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Purpose. In this study, P-glycoprotein (P-gp) mediated efflux of sim-
vastatin (SV), simvastatin acid (SVA), and atorvastatin (AVA) and
inhibition of P-gp by SV, SVA, and AVA were evaluated to assess
the role of P-gp in drug interactions.
Methods. P-gp mediated efflux of SV, SVA, and AVA was deter-
mined by directional transport across monolayers of LLC-PK1 cells
and LLC-PK1 cells transfected with human MDR1. Inhibition of P-gp
was evaluated by studying the vinblastine efflux in Caco-2 cells and in
P-gp overexpressing KBV1 cells at concentrations of SV, SVA, and
AVA up to 50 �M.
Results. Directional transport studies showed insignificant P-gp me-
diated efflux of SV, and moderate P-gp transport [2.4–3.8 and 3.0–6.4
higher Basolateral (B) to Apical (A) than A to B transport] for SVA
and AVA, respectively. Inhibition studies did not show the same
trend as the transport studies with SV and AVA inhibiting P-gp (IC50

∼25–50 �M) but SVA not showing any inhibition of P-gp.
Conclusions. The moderate level of P-gp mediated transport and low
affinity of SV, SVA, and AVA for P-gp inhibition compared to sys-
temic drug levels suggest that drug interactions due to competition
for P-gp transport is unlikely to be a significant factor in adverse drug
interactions. Moreover, the inconsistencies between P-gp inhibition
studies and P-gp transport of SV, SVA, and AVA indicate that the
inhibition studies are not a valid means to identify statins as Pgp
substrates.
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INTRODUCTION

Statin cholesterol lowering drugs have dramatically re-
duced cardiovascular disease associated with elevated choles-
terol. In general statins are considered to be safe, and the
cholesterol lowering benefits significantly outweigh any risks
associated with the drugs (1). However, at higher doses drug-
drug interactions have resulted in elevated systemic drug lev-
els resulting in development of rhabdomyolysis, a rare, but
potentially life threatening condition (2–4). These drug inter-
actions have primarily been ascribed to elevated systemic
statin levels resulting from decreased clearance associated
with inhibition of Phase I or Phase II metabolism by co-
administered drugs (5–7). Recently, the potential for drug-
drug interactions resulting from inhibition of P-glycoprotein
(P-gp) has received considerable attention as a contributing
factor in statin drug interactions (7–10).

P-gp is an ATP driven efflux pump capable of transport-
ing a wide variety of structurally diverse compounds from the
cell interior into the extracellular space (for review see refer-
ences 11 and 12). P-gp is constitutively expressed in the in-
testine, kidney, liver, brain microvascular endothelia, and pla-
centa (13–14) in a manner consistent with protection from
xenobiotics. In the intestine, liver and kidney the expression
of P-gp is polarized such that its activity could restrict absorp-
tion and aid elimination of P-gp substrates, thus minimizing
systemic exposure of some drugs. The putative role of P-gp in
drug disposition has lead to speculations regarding the poten-
tial for drug interactions at the level of P-gp. In the case of
simvastatin (SV), atorvastatin (AVA), and other HMG-CoA
reductase inhibitors, several publications have speculated that
elevation of systemic statin levels may be due to inhibition of
P-gp mediated statin transport by co-administered drugs (7–
10). Such drug interactions require that P-gp mediated trans-
port is sufficient to significantly limit absorption or facilitate
elimination of the drugs. However with the exception of
AVA (11), direct evidence that statins are subject to transport
by P-glycoprotein has been lacking. Instead, SV, AVA, and
other statins have been judged to be P-gp substrates primarily
based on their ability to inhibit P-gp (7–10). Although P-gp
inhibition could account for alterations in the PK of other
P-gp substrates, it is not sufficient to identify if a drug itself is
transported by P-gp. In this study we evaluated P-gp transport
of SV and its active metabolite, simvastatin acid (SVA), and
AVA as well as inhibition of P-gp by these statins. The results
clearly show a disparity between inhibition results and P-gp
transport of the drugs. Moreover the extent of transport by
P-gp and the potency for inhibition of P-gp suggest that inhi-
bition of P-gp is unlikely to account for SV associated drug
interactions.

