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Abstract

Purpose. The effect of atorvastatin, an HMG-CoA reductase inhibitor, on expression and activity of the drug transporter ABCB1 in HepG2 cells
and peripheral blood mononuclear cells (PBMCs) was examined.Methods. Localization and expression of ABCB1 in hepatocytes was examined by
indirect immunofluorescence. Expression of ABCB1 mRNA and ABCB1 activity were examined in atorvastatin-treated and control cells and
PBMCs using real-time PCR and Rhodamine 123 efflux assay. Results. Immunohistochemical analysis revealed that ABCB1 is located at the apical
membrane of the bile canaliculi. Atorvastatin at 10 and 20 μM up-regulated ABCB1 expression resulting in a significant 1.4-fold increase of the
protein levels. Treatment of HepG2 cells with 20 μM atorvastatin caused a 60% reduction on mRNA expression (p<0.05) and a 41% decrease in
ABCB1-mediated efflux of Rhodamine123 (p<0.01) by flow cytometry. Correlation was found between ABCB1 mRNA levels and creatine kinase
(r=0.30; p=0.014) and total cholesterol (r=−0.31; p=0.010). Conclusions. Atorvastatin leads to decreased ABCB1 function and modulates
ABCB1 synthesis in HepG2 cells and in PBMCs. ABCB1 plays a role in cellular protection as well as in secretion and/or disposition, therefore,
inhibition of ABCB1 synthesis may increase the atorvastatin efficacy, leading to a more pronounced reduction of plasma cholesterol.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Inhibitors of the 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) reductase, also known as statins, are therapeutic
agents used for the treatment of hypercholesterolemia [1].
Statins inhibit the synthesis of cholesterol by suppressing the
conversion of HMG-CoA into mevalonate and up-regulate the
low-density lipoprotein (LDL) receptor gene. Mevalonate is the

precursor not only of cholesterol but also of many nonsteroidal
isoprenoid compounds that are involved in cell signaling, cell
differentiation, and proliferation [2]. Statins also present
pleiotropic effects such as anti-inflammatory and anti-prolif-
erative actions.

Atorvastatin is an HMG-CoA reductase inhibitor with high
therapeutic efficacy due to its elevated plasma elimination
half-life (t1/2) of 14 h [3]. However, some patients do not
respond to atorvastatin treatment or to other statins [4],
whereas others present important adverse effects [5]. The
interindividual differences in response to statins have been
related to several factors that affect drug distribution and
pharmacokinetics.
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Specific membrane transporters have a significant impact on
the overall drug disposition process through their targeted
expression in organs such as intestine, kidney and liver [6]. The
compartmentalized expression of certain transporters in various
tissues plays a critical role in drug disposition. In the liver,
several transporters are involved in uptake and efflux of
exogenous (drugs) and endogenous substrates from the blood-
stream. Drugs may undergo further biotransformation and can
be excreted unmodified into bile for subsequent elimination
from the body.

ATP-binding cassette sub-family B member 1 (ABCB1),
previously named multidrug resistance transporter 1 (MDR1), is
an efflux transporter, which uses energy derived from ATP
hydrolysis to translocate substrates across biological mem-
branes. ABCB1 transports a wide range of structurally diverse
drugs such as atorvastatin, cyclosporine, indinavir, and
fexofenadine (reviewed in [7]). ABCB1 has been shown to be
a particularly important efflux transporter that can extrude or
pump drugs back into the intestinal lumen, effectively limiting
their bioavailability.

Atorvastatin has been identified as an ABCB1 substrate in vitro
[8,9]. In the liver, the statins undergo metabolism that is mediated
by phase I and II enzymes, or may be excreted unchanged.
ABCB1, located at canalicular membrane of hepatocytes,
contributes for elimination of statins and their metabolites via
bile [1]. Translocation of drugs across epithelial cells may be
hindered or facilitated by the localization of transporters on apical
or basolateral membranes. Thus, the mechanisms involved in
transporter-mediated drug disposition represent an important issue
to be investigated.

