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Aim: Statin disposition and response are greatly determined by the activities of drug metabolizing enzymes and efflux/ uptake trans-
porters. There is little information on the regulation of these proteins in human cells after statin therapy. In this study, the effects

of atorvastatin and simvastatin on mRNA expression of efflux (ABCB1, ABCG2 and ABCC2) and uptake (SLCO1B1, SLCO2B1 and
SLC22A1) drug transporters in Caco-2 and HepG2 cells were investigated.

Methods: Quantitative real-time PCR was used to measure mRNA levels after exposure of HepG2 and Caco-2 cells to statins.

Results: Differences in mRNA basal levels of the transporters were as follows: ABCC2>ABCG2>ABCB1>SLC01B1>>>SLC22A1>SLC
02B1 for HepG2 cells, and SLCO2B1>>ABCC2>ABCB1>ABCG2>>>SLC22A1 for Caco-2 cells. While for HepG2 cells, ABCC2, ABCG2
and SLCO2B1 mRNA levels were significantly up-regulated at 1, 10 and 20 umol/L after 12 or 24 h treatment, in Caco-2 cells, only
the efflux transporter ABCB1 was significantly down-regulated by two-fold following a 12 h treatment with atorvastatin. Interestingly,
whereas treatment with simvastatin had no effect on mRNA levels of the transporters in HepG2 cells, in Caco-2 cells the statin signifi-

cantly down-regulated ABCB1, ABCC2, SLC22A1, and SLCO2B1 mRNA levels after 12 or 24 h treatment.
Conclusion: These findings reveal that statins exhibits differential effects on mRNA expression of drug transporters, and this effect
depends on the cell type. Furthermore, alterations in the expression levels of drug transporters in the liver and/or intestine may con-

tribute to the variability in oral disposition of statins.
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Introduction

One of the major difficulties for the effective oral drug deliv-
ery is the poor drug absorption or rapid excretion via bile.
Although it has long been recognized that most drugs are
absorbed through the gastrointestinal epithelium by a simple
diffusion mechanism depending on their lipophilicity, more
recent research has demonstrated the occurrence of a trans-
porter-mediated absorption. Most drug transporters belong
to two super-families, ABC (ATP-binding cassette) and SLC
(solute-linked carrier), including both cellular uptake and
efflux transporters, being expressed in apical or basolateral
membranes of different cells!"l. The membrane in which the
drug transporter is located is critical in determining the net
transcellular transport and, governing the pharmacokinetics
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profiles of substrates in the body.

Statins are 3-hydroxy-3-methylglutaryl coenzyme A
reductase inhibitors used for treatment of hypercholester-
olemia. Intestinal absorption appears to have an important
role in disposition of statins and other hypolipidemic agents.
After an oral ingestion, for example, the fraction of atorvas-
tatin absorbed is only 30%, and its oral bioavailability is of
14%". This may be due to extensive first-pass metabolism in
the gut wall, as well as the fact that atorvastatin is substrate
of efflux transporters, and it can inhibit transporter-mediated
efflux®’. In a recent study of our group, we demonstrated
that atorvastatin inhibited the activity of the efflux transporter
ABCBI, in vitro, and it down-regulated ABCB1 expression in
mononuclear peripheral blood cells of hypercholesterolemic
individuals, which was negatively correlated with plasma
total cholesterol reductions after statin therapy'.

Breast cancer resistance protein (BCRP/ABCG2) and mul-
tidrug resistance associated protein 2 (MRP2/ABCC2) are



efflux transporters that belong to the ABC family. These
transporters are expressed in the apical membrane of many
cells including tissues of gastrointestinal tract and canalicular

[7-9]

membrane of liver where it has been shown to limit the

oral absorption through efflux from the intestinal mucosa to

Bl Efflux transporters

gut lumen of some drugs as digoxin
affect drug disposition, predominantly, of class 2 compounds,
which exhibit low solubility and high permeability (Biophar-
maceutics System Classification) such as atorvastatin™”. They
affect the extent of oral bioavailability and the rate of absorp-
tion. However, in the intestine and liver are also localized
biotransformation enzymes such as CYP3A4, thus changes in
expression (inhibition/induction) of efflux transporters affect
intestinal and hepatic metabolism of drugs that are substrates
for these enzymes!".