MATERIALS AND METHODS

Chemicals

Simvastatin, simvatatin acid, pravastatin, and atorva-
statin were prepared at Merck Research Laboratories (Rah-
way, NJ). 3H-Vinblastine sulfate (VBL; 17.0 mCi/mg) was
purchased from Amersham Bioscience, (Piscataway, NJ). Un-
labeled and 3H-ritonavir (RIT; 1Ci/mmole) were purchased
from Moravek Biochemicals (Brea, CA). Cyclosporin A
(CsA) and unlabeled VBL were purchased from Sigma
Chemical Company (St. Louis, MO). All other reagents were
analytical grade.

Cell Culture

Fetal calf serum (FCS), Opti-MEM, glutamine, non-
essential amino acids (NEAA), Dulbecco’s modified Eagle’s
medium (DMEM), Medium 199, and penicillin-streptomycin
solution were obtained from from GibcoBRL (Carlsbad,
CA). LLC-PK1 cells and LLC-PK1 cells expressing human
(MDR1) P-glycoprotein were obtained from The Netherlands
Cancer Institute and used under a license agreement. The
cells were maintained in Medium 199 supplemented with 10%
fetal bovine serum and 2 mM L-glutamine, and nonessential
amino acids (1%, vol/vol) in 95% air/5% CO2 humidified
incubator at 37°C. Caco-2 cells (passage 25-29) were obtained
from American Type Culture Collection (Rockville, MD) and
were maintained in Opti-MEM supplemented with 5% FCS,

1 Department of Drug Metabolism, Merck Research Laboratories,
West Point, Pennsylvania 19486, USA.

2 To whom correspondence should be addressed. (e-mail:
Jerome_Hochman@merck.com)

ABBREVIATIONS: SV, simvastatin; SVA, simvastatin acid; AVA
atorvastatin; VBL, vinblastine; CsA, cyclosporin A; P-gp, P-glyco-
protein; L-MDR1, human MDR1 transfected LLC-PK1 cells.

Pharmaceutical Research, Vol. 21, No. 9, September 2004 (© 2004) Research Paper

16860724-8741/04/0900-1686/0 © 2004 Springer Science+Business Media, Inc.



2 mM L-glutamine, and nonessential amino acids (1%, vol/
vol) at 37°C in a humidified atmosphere of 5% CO2/95% air.
The drug-sensitive human epidermoid carcinoma cell line
KB3-1 and its VBL-selected MDR variant KBV1 (17) were
provided by Dr. Michael M.Gottesman (National Cancer In-
stitute) and used under a license agreement. Both cell lines
were maintained in DMEM high glucose containing 10%
FCS, 50 U/ml penicillin, 50 �g/ml streptomycin, and 2 mM
L-glutamine at 37°C in a humidified atmosphere of 5% CO2/
95% air. KB-V1 cells were grown in the continuous presence
of VBL (1 �g/ml).

P-glycoprotein Inhibition Studies

Inhibition studies were performed by evaluating inhibi-
tion of directional transport of Ritonavir in L-MDR1 cells
and VBL in Caco-2 cells, and inhibition of P-gp restricted
accumulation of VBL in L-MDR1 cells and KBV1 cells.
Caco-2 cells were grown on filters using the Biocoat HTS
Caco-2 assay system (Becton Dickinson) in accordance with
the manufacturer’s instructions with the exception that the
cells were maintained in basal seeding media for 3–5 days
prior to inducing differentiation with Entero-STIM media.
After 2 days in Entero-STIM media, filters were rinsed one
time with HBSS buffered with 10 mM Hepes (pH 7.4). Trans-
port of [3H]-VBL in the apical to basolateral direction (A-B)
and in the basolateral to apical direction (B-A) was measured
in the presence of the indicated concentrations of SV, SVA,
and AVA. The drugs were present in both the receiver and
donor (apical and basolateral) solutions. VBL transport was
allowed to proceed for 2 h at 37°C after which the receiver,
donor and dosing solutions were collected and the total ra-
dioactivity in the samples was measured. IC50 values were
calculated based on the difference in the Papp in the A to B
and B to A direction.

Inhibition of directional transport of ritonavir was per-
formed on L-MDR1 cell grown on 96-well multiscreen Caco-2
filter plates (Millipore, Corp, Bedford, MA). The cells were
plated at 6 × 104 cells per well and maintained on the filters
for five days prior to the transport study. Inhibition of direc-
tional transport of ritonavir by the SV, SVA, and AVA was
studied using the protocol described above for the Caco-2
studies.