Single nucleotide polymorphisms in ABCB1 gene may
play a role in the disposition of many drugs. C3435T
polymorphism was found to be associated with variation in
intestinal ABCB1 levels that regulate the uptake of orally
administered ABCB1 substrates such as digoxin [10],
fexofenadine [11] and cyclosporine [12]. Subjects carrying
the 3435TT genotype have remarkably lower duodenal
ABCB1 expression and higher plasma digoxin levels in
comparison to individuals with CC or CT genotypes
[10,13,14]. The C3435T and G2677T/A polymorphisms
were associated with drug responses in patients treated with
atorvastatin [15], nelfinavir [16], digoxin [10], and tacrolimus
[17]. Rodrigues et al. [18] did not find a significant effect of
these polymorphisms on the response to atorvastatin in
hypercholesterolemic patients. However, haplotype analysis
revealed that european-derived brazilians carrying the T/T
haplotype have high levels of total and LDL cholesterol
compared with non-T/T carriers.

In the present study the expression of mRNA of ABCB1
gene was investigated in human peripheral blood mono-
nuclear cells and its association with C3435T polymorphism
in the ABCB1 gene. We also studied the effects of
atorvastatin on the expression and activity of the drug
transporter ABCB1 in HepG2 cells, which represent a
hepatocyte model for studies of liver-specific cellular
functions and highly express HMG-CoA reductase that is
the target of statins.

2. Materials and methods

2.1. Chemicals

Atorvastatin was kindly provided by Pfizer Pharmaceuticals Ltd. (Guarulhos,
SP, Brazil). Dulbecco's modified Eagle medium (DMEM), penicillin, TRIzol®
reagent™ and streptomycin were purchased from Invitrogen (Carlsbad, CA,
USA). Trypsin–versene mixture containing trypsin (0.2%) and versene (0.02%)
was obtained from Adolfo Lutz Institute (Sao Paulo, SP, Brazil). Verapamil
hydrochloride (±), goat anti-mouse IgG FITC conjugated, Triton-X-100,
Histopaque-1077, glutamine and mevalonic acid lactone were purchased from
Sigma (St. Louis, MO, USA). Anti-human P-glycoprotein monoclonal antibody
17F9 was obtained from Pharmingen-BD Biosciences (San Diego, CA, USA).
Propidium iodide was obtained from ICN Biomedicals (Costa Mesa, CA, USA).
Citrate was purchased from Merck (Frankfurter, Darmstadt, Germany) and
sodium bicarbonate from Labsynth products (Diadema, SP, Brazil). Rhodamine
123 (Rh123) was obtained from Molecular Probes (Eugene, OR, USA). Human
hepatocellular carcinoma cell line HepG2 was obtained from the Cell Bank of
Rio de Janeiro (Rio de Janeiro, RJ, Brazil). Revertaid™ M-MuLV Reverse
Transcriptase was purchased from MBI Fermentas (Burlington, Ontario,
Canada). Primers and probes for TaqMan® real-time PCR were purchased
from Applied Biosystem (Foster City, CA, USA). DNA polymerase was
purchased from Biotools (Madrid, Spain).

2.2. Subjects and blood samples

The characteristics of the study design [18] have been previously reported.
Briefly, subjects with primary hypercholesterolemia were admitted to the
Dante Pazzanese Institute of Cardiology (São Paulo, SP, Brazil) and to the
Hospital Universitário of University of Sao Paulo (São Paulo, SP, Brazil) and
individuals that remained with Low Density Lipoprotein (LDL) cholesterol
higher than 160 mg/day, even after a low cholesterol diet, were started on
atorvastatin therapy, 10 mg orally once daily for 4 weeks. Identical protocols
were reviewed and approved by the institutional review board at each research
center, and written informed consent was obtained from each patient before
inclusion in the study. Sixty-nine individuals (28 men, 41 women, mean age:
58 years) with LDL cholesterol (mean±S.D.: 197±37 mg/dL) were studied.
Blood samples for lipid and lipoprotein measurements, creatine kinase and
alanine transferase, isolation of peripheral blood mononuclear cells (PBMCs)
and for DNA isolation were collected after an overnight fast, before and after
atorvastatin administration.

