paclitaxel Resistance of Caco-2 Cells

Caco-2 cells were digested and seeded in 25 cm2 flask at
a density of 8 3 105 cells/cm2. The next day, Caco-2 cells
were pretreated with series of concentrations of R- or S-
cetirizine (10.0, 20.0, 50.0, 100.0, 200.0.0 lM) in culture
medium. Blank control was set up by adding the same vol-
ume of DMSO. After cultured for another 48 h, cells were
harvested and resuspended in complete medium without
cetirizine after rinsed with HBSS twice. Cells were seeded
at 96-well plate at a density of 7.5 3 104 cells/ml, 100 ll per
well. After cultured for 24 h, culture medium was replaced
with 200.0 ll fresh complete medium containing 0.005, 0.02,
0.1, 0.5, 1.0, 2.0, 5.0, 10.0, 20.0, 50.0, 100.0 lg/ml of pacli-
taxel, three triplicates for each concentration. Blank control
was set up by adding the same volume of DMSO.

After incubation of Caco-2 cells with paclitaxel for 48 h at
378C, 20 ml MTT solution (5 mg/ml in PBS) was added to
each well. Culture medium was removed carefully after fur-
ther incubation for 4 h at 378C and 150 ml DMSOwas added
to each well. The plate was shaken for 15 min using an or-
bital mixer. The absorbance at 570 nm was measured using
a plate reader (SPECTRAmax M2, Molecular Devices).
Growth inhibition rate was calculated according to eq. 1.
The IC50 values of paclitaxel in Caco-2 cells with or without
cetirizine pretreatment were derived from the ‘‘four parame-
ter logistic equation’’ (also called ‘‘Hill Equation,’’ eq. 2)
using the SoftMax Pro 4.7.1 software (Molecular Devices).

%Inhibition ¼ 1� ODtreated

ODnontreated

" #
3 100 ð1Þ

%Inhibition ¼ A� D

1þ ð C
IC50

ÞB
þ D

" #
3 100 ð2Þ

In eq. 1, where ODtreated ¼ mean OD value of wells treated
by paclitaxel and ODnontreated ¼ mean OD value of wells
nontreated by paclitaxel. In eq. 2, where A ¼ maximum in-
hibition rate of paclitaxel; B ¼ Hill coefficient or called
Hillslope; C ¼ paclitaxel concentration; D ¼ inhibition rate
of blank control.

Rhodamine-123 and Doxorubicin Transport Across
Caco-2 Monolayers

Caco-2 cells were harvested with 0.25% trypsin-0.02%
EDTA solution when reaching 80% confluence and seeded
at Transwell inserts (12 mm i.d., 1.13 cm2 in bottom area,
Corning Costar) in 12-well plates at a density of 1.0 3 105

cells/cm2. Culture medium was replaced every other day for
the first 14 days and daily for next 7 days until the mono-
layers expressed differentiated properties that closely resem-
ble morphologic and functional characteristics of normal
enterocytes. The integrity of the monolayer was checked by
measuring the transepithelial electrical resistance (TEER)
value across the monolayer using a Millicell-ERS Voltohm-
meter (Millipore) and monitoring the permeability of the
paracellular leakage marker lucifer yellow across the mono-
layer. The cell monolayers were considered adequate
enough for transport experiments when the Papp for lucifer
yellow was �0.23 106 cm/s and TEER value �550 O�cm2.

Caco-2 cell monolayers were washed twice by HBSS
after the basolateral and apical side culture media were
removed. The cell monolayers were pretreated with R- or
S-cetirizine. Briefly, HBSS containing 10.0, 20.0, 50.0,
100.0, 200.0 lM of R- or S-cetirizine was added to both
sides of the Transwell inserts. A blank control was run on
the same plate by adding HBSS. The incubation medium
was removed after incubation for 1 h at 378C, and cells
were washed carefully three times with HBSS. The Caco-2
monolayers were then ready for rhodamine-123 and doxo-
rubicin transport experiments.

In the uptake experiments, rhodamine-123 and doxoru-
bicin stock solutions were diluted to 5.0 and 30.0 lM
respectively in HBSS and 0.5 ml substrate solution was
added to the apical side and 1.5 ml HBSS to the basolat-
eral side. In the efflux experiments, donor solutions were
added to the basolateral side of the monolayer and HBSS
was added to the apical side. This transport device was
shaken for 2 h at 378C using an orbital shaker. After incu-
bation, receiving solution was collected to a 96-well clear
flat bottom black plate (FLUOTRACTM 200, Greiner Micro-
lon) and fluorescence intensity was determined using a
plate reader (SPECTRA max M2, Molecular Devices). For
rhodamine-123, kex was set at 500 nm, kem 540 nm, and for
doxorubicin, kex was set at 480 nm, kem 590 nm. Apparent
permeation coefficient (Papp) and efflux ratio (ER) values
were calculated using eqs. 3 and 4.