Measurements of the accumulation of [3H]-VBL in
KB3.1 and KBV1 cell monolayers were performed at 37°C in
HBSS with 10 mM Hepes (pH 7.4) in accordance with
Yamazaki et al. (16). Cell monolayers were prepared by plat-
ing 1 × 106 cells per well in six-well tissue culture dishes the
day before use. Blank wells were prepared simultaneously
using the same media to assess background. After overnight
incubation at 37°C, cell monolayers were washed once with
serum-free medium, and then 3 ml of HBSS was added con-
taining 100 nM [3H]-VBL with no additional drug or the in-
dicated concentration of SV, SVA, AVA, or CsA. Incubation
in the drug-containing medium was carried out for one hour,
after which the reaction was terminated by removing the me-
dium and washing the monolayers two times with phosphate
buffered saline. The plates were then turned upside down to
drain briefly before the addition of 1.5 ml of 0.25% trypsin, 1
mM EDTA in HBSS without Ca2+ and Mg2+. The cell-
associated total radioactivity was measured in trypsin-
solubilized cell suspension by liquid scintillation counting.

Similar experiments were performed to measure the accumu-
lation of [3H]-VBL in LLC-PK1 and L-MDR1 cell monolay-
ers with the exception that the studies were performed in
24-well plates in which the cells were plated at 2 X 105 cells
per well. Accumulation of vinblastine was determined from
the radioactivity in the total cell lysate released with 100mM
NaOH after neutralization with an equal volume of 100 mM
HCL.

In Vitro P-glycoprotein Transport Studies

Directional transport studies were performed in LLC-
PK1 cells (parental control cell line) and LLC-PK1 cells ex-
pressing genes for human (MDR1) P-glycoprotein (LMDR1
cells) (18). Cells were plated on HTS filter plates (Becton
Dickinson) at 1.5 E5 cells/well five days prior to the transport
studies. Prior to initiating the transport studies, the culture
media on each side of the filters was replaced with 10 mM
Hepes buffered Hank’s balanced salt solution pH 7.4 (HBSS).
Twenty-four-well tissue culture plates were used for the ba-
solateral compartment. Transport studies were initiated by
adding 0.5 ml of HBSS to the receiver side and 0.5 ml HBSS
containing 5�M SV, SVA, or AVA to the donor side. The
donor side is the apical compartment for A to B transport and
the basolateral side for B to A transport. Transport studies on
1 �M verapamil were run in parallel as positive controls to
verify activity of P-gp. The plates and filters were then placed
in a 37°c incubator for 2 h after which the filter units were
separated from the receiver plates, and samples were col-
lected for analysis. The statins were quantified in the receiver
and donor compartments by LC/MS/MS using pravastatin as
an internal standard. SV, SVA, and AVA were separated on
a betasil C-18 column (2.1 × 50mm) over 3.5 min using a
gradient from 10% acetonitrile in 0.2% ammonium acetate
pH 4.5 to 90% acetonitrile over the first minute. The SV and
AVA were detected in positive ion mode using parent ion/
fragment transitions of 419/285 and 557/453 respectively.
Pravastatin and SVA were detected in negative ion mode
using 423/321 and 435/319 transitions respectively. Verapamil
transport was determined by LC/MS in positive ion mode
monitoring parent ion was monitored at m/z � 455, using a
linear gradient from 15% to 90% acetonitrile in 0.05% formic
acid on an inertsil ODS column (Varian, Inc., Walnut Creek,
CA).

RESULTS

Inhibition of P-gp by SV, SVA, and AVA

Inhibition of P-gp by the SV, SVA, and AVA was evalu-
ated using two complementary P-gp assays: i) studying the
impact of the statins on P-gp restricted drug accumulation in
cells, and ii) evaluating inhibition of P-gp mediated direc-
tional transport. The results of these studies are summarized
in Table I. Directional transport studies were performed in
Caco-2 cells, which express an uptake transport system for
AVA, and in L-MDR1 cells, human MDR1transfected LLC-
PK1 cells used for the statin transport studies. In Caco-2 cells,
vinblastine showed 5- to 18-fold higher B to A transport than
A to B transport with the difference in permeability coeffi-
cients (�Papp � PappB to A- PappA to B) of 0.86-1.6 X 10−5

cm/s. In the presence of the P-gp inhibitor CsA (5�M) �Papp
was reduced to 0.4 to 4.2 × 10−6 cm/s reflecting 73–94% inhi-