2.3. Isolation of PBMCs

Peripheral blood mononuclear cells were obtained as previously described
[19]. Blood was diluted in phosphate-buffered saline (PBS) (1:1) and this
suspension was layered on Histopaque-1077 and centrifuged for 30 min at
400×g and room temperature. Peripheral blood mononuclear cells (PBMC; a
mixture of monocytes and lymphocytes) were collected from the interphase.

2.4. ABCB1 genotyping

Genomic DNAwas extracted from EDTA-anticoagulated blood by a salting-
out procedure. C3435T ABCB1 polymorphism in exon 26 was genotyped by
PCR-restriction fragment length polymorphism (RFLP) according to Rodrigues
et al. [18]. C3435T ABCB1 polymorphic regions were amplified by the
polymerase chain reaction (PCR). PCR assays were performed with 50 ng
genomic DNA, amplification buffer (50 mM KCl, 20 mM (NH4)2SO4, 2 mM
MgCl2, 75 mM Tris–HCl, pH 9.0), 200 μM primers, and 0.5 U DNA
polymerase. The primers used for PCR were as follows: forward 5′-
TCCTTAATCTCACAGTAACTTGGCA-3′ and reverse 5′-AGGCCAACATA-
CATGCCTTCAT-3′. The thermal cycler protocol consisted of initial denatura-
tion at 98 °C for 3 min followed by 35 cycles of denaturation at 94 °C for 1 min,
annealing at 60 °C for 2 min and extension at 72 °C for 2 min. Amplification was
carried out in a thermal cycler, PTC-200 (MJ Research Inc., Walthan, MA,
USA). PCR products were analyzed by 1.5% agarose gel electrophoresis after
ethidium bromide staining.
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C3435T polymorphisms were detected by digestion of PCR-amplified
products using the restriction enzymes MboI. Enzymatic digestions were
performed at 37 °C for 1 h in a total volume of 10 μl using 1 U restriction
endonuclease and 1× restriction buffer (33 mM Tris–acetate, 10 mM
magnesium acetate, 66 mM potassium acetate, 0.1 mg/ml BSA, pH 7.9).
Restriction fragments were identified by 8% polyacrylamide gel electrophoresis
after silver staining.

2.5. Cell culture

HepG2 cells were maintained in DMEM supplemented with 10% fetal
bovine serum, 2 mM glutamine, 44 mM sodium bicarbonate, 10,000 UI/mL
streptomycin and 10,000 UI/mL penicillin. Cells were grown at 37 °C in a
humidified atmosphere, containing 5% CO2. Culture medium was replaced
twice a week and cells were trypsinized and subcultured every 7days.

2.6. Atorvastatin treatment

Atorvastatin was dissolved in methanol. The final concentration of methanol
in the culture medium did not exceed 0.1%. Preliminary experiments with this
concentration of methanol did not show cytotoxicity. Four concentrations of
atorvastatin were tested, starting from vehicle control (0 μM) and 0.1 μM as the
lowest concentration up to a maximum of 20 μM. The cells were treated with
atorvastatin at various concentrations for 24 h.

2.7. Cell viability

The percentage of viable HepG2 cells treated with atorvastatin was
determined by flow cytometry using propidium iodide solution (50 mg/mL in
phosphate buffer saline) to detect membrane integrity of the cells. Propidium
iodide is a highly water-soluble fluorescent compound that cannot pass through
intact membranes and being generally excluded from viable cells. It binds to
DNA by intercalating between the bases with little or no sequence preference.

2.8. DNA fragmentation

DNA fragmentation was analyzed by flow cytometry after DNA staining
with propidium iodide according to the method previously described by
Nicoletti et al. [20]. Briefly, cells (5×105) were gently resuspended in 200 μL
hypotonic solution containing 50 μg/mL propidium iodide, 0.1% sodium citrate,
and 0.1% Triton X-100. The cells were then incubated overnight at 4 °C.
Fluorescence was measured and analyzed by flow cytometry.