Uptake transporters such as organic anion transport-
ing polypeptides (OATPs) and organic cation transporters
(OCTs) may be also important factors for statins absorption
and disposition™. OATP1B1 and OATP2B1 (SLCO1B1 and
SLCO2B1) and OCT1 (SLC22A1) are uptake transporters,
members of the SLC family, being involved in hepatic and
intestinal drug uptake, facilitating its translocation inside
the cell™. OATP1B1 is primarily localized in liver™” and
it has been characterized as a transporter of statins such as
pravastatin and rosuvastatin®"?. Recently, Chen et al (2005)"!
have demonstrated that atorvastatin acid is an inhibitor of
OATP1B1 transport and polymorphisms in SLCO1B1 gene
have been associated with statin efficacy.

OATP2B1 is localized at apical membrane of enterocytes

71 and basolateral membrane of

in human small intestine
hepatocytes". Atorvastatin was shown to be a high-affinity
substrate for OATP2B1 in vitro, and it is capable of inhibit-
ing estrone-3-sulfate transport in OATP2B1-overexpressing
Madin-Darby canine kidney II cells"™”. OCT1 is highly
expressed in the liver and is also expressed in the intestine! "),
where it is localized on the basolateral membrane of entero-
cytes, facilitating the elimination of its substrates from circu-
lating blood into the intestinal lumen as demonstrated in Oct1
knockout mice . Whether statins regulate SLC22A1 gene or
are substrates for this transporter remains to be determined.

Little is known about statins regulation of drug transport-
ers. In the present study, we examined time and concentra-
tion dependent effects of two commons statins, atorvastatin
and simvastatin, on the mRNA expression of efflux (ABCBI,
ABCG2 and ABCC2) and uptake (SLCO1B1, SLCO2B1 and
SLC22A1) drug transporters in enterocytes (Caco-2) and hepa-
tocytes (HepG2) cell lines. The findings of the present study
are relevant since these statins has to be first absorbed from
the intestine to be then taken up by the liver.

Materials and methods

Chemicals

Atorvastatin was kindly provided by Pfizer Pharmaceuti-
cals Ltd (Guarulhos, SP, Brazil). Simvastatin, Triton-X-100
and glutamine were purchased from Sigma (St Louis, MO,
USA). Dulbecco’s modified Eagle’s medium (DMEM), peni-
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cillin, TRIzol® reagent, streptomycin, SuperScript II reverse
transcriptase and random hexamers 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). Propidium
iodide was obtained from ICN Biomedicals (Costa Mesa, CA,
USA). Citrate was purchased from Merck (Frankfurt/Main,
Hessen, Germany) and sodium bicarbonate from Labsynth
products (Diadema, SP, Brazil). HepG2 and Caco-2 cell lines
were obtained from the Cell Bank of Rio de Janeiro (Rio de
Janeiro, R], Brazil). Primers and probes for TagMan® real-time
PCR were purchased from Applied Biosystem (Foster City,
CA, USA).

Caco-2 and HepG2 cell cultures

Caco-2 (human colorectal adenocarcinoma) and HepG2
(human hepatocellular carcinoma) cells were maintained in
DMEM supplemented with 10% fetal bovine serum, 2 mmol/L
glutamine, 44 mmol/L sodium bicarbonate, 10 000 U/mL
streptomycin and 10 000 UI/mL penicillin. Cells were grown
at 37 °C in a humidified atmosphere, containing 5% CO.,.
Culture medium was replaced twice a week and cells were
trypsinized and subcultured every 7 days.

Cell treatments

Atorvastatin was dissolved in methanol. Simvastatin was dis-
solved in ethanol and the following procedure was used to
activate it. NaOH 0.1 mol/L was added to the solution and
subsequently incubated at 50 °C for 2 h. The pH was brought
to 7.0 by HC], and the final concentration was adjusted to 5.6
mmol/L. The solution was kept at 4 °C.