Interactions of Human P-glycoprotein 1687



bition of P-gp. SV and AVA both inhibited directional trans-
port of VBL at relatively high concentrations (10–50 �M). In
contrast to SV, the active open acid form SVA did not sig-
nificantly inhibit P-gp mediated VBL transport at concentra-
tions as high as 50 �M. Since intrinsic directional transport of
VBL was observed for in the control LLC-PK1 cells, results
from inhibition of directional transport using VBL as a sub-
strate would lead to ambiguous interpretation in the L-MDR1
cells. Consequently inhibition of P-gp mediated directional
transport in the L-MDR1 cells were performed using 5 �M
ritonavir as a P-gp substrate. Five micromolar ritonavir
showed no directional transport in control LLC-PK1 cells but
had 30-fold higher B to A transport than A to B transport in
L-MDR1 cells with the difference in permeability coefficients
(�Papp) of 4.1 × 10−5 cm/s. Results from inhibition studies
with SV and SVA in the L-MDR1 cells were similar to those
in Caco-2 cells with the exception that 25 �M SV was slightly
less potent at inhibiting P-gp efflux of ritonavir. However, in
contrast to results in the Caco-2 cells, 50 �M AVA did not
significantly inhibit P-gp efflux in the L-MDR1 cells. This
most likely reflects the presence of an uptake transporter in
the Caco-2 cells (15) which is absent in the L-MDR1 cells, and
is consistent with the very high concentrations required to
observe inhibition of P-gp by AVA in other cell types (8).

Results in the transport models were complemented by
evaluating inhibition of P-gp mediated [3H]-VBL efflux by
human P-gp in L-MDR1 cells and in the human P-gp over
expressing cell line KBV1. Accumulation of [3H]-VBL was
determined in monolayers of L-MDR1 cells and of KB-V1
cells and in their low P-gp expressing counterparts LLC-PK1
and KB3.1 cells in the presence of 0–50 �M SV, SVA, AVA,
or in the presence of 10 �M CsA. After 60 min incubation
VBL accumulation in KB-V1 cells was 15% of that in drug-
sensitive parent cell line KB-3-1. CsA (10 �M) completely
reversed the attenuated accumulation in KB-V1 cells. Simi-
larly, vinblastine accumulation in the L-MDR1 cells was only
8% of that in the LLC-PK1 cells and increased to 68% in the
presence of 10 �M CsA. In contrast to the directional trans-
port studies in the L-MDR1 cells, intrinsic transporters had
little influence on the cell accumulation of vinblastine in as

much as P-gp inhibition only resulted in a 2- to 2.5-fold in-
crease in vinblastine accumulation in LLC-PK1 cells, while
yielding a 20-fold increase in cell accumulation in the L-
MDR1 cells. The results of the uptake studies are consistent
with L-MDR transport results showing SV inhibited P-gp ef-
flux of VBL, while SVA and AVA had no significant effect
on VBL accumulation (Table I).

P-gp Transport of SV, SVA, AVA

Figure 1 shows the time course for transport of 5 �M SV,
SVA and AVA across LLC-PK1 and L-MDR1. No significant
directional transport was observed for SV, SVA, or AVA in
the parental cell line LLC-PK1. In the human P-gp expressing
L-MDR1 cell monolayers AVA and SVA showed 6.4- and
3.4-fold higher B to A transport than A to B, while no direc-
tional transport was observed for the lactone prodrug SV.
Under the conditions of the assay less than 10% of the SV was
converted to SVA, and no conversion was observed of the
free acids SVA and AVA to the lactone forms. Additional
transport experiments were performed at SV concentrations
ranging from 2 to 25 �M, to ensure that saturation of P-gp
transport was not resulting in underestimates of SV transport.
SV did not show significant directional transport in the
MDR1 transfected cells with B to A/ A to B transport ratios
ranging from 1.2 to 1.9. Under similar conditions L-MDR1
transport ratios for SVA and AVA ranged from 2.4 to 3.8 and
3.0 to 6.4, respectively. No directional transport was observed
for SV, SVA, or AVA in control LLC-PK1 cell lines at 2–25
�M and the passive permeability observed was 17 to 19 × 10−6