2.9. Immunohistochemical detection of ABCB 1

HepG2 cells were grown on glass cover slips and processed for
immunofluorescence microscopy. Cell layers were washed with phosphate
buffer saline (PBS), pH 7.4, and fixed in 2% (v/v) p-formaldehyde solution for
5 min at 4 °C. Cells were washed twice with PBS and incubated with anti-
human ABCB1 monoclonal antibody (17F9, 1: 50 dilution in PBS) for 90 min.
ABCB 1 was stained by incubation with fluorescein isothiocyanate-labeled goat
anti-mouse antibody (1:50 dilution in PBS) for 90 min. After washing, cells
were mounted in glycerol-carbonate and examined on a Zeiss LSM510
confocal microscope (Heidelberg, Germany) using laser with incident beam at
488 nm. As controls for nonspecific staining, the first antibody was omitted.

2.10. ABCB1 expression

HepG2 cells (5×106) were washed with PBS and fixed in 3.7% (v/v)
formaldehyde solution for 15 min at room temperature. The cells were washed
twice with PBS and then incubated with anti-human ABCB1 monoclonal
antibody (17F9, 1: 50 dilution in PBS) for 60 min at 4 °C. After incubation, the
cells were washed twice with PBS and ABCB1 was stained by incubation with
fluorescein isothiocyanate (FITC)-labeled goat anti-mouse antibody (1:50
dilution in PBS) for 60 min at 4 °C. After incubation, the cells were resuspended
in 300 μL PBS for flow cytometric analysis.

2.11. ABCB1 mRNA expression by real-time PCR

RNAwas extracted from HepG2 cells and PBMCs (5×106 to 1×107 cells)
using TRIzol® Reagent. cDNA was produced from 2 or 1μg of total RNA by
Revertaid™M-MuLV Reverse Transcriptase and ABCB1mRNAwas measured
by TaqMan quantitative PCR assay, using glyceraldehyde-3-phosphate
dehydrogenase (GAPD) as housekeeping gene.

The real-time PCR assays were carried out in 96-well plates using a 7500
Real-Time PCR system (Applied Biosystems, Foster City, CA, USA). The
thermal cycler protocol consisted of 40 cycles of denaturation at 95 °C for 15 s
and annealing/extension at 60 °C for 1 min. The primers and probe sequences
used for ABCB1 mRNA detection were as follows: ABCB1 forward 5′-
GTCTGGACAAGCACTGAAAGATAAGA-3′, ABCB1 reverse 5′-
CAACGGTTCGGAAGTTTTCTATTGC-3′ and ABCB1 probe 5′-FAM -
CTGGGAAGATCGCTACTGAA-NFQ-3′. The relative quantitation value of
each target gene was analyzed using a comparative CT method. The following
formula was used to calculate the relative amount of the transcript in the sample
and normalized to an endogenous reference (GAPD): 2−ΔΔCT, where ΔCT is the
difference in CT between the gene of interest and GAPD, and ΔΔ CT for the
sample=mean Δ CT of the sample−mean ΔCT of the control sample (used as
calibrator). In the case of the patients, this formula was used to calculate the
variation in ABCB1 mRNA levels after treatment with atorvastatin and to
calculate the levels before and after treatment, we used the formula 2−ΔCT.

2.12. Rhodamine 123 efflux assay

ABCB1 functional activity was determined by Rhodamine 123 (Rh123)
efflux assay, adapted from the protocol described by Lee and Piquette [21]. Cell
monolayers were prepared by plating 3×105 cells per well in 6-well cell culture
plates the day before use. After overnight incubation at 37 °C, cell monolayers
were treated with atorvastatin (0 to 20 μM) for 24 h. Control and atorvastatin
treated cells were harvested by Trypsin–versene mixture and centrifuged at
400×g for 5 min. The cells were washed once with ice cold PBS, then
resuspended with 500 μL PBS and pre-incubated with 0.5 μMRh123 for 15 min.
The cells were then incubated in the presence or absence of the ABCB1
inhibitor verapamil (50 μM) and the efflux of Rh123 was measured for 60 min.
At 0 and 60 min incubation, cells were washed twice with ice cold PBS and the
cell pellet was resuspended with 300 μL PBS and immediately used for flow
cytometric analysis of Rh123 retention. ABCB1 mediated efflux was
determined using the following formulas.