Papp ¼ dQ

dt � A � C0
ð3Þ

Efflux Ratio ¼
PappðBL�APÞ
PappðAP�BLÞ

ð4Þ
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In eq. 3, C0 is the initial concentration of the substrate
on the donor side; dQ/dt represents the substrate trans-
port rate. A is cell monolayer area, here A ¼ 1.13 cm2. In
eq. 4, Papp(BL-AP) represents the Papp value from the baso-
lateral side to the apical side and Papp(AP-BL) represents the
Papp value from the apical to basolateral side.

Reverse Transcriptase-PCR Analysis of MDR1 mRNA
in Caco-2 Cells

Caco-2 cells were seeded in 25 cm2 cell flasks at a den-
sity of 2 3 105 cells/cm2. Cells were cultured for 10 days
at 378C, 5% CO2, and culture medium was changed every
2 days. Then, the culture medium was replaced by fresh
medium containing 100.0 lM R- or S-cetirizine. A blank
control was set up by adding the same volume of solvent to
culture medium. After incubation for 24 h, MDR1 mRNA
was evaluated by RT-PCR. Total RNA was isolated using
TRizol reagent (Bio Basic Inc., Canada) and dissolved in
50 ll RNase-free water. MDR1 and b-globin cDNA were
synthesized using M-MuLV reverse transcriptase (Fer-
mentas, Lithuania) with Oligo(dT)18 random primer from
0.1 lg total RNA. Primer MDR1-F (50 CCC ATC ATT GCA
TAT GCA GG) and MDR1-R (50 GTT CAA ACT TCT ACT
CCT GA) were used to amplify MDR1,10 product size 157,
annealing temperature 588C. Primer globin-F (50 CAA CTT

CAT CCA CGT TCA CC) and globin-R (50 GAA GAG CCA
AGG ACA GGT AC) were used to amplify human b-globin,
product size 268, annealing temperature 588C. b-globin
was used as a loading control. PCR reaction was per-
formed in a 25 ll system with Taq DNA polymerase
(Sangon, Shanghai) in a thermal cycler (Mastercycler gra-
dient, Eppendorf, Germany), 35 cycles for each gene. PCR
products were separated on 2% agarose gel containing
0.5 lg/ml ethidium bromide and photographed with a gel
analysis system (Rio-Rad, Italy). Band volume data were
acquired using Rio-Rad Quantity One software.

Flow Cytometry Analysis of MDR1 Protein Expression
in Caco-2 Cells

Caco-2 cells were seeded in cells flasks and pretreated
with 100.0 lM R- or S-cetirizine for 72 h with the same
method as described above. After pretreatment, cells
were digested and resuspended in phosphate buffered sa-
line (PBS; 137 mM NaCl, 2.7 mM KCl, 1.5 mM KH2PO4,
and 8.1 mM Na2HPO4) at a density of 2 3 106 cell/ml.
Five microliter of rhodamine B isothiocyanate (RBITC)
labeled P-gp antibody (Biosynthesis Biotechnology, Bei-
jing) was added to 50 ll cell suspension, mixed gently,
and incubated for 30 min at 48C. The cell suspension was
centrifuged for 5 min at 1000 rpm. Cells were resus-
pended in 400 ll PBS, and then the fluorescence intensity
was measured with a flow cytometer (FACScan, Becton-
Dickinson, San Jose, CA). Fluorescence signal was col-
lected through a 530 6 30 nm band-pass filter. CellQuest
Pro software from BD was used for acquisition and analy-
sis of data.

Data Statistical Analysis

Data were expressed as mean 6 S.D. Statistical analy-
ses were performed using SPSS (version 12.0) Software.
Analysis of variance (ANOVA) was used to compare dif-
ferences between R- and S-cetirizine pretreatment. Differ-
ences were considered as statistically significant at P �
0.05.

RESULTS
Paclitaxel Resistance of Caco-2 Cells

The IC50 value of paclitaxel in Caco-2 cells increased
after R-cetirizine pretreatment, but decreased after S-ce-
tirizine pretreatment. Table 1 presents the effects of pre-

TABLE 1. The IC50 values of paclitaxel in Caco-2 cells pretreated with cetirizine enantiomers

Concentration (lmol/M)

IC50 (lmol/M) Relative resistancea

R-cetirizine S-cetirizine R-cetirizine S-cetirizine

Non-treated 9.847 6 0.854 – –
10.0 9.137 6 0.876 10.094 6 0.746 0.928 1.025
20.0 9.917 6 0.973 9.864 6 0.594 1.007 1.002
50.0 10.718 6 0.879 8.842 6 1.164 1.088 0.898
100.0 13.222 6 0.631* 7.713 6 0.967* 1.343 0.783
200.0 16.300 6 0.659* 6.085 0.901* 1.655 0.618

The values are the mean 6 SD of three independent experiments.
aThe relative resistance ¼ IC50 values in the R-cetirizine (S-cetirizine) treated Caco-2 cells/IC50 values in nontreated Caco-2 cells.
*The IC50 was statistically different from that of nontreated Caco-2 cells, P < 0.05.