cm/s, 19 to 20 × 10−6 cm/s, and 7 × 10−6 cm/s for SV, SVA, and
AVA, respectively. Under the conditions of the assay, recov-
ery of SVA and AVA were 80–100% but recovery of SV
ranged from 50% at 2 and 5 �M to 80% at 25 �M. To improve
mass balance at the lower concentrations of SV, 0.1% BSA
was added to the transport buffers. Addition of BSA to the
transport buffers increased mass balance at all the concentra-
tions to 80–90% of the added drug, but did not influence the
transport ratios SV, SVA, or AVA at any of the concentra-
tions, indicating that the ratios observed are not a conse-
quence of non-specific binding.

Table I. Inhibition of P-gp Mediates Transport of Vinblastine by SV, SVA, and AVA: Effect on
Directional Transport and KBV1 Cellular Accumulation

Cell line
(substrate)

% Inhibition
directional transport Cellular accumulation

Inhibitor
L-MDR1 cells

(ritonavir)
Caco-2 cells
(vinblastine)

L-MDR1/LLC PK-1
(vinblastine)

KBV1/KB-3-1
(vinblastine)

Control 0% 0% 8% 12%

SV 1 �M ND 26% 5% 14%
SV 10 �M ND 44% 9% 18%
SV 25 �M 30% 60% 33% 47%
SV 50 �M 100% 71% 34% 128%
SVA 1 �M ND 14% ND 12%
SVA 10 �M ND 13% ND 14%
SVA 50 �M 15% 9% 6% 17%
AVA 50 �M 9% 43% 5% 15%
CsA 10 �M ND 94% 68% 114%

ND, not determined.
* No directional transport of ritonavir detected in control LLC-PK1 cells.
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DISCUSSION

In this study, we evaluated P-gp mediated transport of
SV, SVA and AVA, and inhibition of P-gp by these drugs.
Results from inhibition of vinblastine and ritonavir efflux by
SV, SVA and AVA were consistent with previously reported
P-gp inhibition studies (8–10). SV inhibits P-gp with an IC50

of 20–50 �M while SVA did not show significant P-gp inhi-
bition at concentrations as high as 50 �M. AVA inhibited
P-gp mediated vinblastine efflux in Caco-2 cells, but did not
show significant P-gp inhibition in KBV1 or L-MDR1 cells.
The discrepancy in inhibitory properties of AVA in the dif-
ferent cell lines most likely reflects different uptake mecha-
nism of AVA. For inhibition of P-gp to be detected, AVA
must be present at sufficient intracellular concentrations to
significantly impact P-gp activity. In transport experiments
AVA showed low passive permeability in LLC-PK1 cells.
Therefore failure to observe inhibition of P-gp in the KBV1
and L-MDR1 cells may reflect the poor passive membrane
permeability restricting accumulation of sufficient intracellu-
lar AVA levels to cause significant inhibition of P-gp activity.
In Caco-2 cells intestinal anion transporters facilitate uptake
of by AVA (15,19). Results from transport studies did not
show a correlation with the inhibition studies. SV which in-
hibits human P-gp is not subject to significant transport by
human P-gp even at concentrations an order of magnitude
lower than its IC50 for P-gp efflux. Based on the B to A/ A to
B transport ratios of 2.4–3.8 and 3.0–6.4 for SVA and AVA,
respectively, both SVA and AVA are considered moderate
P-pg substrates, but only AVA inhibited P-gp. Collectively
these results indicate that inhibition of P-gp does not predict
P-gp mediated transport of these statins.