The final concentration of methanol or ethanol in the culture
medium did not exceed 0.1% and 0.2%, respectively. Prelimi-
nary experiments with these concentrations of methanol or
ethanol did not show cytotoxicity. For cytotoxicity assays,
four concentrations of atorvastatin were tested, starting with
vehicle control (0 pmol/L), and 0.1 pmol/L as the lowest con-
centration up to a maximum of 20 pmol/L for 24 h, and for
simvastatin we have tested from 0.01 to 10 umol/L.

For mRNA expression measurements, Caco-2 cells were
seeded at a density of 1.0x10° cells per 75 cm? cultured for
three days, and then treated with atorvastatin or simvasta-
tin (0-1 pmol/L) for 12 or 24 h. HepG2 cells were seeded at
2.5x10° cells per 75 cm?, cultured for 24 h, and treated with
atorvastatin (0-20 pmol/L) or simvastatin (0-10 pmol/L) for
the same time.

Cell viability and DNA fragmentation

Toxicity of atorvastatin and simvastatin treatment was
evaluated by measuring the percentage of cells with loss of
membrane integrity and DNA fragmentation. The percent-
age of viable Caco-2 and HepG2 cells treated with the statins
was determined by flow cytometry using propidium iodide
solution (100 pg/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
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intact membranes being generally excluded from viable cells.
It binds to DNA by intercalating between the bases with little
or no sequence preference.

DNA fragmentation was also analyzed by flow cytometry
after DNA staining with propidium iodide. The membrane
of the cells was lyzed to allow binding of propidium iodide
to DNAP. Briefly, cells (5x10°) were gently resuspended in
200 pL hypotonic solution containing 50 pg/mL propidium
iodide, 0.1% sodium citrate, and 0.1% Triton X-100. The cells
were then incubated overnight at 4 °C. Fluorescence was mea-
sured and analyzed by flow cytometry.

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.
Red (propidium iodide) fluorescence was evaluated using 585
nm filter. Data were acquired and analyzed using the FACS/
Cell Quest software (Becton Dickinson, San Jose, CA). Results
were expressed as mean of the fluorescence intensity.

Reference gene selection

Five reference genes (GAPDH, HRPT1, SDHA, UBC, and
HMBS) were selected in order to determine the most stable
one in our study (Table 1). Primer sequences for GAPDH were
gently provided by Dr Nancy Amaral REBOUCAS (Depart-
ment of Physiology and Biophysics, Institute of Biomedical
Sciences, University of Sao Paulo). Primer sequences for all
other reference genes were used as described by Vandes-
ompele et al™, The MGB™ probes for each primer pairs were
designed using the software Primer Express 3.0 (Applied Bio-
systems, Foster City, CA, USA).

Table 1. Ranking of the reference genes as determined using the geNorm
software tool.

Caco-2 HepG2
HMBS/HRPT1 GAPDH/HMBS
SDHA UBC
UBC HPRT1
GAPDH SDHA

The genes are ranked in order of their expression stability under
the influence of atorvastatin decreasing from top to bottom. In
bold are indicated the most stable. GAPDH, Glyceraldehyde-3-
phosphate dehydrogenase; SDHA, succinate dehydrogenase complex,
subunit A, flavoprotein (Fp); UBC, ubiquitin C; HPRT1, hypoxanthine
phosphoribosyltransferase 1 (Lesch-Nyhan syndrome); HMBS,
hydroxymethylbilane synthase.

Real-time qPCR

RNA was extracted from Caco-2 and HepG2 (0.5 to 1x107) cells
using TRIzol® Reagent following the manufacturer’s protocol.
RNA was dissolved in DEPC-treated water and the concentra-
tion and purity of each sample was obtained from A,q/ Ao
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measurements. cDNA was produced from 4 pg total RNA
by SuperScript II reverse transcriptase and ABCB1, ABCG2,
ABCC2, SLCO1B1, SLCO2B1 and SLC22A1 mRNA levels were
determined by TagMan® quantitative polymerase chain reac-
tion (PCR) assay that provides more precision and greater
dynamic range than endpoint PCR™.