% Rh123 efflux ¼ Rh123½ �0 min− Rh123½ �60 min

Rh123½ �0 min ð1Þ

ABCB1�mediated efflux ¼ % Rh123 effluxðabsence of verapamilÞ
−% Rh123 effluxðpresence of verapamilÞ

2.13. Flow cytometric analysis

Cells (numbering 10,000) were analyzed in a FACSCalibur flow cytometer
(Becton Dickinson, San Jose, CA, USA) using an argon-ion laser (15 mW) with
incident beam at 488 nm. Green (rhodamine 123 and FITC) and red (propidium
iodide) fluorescences were collected through 530 nm and 585 nm filters,
respectively. Data were acquired and analyzed using the FACS/Cell Quest
software (Becton Dickinson, San Jose, CA) and results were expressed as mean
of the fluorescence intensity.

2.14. Statistical analysis

Each set of experiments was repeated at least three times in cells pertaining
to different passages. Results are reported as means±SEM. Differences between
the means were analyzed by one-way analysis of variance (ANOVA) followed
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by the Tukey test or Mann–Whitney/Student's t-test and correlation analysis
were performed by Pearson or Spearman rank correlation coefficient using
Prism (Graph Pad Software, Inc., San Diego, CA, USA). Statistical significance
was set for p<0.05.

3. Results

3.1. Cell viability and DNA fragmentation

Treatment of human hepatoma cells with 0–20 μM
atorvastatin for 24 h had no effect on viability or DNA
fragmentation of HepG2 cells (data not shown). All cells had
viability ≥97% and the percentage of cells with fragmented
DNA was less than 7%.

3.2. P-gp 1 detection and expression

Immunohistochemical analysis with 17F9 monoclonal anti-
body was used to detect ABCB1 in hepatocytes. This antibody
specifically recognizes an external domain of ABCB1. As
expected, ABCB1 was located at the apical membrane of the
bile canaliculi in HepG2 (Fig. 1).

Significant expression of ABCB1 was found in HepG2 cells
as compared to the negative control (absence of primary
antibody). Atorvastatin increased the expression of ABCB1 as
compared with vehicle control (0 μM) mainly at high
concentrations (10 and 20 μM) (Fig. 2).

3.3. ABCB1 mRNA expression

Semi-quantitative real-time PCR was used to detect ABCB1
mRNA expression in HepG2 cells. Compared to the vehicle
control, treatment with 1 μM or higher doses of atorvastatin for
24 h resulted in an approximately 60% decrease in the ABCB1
transcription levels. This reduction in mRNA levels was signi-
ficant for 1 (0.36±0.08) 10 (0.47±0.09) and 20 μM (0.37±
0.06) compared to vehicle (1.0±0.22, p<0.05); the values are
presented as mean±SEM of 4 experiments (Fig. 3A). To
examine whether this decrease in mRNA levels was due to an
inhibition of the cholesterol de novo synthesis pathway, HepG2

cells were treated with 0.2 mM of mevalonic acid lactone along
with atorvastatin 20 μM. The addition of mevalonic acid lactone
did not reverse the atorvastatin induced decrease in ABCB1
transcript levels, suggesting that its effect is not modulated by
any intermediate of the de novo cholesterol synthesis pathway
(Fig. 3B).

Fig. 1. Immunohistochemical detection of ABCB1 in HepG2 cells. Fluorescence
corresponds to bile canaliculi in the contact cell regions. Cells were grown on
glass cover slips and detected with 17F9 indirect immunofluorescence.

Fig. 2. Effect of atorvastatin treatment on ABCB1 expression in HepG2 cells.
Cells were treated for 24 h with atorvastatin, and then FACS analysis were
performed in HepG2 suspension cells using 17F9 indirect immunofluorescence.
Data are reported as mean±SEM, n=4., ⁎p<0.05; ⁎⁎p<0.01 as compared to 0
μM atorvastatin as indicated by ANOVA and Tukey test.