Fig. 1. The growth inhibitory curves of paclitaxel in Caco-2 cells pre-
treated with or without cetirizine enantiomers. Cells were pretreated
with or without 100.0 lmol/M cetirizine enantiomers for 48 h at 378C,
and then the cytotoxicity of paclitaxel was evaluated. ~: nontreated
cells, &: cells treated with R-cetirizine, *: cells treated with S-cetirizine.
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treatment with cetirizine enantiomers on the IC50 value of
paclitaxel to Caco-2 cells. Low concentrations of cetirizine
enantiomers had no significant effects on IC50 value until
concentration reached 100.0 lM. Compared with controls,
the IC50 value of paclitaxel in Caco-2 cells pretreated with
100.0 and 200.0 lM of R-cetirizine was increased by 34
and 65% and decreased by 21 and 38% upon pretreatment
with 100.0 and 200.0 lM of S-cetirizine, respectively.
Figure 1 shows the growth inhibition curves by paclitaxel
in Caco-2 cells pretreated with 100.0 lM of cetirizine enan-
tiomers. The growth inhibition curve shifted in a concen-
tration-dependent manner after the cells were pretreated
with cetirizine enantiomers.

Polarized Transport of Rhodamine-123 and Doxorubicin
Across Caco-2 Monolayers

Rhodamine-123 and doxorubicin are typical P-gp sub-
strates and were selected as probes of P-gp expression
and function in Caco-2 monolayers.11 Table 2 summarizes
the polarized transport of rhodamine-123 and doxorubicin
across Caco-2 monolayers.

The ER values indicate the extent of efflux of the sub-
strates. In the control group, rhodamine-123 and doxorubi-
cin exhibited clear efflux, which indicated that Caco-2

monolayers expressed fully functional P-gp. The ER values
of rhodamine-123 and doxorubicin increased significantly
in a concentration-dependent manner after the monolayers
were pretreated with 100.0 or 200.0 lM of R-cetirizine. On
the contrary, pretreatments with 100.0 or 200.0 lM of S-
cetirizine gave a decrease in ER. There were no obvious
effects on rhodamine-123 and doxorubicin transport after
the monolayers were pretreated with low concentration of
cetirizine enantiomers.

MDR1 mRNA Level in Caco-2 Cells

The RT-PCR agarose gel is shown in Figure 2. The
MDR1 mRNA level in Caco-2 cells increased by 47% after
the cells were pretreated with 100.0 lM R-cetirizine for
24 h, while it decreased by 28% after the cells were pre-
treated with 100.0 lM S-cetirizine for 24 h (Table 3).

MDR1 Protein Level in Caco-2 Cells

After the cells were pretreated with 100.0 lM of R-cetiri-
zine for 72 h, the mean fluorescence intensity increased
by 35% compared with nontreated cells, which indicated
that P-gp expression increased. Pretreatment with 100.0 lM
of S-cetirizine for 72 h mean fluorescence intensity of P-gp
expression decreased by 22%, which indicated a decrease
(Fig. 3).

TABLE 2. Effects of cetirizine enantiomers on the transport of rhodamine-123 and doxorubicin

Cetirizine
(lmol/l)

Rhodamine-123 (5.0 lmol/l) Doxorubicin (30.0 lmol/l)

Papp (3 10�6 cm/s)

ER

Papp (3 10�6 cm/s)

ERAP?BL BL?AP AP?BL BL?AP

Non-treated 0.712 6 0.040 6.850 6 0.309 9.62 0.203 6 0.021 1.322 6 0.029 6.51
10.0 R 0.625 6 0.058 7.106 6 0.556 11.4 0.226 6 0.029 1.374 6 0.098 6.08

S 0.763 6 0.082 7.965 6 0.215 10.4 0.189 6 0.020 1.201 6 0.117 6.35
20.0 R 0.720 6 0.104 7.666 6 0.681 10.6 0.216 6 0.039 1.340 6 0.158 6.20

S 0.738 6 0.068 7.933 6 0.917 10.7 0.276 6 0.015 1.750 6 0.098 6.34
50.0 R 0.837 6 0.081 7.702 6 0.745 9.20 0.248 6 0.019 1.466 6 0.207 5.91