The primers and probes were designed to span exon/exon
junctions in order to avoid amplification of eventually con-
taminating genomic DNA (Table 2). The PCR assays were car-
ried out in 96-well plates using a 7500 Real-Time PCR system
(Applied Biosystems, Foster City, CA, USA). The thermal
cycler protocol consisted of an initial activation step at 50 °C
for 2 min and 95 °C for 10 min and 40 cycles of denaturation at
95 °C for 15 s and annealing/extension at 60 °C for 1 min.

Table 2. Primers and probes sequences used for TagMan® real-time PCR.

Gene Primers Sequence Product Primers
and size effici-

probes* 5 -3 (bp) ency

ABCG2 Forward  CCATTGCATCTTGGCTGTCA 66 2.00
Reverse ~ GCAAAGCCGTAAATCCATATCG
Probe FAM-CAGTACTTCAGCATTCC-NFQ

ABCC2 Forward ~ AGAGAACAGCTTTCGTCGAACAC 59 1.97
Reverse ~ TCAGATGCCTGCCATTGGA
Probe FAM-TAGCCGCAGTTCTAG-NFQ

SLCO1B1 Forward AGCAGAGGCACAACCTTCAGA 82 2.05
Reverse ~ GCTGAGTGACAGAGCTGCCA
Probe FAM-CAATGGATTGAAGATGTT-NFQ

SLCO2B1 Forward TCAGCCCTTTGGCATCTCC 91 1.98
Reverse  CATCATGGTCACTGCAAACAGG
Probe FAM-ACAACAGCAACTCGC-NFQ

SLC22A1 Forward TGGACCACATCGCTCAAAAG 69 2.15
Reverse ~ CCTCTTCGAGGGAAAGCATCTT
Probe FAM-ATGGGAAGTTGCCTCCT-NFQ

GAPDH Forward ~ GGAAGGTGAAGGTCGGAGTCA 230 1.96
Reverse  CTGGAAGATGGTGATGGGATTTC
Probe VIC-TCAGCCTTGACGGTGC-NFQ

HMBS Forward ~ GGCAATGCGGCTGCAA 64 1.95
Reverse ~ GGGTACCCACGCGAATCAC
Probe VIC-CGGAAGAAAACAGCC-NFQ

* MGB: Minor groove binding DNA; NFQ: Nonfluorescent quencher

Sample cycle threshold (Cy) values were determined from
plots of normalized fluorescence versus PCR cycle number
during exponential amplification. Standard curves for all
primer amplifications were generated by plotting average Cr
values against the logarithm starting quantity of target tem-
plate molecules.

The relative quantification value of each target gene was



analyzed using a comparative Cr method®. The follow-
ing formula was used to calculate the relative amount of the
transcript in the sample and normalized to the appropriated

endogenous reference: 27", For baseline mRNA expression
of drug transporters, no calibrator was used; the formula was

basically 274,

Statistical analysis

Each set of experiments was repeated at least four times in
cells pertaining to different passages. Results are reported as
means+SEM. Differences among the means were analyzed by
one-way analysis of variance (ANOVA) followed by the Bon-
ferroni post-test comparing each treatment column to control
column (0 pmol/L). All statistical analysis was performed
using Prism (Graph Pad Software, Inc, San Diego, CA, USA).
Statistical significance was set for P<0.05.

Results

Cytotoxicity of statins treatment

Twenty-four hours treatment of HepG2 cells with atorvasta-
tin at different concentrations (0-20 pmol/L) did not affect
membrane integrity of the cells nor increased the DNA frag-
mentation. Loss of cell viability and DNA fragmentation were
found in 4% and 8%, respectively, of the cells. On the other
hand, Caco-2 cells treated for 24 h with atorvastatin presented
loss of membrane integrity in 15% of the cells from 10 pmol/L.
Based on these results, Caco-2 cells were treated with atorvas-
tatin at 0-1 pmol/L, whereas HepG2 cells were treated with
0-20 pmol/L for 12 or 24 h. For simvastatin acid, none of the
concentrations tested in HepG2 (0-10 pmol/L) or Caco-2 (0-1
pmol/L) cells induced loss of cell viability or DNA fragmenta-
tion after 24-h treatment.