Fig. 3. Atorvastatin decreases ABCB1mRNA expression in HepG2 cells, which
is not reversed by mevalonic acid lactone. (A) Real-time PCR was performed
using total RNA extracted from 24 h atorvastatin-treated (0 to 20 μM) and vehicle
control (0 μM) cells. Values are reported as mean±SEM, n=4. ⁎p<0.05 as
compared to 0 μM atorvastatin as indicated by ANOVA and Tukey test. (B)
HepG2 cells were treated with atorvastatin 20 μM in the presence or absence of
mevalonic acid lactone (0.2 mM) for 24 h. Data are reported as mean±SEM,
n=4. ⁎p<0.05 as compared to 0μM atorvastatin as indicated by ANOVA and
Tukey test.

1869A.C. Rodrigues et al. / Biochimica et Biophysica Acta 1760 (2006) 1866–1873
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Evaluation of ABCB1 transporter expression in PBMCs
revealed that after an atorvastatin 10 mg per day treatment the
levels of ABCB1 transcript were reduced 63% (Fig. 4). These
findings are in agreement with the results found for HepG2 cells.

3.4. Association of mRNA expression of ABCB1 transporter in
PBMCs with C3435T polymorphism

Relative allele frequencies (wild-type, variant) C3435T
polymorphism was, 0.53 and 0.47, respectively, and observed
genotype distributions were consistent with the Hardy–
Weinberg equilibrium. There was no association between the
ABCB1 C3435T polymorphism and the mRNA expression
in PBMCs (Fig. 5). We also evaluated the genotype of
C3435T polymorphism for HepG2 being characterized by CC
genotype.

3.5. ABCB1 efflux activity

To examine the effect of atorvastatin on ABCB1 functional
activity, HepG2 cells were treated with 0.1 to 20 μM
atorvastatin for 24 h and Rh123 efflux was measured in
the presence or absence of the ABCB1 inhibitor verapamil
(50 μM). Rh123 efflux was decreased in HepG2 cells treated
with atorvastatin, and in the presence of verapamil (50 μM)
the Rh123 efflux was alomst completely inhibited and was
not influenced by the atorvastatin treatment (Fig. 6).
Atorvastatin induced a concentration-dependent inhibition of
the ABCB1-mediated efflux activity (inset, Fig. 7). Compared
to vehicle, significant reduction of ABCB1-mediated efflux
activity was observed in cells treated with 20 μM atorvastatin
(Fig. 7).

3.6. Correlation analysis

Analysis of ABCB1 mRNA levels in patients treated with
atorvastatin 10 mg per day, revealed a significant correlation
between the amount of ABCB1 mRNA and the percentage of
reduction or increase of total cholesterol (TC) and creatine
kinase (CK), respectively (TC: r=−0.31, p=0.010; CK:
r=0.30, p=0.014) (Figs. 8, 9).

4. Discussion

Membrane transporters like the ABC-transporter ABCB1
may substantially impact the pharmacokinetic properties of
many drugs and endogenous substrates. Hence, optimum doses
of ABC-transporter substrates may vary greatly between
patients and dose adjustment may be required even in the
same a patient to maintain effectiveness and avoid toxicity. Here
we present the first evidence that atorvastatin modulates the
activity of the ABCB1 transporter in a human hepatoma cell line

Fig. 4. ABCB1 mRNA levels in hypercholesterolemic individuals before and
after atorvastatin therapy (10 mg/day). The individuals were treated with
atorvastatin 10 mg/day for 4 weeks and real-time PCR were performed using
total RNA extracted from PBMCs isolated before and after treatment. Data are
mean±SEM, n=69 individuals. ⁎p<0.05 as compared to 0 μM atorvastatin as
indicated by Mann–Whitney U test.

Fig. 5. ABCB1 mRNA levels in hypercholesterolemic individuals according to
C3435T genotype, before and after atorvastatin therapy (10 mg/day). Genomic
DNA were extracted from blood samples and used to perform PCR-RFLP to
detect C3435T polymorphism of ABCB1 gene. Data are mean±SEM, n=18 for
3435CC, 37 for 3435CT and 14 for 3435TT. p>0.05 compared to controls as
indicated by ANOVA.