S 0.892 6 0.062 8.878 6 0.635 9.95 0.236 6 0.026 1.291 6 0.136 5.47
100.0 R 0.578 6 0.041 8.638 6 0.460 14.9 0.231 6 0.020 2.011 6 0.090 8.70

S 0.954 6 0.068 7.002 6 0.621 7.34 0.400 6 0.059 1.820 6 0.143 4.55
200.0 R 0.550 6 0.347 8.715 6 0.109 15.8 0.154 6 0.010 1.396 6 0.114 9.06

S 1.318 6 0.116 6.506 6 0.244 4.94 0.259 6 0.031 0.870 6 0.082 3.36

The permeability of rhodamine-123 and doxorubicin were determined in Caco-2 cell monolayers pretreated with cetirizine enantiomers. Each value rep-
resents the mean 6 S.D. for three independent monolayers.

Fig. 2. Reverse transcriptase-PCR analysis of MDR1 mRNA in Caco-2
cells without or with 100 .0 lmol/l cetirizine enantiomers. globin is shown
as a loading control.

TABLE 3. The levels of MDR1 mRNA in Caco-2 cells
treated with cetirizine enantiomers

Relative volume Regulated

Control R-cetirizine S-cetirizine
R/

Control
S/

Control

0.828 6 0.162 1.220 6 0.306 0.593 6 0.159 1.47 0.72

Rio-Rad Quantity One software was used to acquire the band volume data.-
Data were obtained from three independent experiments.
Relative Volume ¼ Volume(MDR1)/Volume (globin).
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DISCUSSION

It is well known that a large number of drugs are trans-
ported by P-gp, so alteration of P-gp expression may
change the absorption, distribution, and excretion of these
drugs. It has been recognized that MDR1 expression can
be induced or inhibited by various types of drugs and
herb drugs, food ingredients etc.1–3,12–15 It seems that
there is no structural or pharmacological relationship bet-
ween them. Although induction or inhibition may not be
perceptible in vivo, we must keep it in mind that it may
take effect in certain circumstances. P-gp mediated drug–
drug interactions occur when one drug is a substrate of P-gp
and another drug can induce or inhibit P-gp expression or
function significantly. Drug–drug interactions produced
by P-gp induction or inhibition would cause drug toxicity
or loss of pharmacological efficacy. For example, the se-
rum concentration of digoxin, a substrate of P-gp, de-
creases when coadministrated with rifampin because
rifampin induces P-gp expression.16

Fortunately, more attention has been paid to drug–drug
interactions caused by P-gp induction or inhibition
recently.17–20 To avoid this kind of unwanted drug–drug
interactions, the effect of a new drug on P-gp regulation
should be estimated during preclinical drug development.

Our results showed that R-cetirizine up-regulated MDR1
expression while S-cetirizine down-regulated MDR1 exp-
ression in a concentration-dependent manner. Low concen-
trations of cetirizine enantiomers had no effect. The regu-

lation of MDR1 could occur either at transcriptional or
translational level. It seems that cetirizine acted at tran-
scriptional level since the P-gp protein level varied with
the mRNA level. P-gp protein level and mRNA level could
be inferred from flow cytometry and reverse transcriptase-
PCR data, and the increase or decrease ratio of MDR1
mRNA and protein level in Caco-2 cells treated with 100.0
lM of R/S-cetirizine were similar (about 30%, Table 3,
Fig. 2).

It has been reported that MDR1 expression and function
is regulated by many mechanisms and is related to many
signal transduction pathways.21–24 Alteration of gene tran-
scription, mRNA stability and processing, protein stability,
membrane incorporation, structure are involved in MDR1
regulation. This study is the first report of enantiomers
having different regulatory effects on MDR1 expression
and further research on the special regulation effects of
cetirizine enantiomers would be helpful to understanding
the mechanism of MDR1 regulation.

In addition, we must be aware that Caco-2 cells not only
expresses P-gp but also MRPs and it is quite possible that
MRPs were also involved in this experiment. Camptothe-
cin, which is a substrate of P-gp and MRPs but more sensi-
tive to MRPs than paclitaxel,25 was selected to evaluate its
cytotoxicity to Caco-2 cells with or without cetirizine enan-
tiomers pretreatment. The results showed that the growth
inhibition curve of camptothecin shifted similarly with
paclitaxel both in direction and extent. Therefore, MRPs

Fig. 3. Flow cytometry analysis of P-gp in Caco-2 cells pretreated with or without cetirizine enantiomers (100.0 lM). The mean values in the figures
are fluorescent intensity. Fluorescence signal was collected through a 530 6 30 nm band-pass filter. CellQuest Pro software from BD was used for
acquisition and analysis of data.
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may also be regulated like P-gp. Further experiments are
required to validate this hypothesis.
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