GeNorm analysis

In order to determine the most stable reference genes in our
study, the results were analyzed using GeNorm software!®!.
The ranking of the candidate reference genes according to
their expression stability under the influence of both statins on
HepG2 and Caco-2 cells was established (Table 1). Based on
this ranking, the most stable genes were GAPDH and HMBS;
so they were chosen for normalization of gene expression in
HepG2 and Caco-2 cells, respectively.

Basal expression of drug transporters in Caco-2 and HepG2 cells
The mRNA expression of the membrane transporters was
measured by TagMan® real-time PCR. Linear regression of
plots generated from cDNA serial dilutions (ranging from 12.5
to 200 ng cDNA) indicated amplification linearity (R*>0.96)
and adequate slope values for membrane transporters (-3.00
to -3.40) and the reference genes GAPDH (-3.42) and HMBS
(-3.44). Efficiencies are shown in Table 2.

Baseline gene expression of drug transporters was evaluated
in Caco-2 and HepG2 cells (Figure 1). The target genes had
the following mean C; values (Caco-2/HepG2 cells): ABCBI,
25/27;, ABCC2, 23/24; ABCG2, 27/26; SLC22A1, 31/31,
SLCO2B1, 19/32, and SLCO1B1, not detected/28. Differences
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Figure 1. Relative gene expression pattern of the drug transporters in
Caco-2 (A) and HepG2 (B) cells. Analysis of mRNA expression of each
transporter was carried out by real-time PCR and normalized with GAPDH
(HepG2 cells) or HMBS (Caco-2 cells). Each line represents the mean
value of five or four (HepG2 cells) or seven (Caco-2 cells) experiments.

in mRNA levels among the transporters were observed, and
the uptake transporter SLCO2B1 was the most prevalent tran-
script in Caco-2 cells (Figure 1A), being followed by ABCC2,
which was 9-fold lower. The expression of the uptake trans-
porter SLC22A1 was extremely low; 3500-fold lower compared
to SLCO2B1. Among the efflux transporters, ABCC2 was
highly different from ABCG2 (>10-fold) (Figure 1A).

In HepG2 cells, the efflux transporter ABCC2 was the most
prevalent transcript, being followed by ABCG2, which was
5-fold lower (Figure 1B). SLCO1B1 mRNA levels were only
found to be expressed in HepG2 cells, and it was the most
expressed uptake transporter being followed by SLC22A1,
whose mRNA levels were 2-fold higher than SLCO2B1 expres-
sion (Figure 1B).

Effects of statins on mRNA expression of the efflux transporters

Atorvastatin treatment of HepG2 cells increased ABCG2 and
ABCC2 expression (Figure 2); in these experiments dose-
dependent and time-dependent effects were observed. ABCG2
transcript levels were increased after 24-h treatment at 1
(2.00+0.35 vs 1.00 + 0.13, P<0.05), 10 (3.81+0.43 vs 1.00£0.13,
P<0.001) and 20 pmol/L (2.87£0.07 vs 1.00+0.13, P<0.001).
After 12 h treatment, ABCC2 mRNA levels were significantly
increased also at 1 (1.75 £0.16 vs 1.00+0.17), 10 (1.96£0.26 vs
1.00+ 0.17) and 20 pmol/L (1.70£0.11 vs 1.00+0.17). Simvasta-
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Figure 2. Relative expression of the efflux transporters after treatment
of HepG2 cells with atorvastatin or simvastatin. Real-time PCR was
performed using total RNA extracted from 12-24 h atorvastatin-treated (O
to 20 ymol/L), simvastatin (O to 10 ymol/L), and vehicle control (O umol/L)
cells. n=4 (12 h) or 5 (24 h). Values represent mean+SEM. °P<0.05,
°P<0.01 as compared to O pmol/L atorvastatin or simvastatin as indicated
by one-way ANOVA and Bonferroni test.

tin treatment only reduced ABCB1 mRNA expression after 10
pmol/L (0.36+£0.09 vs 1.00+0.38, Figure 2). In contrast, simvas-
tatin treatment of Caco-2 cells induced a decrease around 50%
of ABCB1 and ABCC2 mRNA levels (Figure 3). Atorvastatin
treatment of Caco-2 cells also reduced ABCBI mRNA level
after 12-h treatment (Figure 3).