Fig. 6. The effect of atorvastatin treatment on Rhodamine 123 efflux in the
presence/absence of verapamil (50 μM) in HepG2 cells. Cells were treated with
atorvastatin for 24 h. Rhodamine 123 was added and cells were incubated for 60
min at 37 °C in the presence or absence of verapamil. Data are the mean values±
SEM of 6 experiments.
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and in PBMCs of individuals treated with atorvastatin 10 mg
once daily for 4 weeks.

In addition to the in vivo experiments, HepG2 cells were
cultured in the presence of various concentrations of
atorvastatin found in the blood levels after an oral dose of
10 to 80 mg per day [22]. Even a high dose of atorvastatin
did not cause any significant toxic effect on HepG2 cells.

Atorvastatin induced a concentration-dependent inhibition
of the ABCB1 efflux activity in HepG2 cells. Other studies
have shown that statins are inhibitors of ABCB1 activity in
different cell lines [23–26]. However, the reduction in ABCB1
activity (41%, IC50=5.4±0.6 μM) induced by the maximum
dose of 20 μM atorvastatin in HepG2 cells was higher than
that found in other cell types, such as murine monocytic
leukemia cell line P388/MDR (IC50=30.1±12.1 μM) [23],
Chinese hamster ovary cells overexpressing ABCB1 (IC50=
356±25 μM), and fibroblasts transfected with human ABCB1
(IC50=307±14 μM) [24] and Madin–Darby canine kidney
(MDCK) cells (IC50>100 μM) [25]. This discrepancy in the

findings maybe due to differences in the method of measuring
Rh123 fluorescence and, mainly, in the type of cell line used in
the studies.

The influence of atorvastatin on ABCB1 expression was
examined in HepG2 cells. As far as we know, this is the first
evidence that ABCB1 is regulated by atorvastatin in human
cells. The increase of ABCB1 levels in HepG2 cells following
exposure to high concentrations of atorvastatin for 24 h was
similar to that found in the liver of rats continuously exposed
to pravastatin or simvastatin (5 days, diet supplemented with
0.1% wt/wt) [27]. However, analysis of the ABCB1 mRNA
expression in HepG2 cells showed a significant down-
regulation by atorvastatin. This reduction of mRNA levels
was in agreement to the decreased ABCB1 activity. Similar
observations were obtained in 69 patients with primary
hypercholesterolemia treated with 10 mg per day atorvastatin.

Fig. 7. Effect of atorvastatin treatment on ABCB1 efflux activity in HepG2 cells. ABCB1- mediated efflux of Rh123 was measured in 24 h atorvastatin-treated (0–
20 μM) and vehicle control (0 μM) cells. Values are reported as mean±SEM of 6 experiments. ⁎⁎p<0.01 as compared to 0 μM atorvastatin as indicated by ANOVA
and Tukey test. Inset: ABCB1-mediated efflux reported as percentage of controls.

Fig. 8. Correlation analysis between ABCB1 mRNA levels and percentage of
increase of creatine kinase in hypercholesterolemic individuals after atorvastatin
therapy (10 mg/day). Significant correlation between ABCB1mRNA in PBMCs
and increase of serum creatine kinase (CK), n=68, p=0.014 as indicated by
Spearman rank correlation coefficient.

Fig. 9. Correlation analysis between ABCB1 mRNA levels and percentage of
reduction of total cholesterol in hypercholesterolemic individuals after atorvas-
tatin therapy (10 mg/day). Significant correlation between ABCB1 mRNA in
PBMCs and reduction of serum total cholesterol (TC), n=69, p=0.010 as
indicated by Pearson correlation coefficient.
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Expression of ABCB1 mRNA was 63% decreased in humans
treated with atorvastatin.

The possible involvement of intermediates of the de novo
cholesterol synthesis pathway on atorvastatin induced decrease
of ABCB1 mRNA expression was investigated. The induced
decrease in ABCB1 transcript was not reverted by the addition
of mevalonic acid lactone, suggesting that its effect is not
modulated by any intermediate of the de novo cholesterol
synthesis pathway.

Treatment with verapamil (15–30 μM), a specific ABCB1
inhibitor, down-regulated ABCB1 gene expression caused by
decreased ABCB1 proximal promoter activity [28].