When considering potential for pharmacokinetic drug-
drug interactions with P-gp a drug should be evaluated to
determine if it is a P-gp inhibitor thus potentially influencing
the disposition of other drugs, and if it is a substrate for P-gp
in which case disposition of the drug itself could be impacted
by other P-gp inhibitors. Previous reports evaluating interac-
tions of various statins with P-glycoprotein have (8–10) ex-
trapolated results from P-gp inhibition assays to identify com-
pounds as substrates for P-gp. However the lack of correla-
tion between directional transport and inhibition studies seen
for SV, SVA and AVA indicate that the assumption that P-gp
substrates will inhibit P-gp at reasonable concentrations is
incorrect. Inhibition studies would incorrectly identify SV as
a P-gp substrate, and would not identify SVA as a substrate
yielding both false positive and false negative results. A sec-
ond surrogate assay was applied in one study in which modu-
lation of P-gp-ATPase activity was evaluated (8). In those
studies AVA was observed to inhibit P-gp-ATPase activity
while simvastatin enhanced ATPase activity. Based on these
diametrically apposed results it was concluded that both
AVA and SV are substrates for P-gp. However, our results
indicate that only AVA, but not SV, is subject to significant
directional transport by human P-gp. Although, it has not
previously been reported for structurally related compounds,
comparisons between P-gp transport and P-gp inhibition or
P-gp-ATPase activity have failed to show a quantitative or
qualitative relationships. Results from Polli et al. (20) and
Scala et al. (21) indicate that these surrogate assays show less
than 50% qualitative correlation with P-gp efflux assays with
a high proportion of both false positive and false negative

Fig. 1. Transport of (A) SV, (B) SVA, and (C) AVA across LLC-
PK1 cells (broken line, �, �) and L-MDR1 cells (solid line, ◊, X) in
the basolateral to apical (�,◊) and apical to basolateral (�, X) direc-
tion. Five �M SV, SVA, or AVA was dosed to the basolateral or
apical compartment, and drug transport from the basolateral to apical
and apical to basolateral compartment was quantified by LC/MS/MS
at 1, 2, 3, and 4 h after dosing.

Interactions of Human P-glycoprotein 1689



predictions. Those studies as well as the results presented in
this paper clearly call into question the validity of concluding
that statins which inhibit P-gp or alter P-gp-ATPase activity
are substrates for P-gp

Given the transport and inhibition studies presented here
it is unlikely that P-gp plays a significant role in observed
clinical drug interactions for SV. At a dose of 40 mg/day
systemic steady state SV levels were <100 nM, well below
concentrations that would inhibit P-gp. Considering also that
SV is a highly plasma protein bound (96%), it is unlikely that
circulating levels of SV would impact P-gp transport of other
drugs. This conclusion is further validated by the fact that SV
co-administration results in relatively minor (pharmacologi-
cally irrelevant) elevations in systemic levels (or AUCs) of
other P-gp substrates such as digoxin (22). It is also unlikely
that P-gp activity has a significant role in disposition of SV or
SVA. In man SV is rapidly and nearly completely absorbed
consistent with its relatively high permeability in this study,
suggesting that P-gp is not a factor in its oral absorption.
Moreover, the finding that SV is not subject to significant
P-gp transport suggests that P-gp would also not be a limiting
factor in its clearance. Consequently, it is unlikely that P-gp
plays a role in increased simvastatin plasma levels observed
when co-administered with other agents (7–10). Although
P-gp mediated directional transport is observed for its active
metabolite SVA, the ratios observed in MDR1 transfected
cells are relatively low compared to the conventional P-gp
substrates vinblastine, ritonavir, and loperamide. These con-
ventional substrates show high transport ratios (10–20) in hu-
man P-gp expressing LLC-PK1 cells (results not shown), but
show less than a 2-fold impact on oral and iv drug plasma
levels of P-gp substrates (23–25). Therefore it is less likely
that the low ratio observed for human P-gp transport of SVA
can account for the large increases in SV and SVA plasma
levels associated with adverse drug interactions. In the case of
AVA the inhibition of P-gp is unlikely to have a significant
impact on the disposition of other drugs given its high IC50
relative to systemic plasma levels. This is further verified by
results showing clinically insignificant effects of atorvastatin
on oral absorption of digoxin with only a 15% increase in
digoxin AUC when orally administration with 80mg atorvas-
tatin. However involvement of P-gp in disposition of atorvas-
tatin is more difficult to assess since active uptake of AVA
complicate the evaluation of P-gp’s role in AVA disposition.

In summary the results presented in this paper do not
support P-gp as a significant contributor to adverse drug in-
teraction observed with SV and potentially other statins. In-
stead, interactions due to inhibition of metabolism, and inter-
actions with hepatic uptake transporters (26,27,28) are more
likely to be contributing to drug interactions observed with
this class of compounds.
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