Effects of atorvastatin on mRNA expression of the uptake
transporters

SLCO1B1 mRNA expression was not modulated by ator-
vastatin or simvastatin treatment in HepG2 cells (data not
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Figure 3. Relative expression of efflux transporters after treatment
of Caco-2 cells with atorvastatin or simvastatin. Real-time PCR was
performed using total RNA extracted from 12-24 h atorvastatin-treated,
simvastatin and vehicle control (O umol/L) cells. n=3. Values represents
mean+SEM. °P<0.05, °P<0.01 compared to O umol/L atorvastatin or
simvastatin as indicated by one-way ANOVA and Bonferroni test.

shown). After 12 h exposure to 20 pmol/L atorvastatin, there
was a five-fold increase in SLCO2B1 expression. Treatment
of HepG2 cells for 24-h pronounced the increase in SLCO2B1
transcript levels, being dose-dependently regulated (0.1
pmol/L: four-fold; 1 pmol/L: eight-fold; 10 pmol/L: twelve-
fold; 20 pmol/L: seven-fold) (Figure 4). Neither atorvastatin
nor simvastatin affected SLC22A1 mRNA expression in HepG2
cells (data not shown).

In Caco-2 cells, SLCO2B1 mRNA levels were not changed
after atorvastatin treatment (data not shown). Simvasta-
tin decreased SLCO2B1 only at the higher concentration (1
pmol/L) after 24 h treatment. SLC22A1 mRNA expression
was around 20% decreased after doses of 0.01 to 1 umol/L
within 12 h (Figure 5). However, no differences were observed
in SLC22A1 after prolonged time of exposure to atorvastatin.
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Figure 5. Relative expression of the uptake transporters after treatment
of Caco-2 cells with simvastatin. Real-time PCR was performed using total
RNA extracted from 12-24 h simvastatin (O to 1 ymol/L), and vehicle
control (O pymol/L) cells. n=4. Values represent mean+SEM. °P<0.05,
°P<0.01 compared to O pmol/L simvastatin as indicated by one-way
ANOVA and Bonferroni test.

Discussion

The effects of statins on activity and/or expression levels of
drug transporters can be extremely important not only to
obtain adequate knowledge on drug pharmacokinetics but
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also to predict adverse drug interactions. The effect of statins
on expression of genes involved in its own pharmacokinetics is
poorly understood. The modulating effect of atorvastatin and
simvastatin acid on the expression of efflux (ABCB1, ABCG2,
and ABCC2) and uptake (SLCO1B1, SLCO2B1, and SLC22A1)
transporters in human immortalized cell lines, HepG2 (hepa-
tocyte) and Caco-2 (enterocyte), was investigated.

Firstly, the pattern of gene expression of the drug trans-
porters was evaluated in Caco-2 and HepG2 cells. Dif-
ferences in mRNA levels among the transporters were
observed, as follows: ABCC2>ABCG2>ABCB1>SLCO1B1
>>>S[C22A1>SLCO2B1 for HepG2 and SLCO2B1>>ABCC2>
ABCB1>ABCG2>>>SLC22A1 for Caco-2 cells. The presence
of SLCO1B1 transcripts in HepG2 cells only is consistent with
its primary localization in the liver"”. Basically, we could
observe that the major difference between hepatocytes and
enterocytes was the expression of the uptake transporter
SLCO2B1, which is the major transcript in enterocytes and the
minor in hepatocytes.