In addition to a decreased transcriptional rate, reduced
ABCB1mRNA levels could also result from post-transcriptional
mechanisms, for example mRNA stability. Muller et al. [28]
found that ABCB1 mRNA is stable and ABCB1 mRNA
degradation remains unchanged in the verapamil-treated versus
control cells. A cis-acting polymorphism, 3435C>T, in the
ABCB1 gene was associated with lower mRNA levels in the
liver, caused by reduced mRNA stability [29]. Polymorphisms
may play a major role in mRNA degradation by changing
mRNA secondary structure. After genotyping HepG2, it was
characterized as being CC for ABCB1 C3435T polymorphism.

We then investigated the effect of ABCB1 C3435T poly-
morphism on ABCB1 expression in PBMCs of 69
individuals. No significant association between this poly-
morphism and ABCB1 mRNA expression was found. Studies
with human peripheral blood lymphocytes that also tried to
found an association between ABCB1 polymorphisms and
ABCB1 expression [30,31] or function [32] failed to found a
possible role of polymorphism in ABCB1 expression and
function.

This lack of association between C3435T polymorphism and
mRNA levels may be due to the differences in ABCB1 mRNA
expression in the liver and PBMCs, which is believed to be 10
times smaller than in liver [31].

ABCB1 expression may be also regulated by the pregnane X
receptor (PXR) a ligand-activated transcription factor that is
well known to mediate induction of CY3A4 gene transcription
by xenobiotics [33]. Atorvastatin is capable of activating human
PXR and increases the amounts of CYP3A4 mRNA and protein
[34]. ABCB1 and CYP3A are likely to be complementary
systems to detoxify hydrophobic and potentially toxic com-
pounds. Decreased ABCB1 levels result in increased CYP
expression; on the other hand, under conditions of suppressed
CYP expression (e.g., under cytokine-induced stress), Abcb1b
expression was found to be increased [35]. Preliminary
experiments indicate that CP3A4 mRNA expression increased
in HepG2 cells treated with atorvastatin 1–20 μM (data not
shown).

In patients treated with atorvastatin 10 mg per day, a positive
correlation between ABCB1 mRNA levels and percentage of
increase of creatine kinase (CK) activity was found. As a result
reduced levels of ABCB1 may protect the patients against
adverse effects as the occurrence of myopathy. Conversely, we
found a negative correlation between total cholesterol reduc-
tions and ABCB1 mRNA levels after atorvastatin treatment.

Thus, decreased levels of ABCB1 may result in a more effective
response to atorvastatin.

We found an unexpected increase in ABCB1 protein levels
in HepG2 cells treated with atorvastatin. Taking into considera-
tion the decrease in mRNA levels and on ABCB1 activity, the
antibody probably recognized the peptide resulted from the
ABCB1 proteolysis. Stability of ABCB1 is regulated by
ubiquitination, which is mediated through proteasomal pathway
[36]. Zhang et al. [36] have shown that enhanced ubiquitination
of ABCB1 results in a decrease of the function of the
transporter, as shown by increased ABCB1 intracellular
accumulation and degradation. Another possibility is that
atorvastatin disrupted of ABCB1 ubiquitination within 24 h,
contributing to its accumulation in HepG2 cells. This effect
can also explain the increase in ABCB1 levels found in cana-
licular membrane of hepatocytes after a 24-h treatment with
atorvastatin.

Fujita et al. [37] reported that proteasome inhibitors sensitize
the multidrug resistant MCF7/ADR cells through suppression
of the ABCB1 gene decreasing the ABCB1 levels. If atorvastatin
really causes a disruption of ubiquitin–proteasome pathway,
there is a reduction in ABCB1 mRNA levels.

In conclusion, the results presented herein suggest that
atorvastatin treatment inhibits ABCB1 synthesis in PBMCs
and hepatocytes and decreases ABCB1 activity in HepG2
cells. ABCB1 plays an important role in cell protection as
well as in drug secretion and/or disposition. Therefore,
inhibition of ABCB1 synthesis may increase the atorvastatin
efficacy, leading to a more pronounced reduction of plasma
cholesterol.
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