Other investigators have measured transcript levels of the
drug transporters in Caco-2 cells, and they also compared
expression of transporters between Caco-2 cells and human
intestine™ ¥ ?. In spite of the fact that mRNA expression of
some transporters is differently expressed in undifferentiated
and fully differentiated Caco-2 cells™, similar results were
obtained when mRNA expression was measured in Caco-2
cells after growing for 21 days in filters that ensure full cell
differentiation™. The rank order was SLCO2B1~ABCC2>
ABCB1>ABCG2>>SLC22A1. However, Englund et al (2006)
observed that Caco-2 expression pattern was clearly distin-
guishable from that found in human small intestine®”.

Although Caco-2 cells have proven to be a suitable model
for studying carrier-mediated transport in human intestines”™,
the expression of specific transporter and ion channel genes
may differ substantially as previously discussed. Therefore
the results reported herein may be not fully applied to in vivo
conditions.

Rank drug transporter expression was also studied by
others in HepG2 cells and was compared with primary
hepatocytes™. Le Vee et al (2006)"" reported that the efflux
transporter ABCC2 mRNA levels in HepG2 cells were detected
at levels closed to those found in cultured primary hepato-
cytes, and ABCC2 was also the most expressed in the present
study. With respect to uptake transporters, Le Vee et all™”!
failed to find SLC22A1 mRNA transcripts, whereas we found
low levels. Low levels of SLC22A1 in HepG2 cells were also

31, 32]

found by others Expression of several drug transport-

ers in this cell line poorly correlated with expression in the

liver® 3

. Thus, it has to be used with caution in drug trans-
port studies.

We have previously described that atorvastatin down-
regulates ABCB1 gene!”. We studied herein atorvastatin and
simvastatin effects on mRNA expression of ABCC2, ABCG2,
SLCO1B1, SLCO2B1, and SLC22A1. We have also evaluated
the effect of simvastatin on ABCBI mRNA levels, in order to

confirm if the reduction of ABCBI mRNA levels is an effect
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of the class of the HMG-CoA reductase inhibitors. Thus, this
is the first evidence that statin modulates the expression of
these drug transporters in human hepatoma and adenoma
cell lines. Various concentrations of the statins, in the range
of blood levels reached after an oral dose of 10 to 80 mg/d for
atorvastatin, and 5 to 80 mg/d for simvastatin®, were tested.
In Caco-2 cells, expression of ABCB1, ABCC2, SLC22A1, and
SLCO2B1 was significantly down-regulated by simvastatin
treatment. Conversely, in HepG2 cells, expression of ABC
transporters and SLCO2B1 was up-regulated following ator-
vastatin treatment, and no effect was observed after simvas-
tatin treatment. These results are very interesting, and are an
evidence for the fact that transporters are differently regulated
in the liver and intestine. Furthermore, indicates that with the
exception of ABCB1, the other transporters evaluated are dif-
ferently regulated by the statins, which might be related to the
efficacy of these statins.

Reduction of the expression of ABCB1 and ABCC2 by sim-
vastatin in Caco-2 cells is significant because simvastatin
is frequently combined with ezetimibe, an inhibitor of the
cholesterol uptake transporter Niemann-Pick Cl-like protein
(NPC1L1), for the treatment of hypercholesterolemia. As
well as this, it has been shown that ABC transporters intesti-
nal expression is crucial for ezetimibe disposition®. In fact,
up-regulation of intestinal ABCB1 and ABCC2 by rifampin
reduces the sterol-lowering effect of ezetimibe, due to reduced
plasma levels. Our results indicates that simvastatin decreases
ABCC2 and ABCB1 expression, and these data suggest a
mechanism for the beneficial interaction between simvastatin
and ezetimibe in the cholesterol-lowering therapy. At least for
ABCBI, we have previously established that mRNA expres-
sion positively correlates with the activity!®. Conversely,
atorvastatin treatment of Caco-2 cells only affected ABCB1
expression after 12-h treatment. This might suggest that ator-
vastatin could be less effective when combined to ezetimibe.
Actually, in a multicenter study performed by Pearson et al
(2005)! which determined the extend of reduction in LDL-C
after addition of ezetimibe to ongoing statin therapy of hyper-
cholesterolemic subjects, they could observe that simvastatin
was the only drug that had a dose dependent effect when
combined with ezetimibe, and a dose of 80 mg/day was more
effective than the maximum dose for other statins. Disagree-
ing with our data, simvastatin treatment did not influence the
expression of duodenal ABCC2 expression in healthy indi-
viduals®!. However, the discrepancy between our results and
the above is that the expression of ABC transporters in Caco-2
cells, as previously discussed, is more similar to the colon than
to the small intestine.

In relation to atorvastatin, reduced statin systemic expo-
sure has been associated with higher hepatic expression of
ABCC2™. Our in vitro observations confirm these findings, as
atorvastatin up-regulates ABCC2 expression in HepG2 cells.

OCT1 (SLC22A1) facilitates the excretion of its substrates

from circulating blood into the intestinal lumen™!. Gene
expression of SLC22A1 was down-regulated in Caco-2 cells

after simvastatin treatment.
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Other studies have shown a down-regulation for this trans-
porter. After bile duct ligation in the rat, SLC22A1 mRNA was
profoundly decreased™. In addition, SLC22A1 gene was dem-
onstrated to be regulated by cholesterol treatment in HepG2
cells™!.

In spite of the fact that OATP1B1 has been involved in sta-
tins disposition!*”, no results are available on modulation of its
mRNA expression in the liver. Otherwise, SLCO2B1 has been
demonstrated to be down-regulated in HepG2 cells after 72
h treatment with atorvastatin™. However, the time fixed by
Grube et al™ (72 h) is cytotoxic for HepG2 cells. Preliminary
experiments were performed to determine the toxicity of ator-
vastatin in HepG2 cells. We have found an increase in DNA
fragmentation, as well as an antiproliferative effect after 48 h
treatment with atorvastatin at 4 to 20 umol/L. So, we can not
exclude the possibility that reduction in mRNA levels is a con-
sequence of cell toxicity.

The mechanism involved in statins regulation of drug trans-
porters is currently being investigated. However, some lines
of evidence suggest that statin-mediated changes may occur
at transcriptional level. Statins are presumably activators of
the nuclear receptors constitutive androstane receptor (CAR)
and pregnane X receptor (PXR)“"*?, that regulate expression
of drug transporters. For example, ABCC2 has been shown
to be regulated by CAR, PXR, and farnesoid X-activated

4.4 and induc-

receptor (FXR) in human and rat hepatocytes
tion of ABCG2 was associated to aryl hydrocarbon receptor
(AhR) and nuclear factor E2-related factor 2 (Nrf2) activation,
and PXR¥¥]. SLCO2B1 was found to be repressed by CAR

and AhR activator in human hepatocytes!

, and Spl, a tran-
scription factor, was required for constitutive expression of
SLCO2B1 in the liver and small intestine!*’.

The effect of statins on mRNA levels of ABC transporters,
such as ABCA1 and ABCBI, have been studied. The expres-
sion of both genes is modulated by the cellular cholesterol
content. The crosstalk between cholesterol homeostasis and
drug metabolism is probably mediated by nuclear receptors,
activating target genes in response to endogenous and exoge-
nous ligands. Stedman et al (2005)"*”), using a bile duct ligation
model of cholestasis, have shown that PXR and CAR have cru-
cial roles in the regulation of lipid and bile acid homeostasis.
CAR and PXR knockout attenuated the expected increase in
total cholesterol in both genotypes and increased HDL choles-
terol levels®. Thus, we believe that activation/repression of
CAR and PXR could result in the regulation of drug transport-
ers, as it has been reported in the promoter of almost all the
genes herein studied.

In summary, these findings reveal that atorvastatin and
simvastatin exhibit differential effects on mRNA expression
of drug transporters in intestinal and liver cells, which may
be related to the efficacy of these statins. Furthermore, altera-
tions in the expression levels of drug transporters in the liver
and/or intestine may contribute to the variability in oral dis-
position of statins, and in the selection of statin when starting
combined therapy with ezetimibe.
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