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Purpose. This study investigated the effects of the non-nucleoside
HIV-1 reverse transcriptase inhibitors (NNRTI) nevirapine (NVR),
efavirenz (EFV), and delavirdine (DLV) on P-glycoprotein (P-gp)
activity and expression to anticipate P-gp related drug-drug interac-
tions associated with combination therapy.

Methods. NNRTIs were evaluated as P-gp substrates by measuring
differential transport across Caco-2 cell monolayers. Inhibition of
P-gp mediated rhodamine123 (Rh123) transport in Caco-2 cells was
used to assess P-gp inhibition by NNRTIs. Induction of P-gp expres-
sion and activity in LS180V cells following 3-day exposure to
NNRTIs was measured by western blot analysis and cellular Rh123
uptake, respectively.

Results. The NNRTIs showed no differential transport between the
basolateral to apical and apical to basolateral direction. NNRTI
transport in either direction was not affected by the P-gp inhibitor
verapamil. DLV inhibited Rh123 transport, causing a reduction to
15% of control at 100 puM (IC5, = 30 uM). NVR caused a concen-
tration-dependent induction of P-gp expression in LS180V cells re-
sulting in a 3.5-fold increase in immunoreactive P-gp at 100 uM NVR.
Induction attributable to EFV and DLV was quantitatively smaller.
NVR significantly reduced cellular uptake of Rh123 into LS180V
cells, indicating increased drug efflux due to induced P-gp activity;
effects of EFV and DLV were smaller. Acute DLV treatment of
LS180V cells previously induced with NVR or ritonavir did not re-
verse the decreased Rh123 cell accumulation.

Conclusions. NNRTIs show differential effects on P-gp activity and
expression in vitro. Clinical studies are required to elucidate the clini-
cal importance of potential drug interactions.

KEY WORDS: P-glycoprotein; induction; inhibition; non-nucleoside
reverse transcriptase inhibitors; Caco-2; LS180.

INTRODUCTION

Non-nucleoside inhibitors of the HIV-1 reverse tran-
scriptase have gained increasing importance in antiretroviral
therapy. Nevirapine (NVR, Viramune®), efavirenz (EFV,
Sustiva®), and delavirdine (DLV, Rescriptor®) are used in
various combinations with nucleoside analogues and HIV
protease inhibitors (1,2). In addition to the antiretroviral regi-
mens, HIV patients are treated with a variety of other drugs.
The resulting combinations may include antidepressants, an-
tibiotics, analgesics, sedatives, etc., (3) and can render HIV
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patients prone to drug interactions. All NNRTIs are exten-
sively metabolized by the cytochrome P450 system and have
been reported to inhibit (DLV) or induce (NVR, EFV) he-
patic enzymes (4-8) resulting in alterations in the pharmaco-
kinetics of other drugs following coadministration of NNRTIs
(9-11). In addition to the effects of a drug on hepatic metabo-
lizing enzymes, interactions with drug transporters, especially
P-glycoprotein (P-gp), the gene product of the human MDR1
gene, are receiving increasing attention. The 170 kD mem-
brane protein P-gp is an ATP-dependent drug efflux pump
that is constitutively expressed in several human tissues (epi-
thelia of the small intestine, blood brain barrier endothelia,
liver, kidney, testes, lymphocytes) (12,13) as well as in cancer
cells (14). Factors contributing to potential P-gp interactions
of a drug are its properties as a P-gp substrate, its potential to
inhibit P-gp activity, and its ability to cause induction of P-gp
expression after chronic exposure. A broad range of P-gp
substrates and modulators has been identified. The HIV pro-
tease inhibitors are among them and are substrates as well as
modulators of P-gp (15-17). Drug transporters are commonly
studied in tissue culture and Caco-2 is a human colon adeno-
carcinoma cell line that resembles small intestinal epithelial
cells in morphology and in the expression of various marker
enzymes (18,19). This cell line is frequently used for studies
modeling intestinal drug transport (20,21). For studies of P-gp
induction, the human colon adenocarcinoma cell line LS180
has been useful after selection for elevated P-gp content
(15,22,23). Using cell culture techniques, this study was de-
signed to investigate the effects of the non-nucleoside HIV
reverse transcriptase inhibitors nevirapine, efavirenz, and
delavirdine on P-glycoprotein activity and expression to an-
ticipate P-gp related drug-drug interactions associated with
combination drug therapy.

MATERIALS AND METHODS

Chemicals

Drugs and chemicals were purchased from commercial
sources, or were kindly provided by their pharmaceutical
manufacturers. NVR, EFV, DLV, and ritonavir were ex-
tracted from their commercially available tablet formulations
with methanol. It was assumed that the drugs were 100%
soluble in methanol and that other components of the formu-
lation were either not soluble in methanol, or were not phar-
macologically active.

Cell Lines

The human colon adenocarcinoma cell line Caco-2 was
kindly provided by Douglas Jefferson, Ph.D. (Tufts Univer-
sity School of Medicine and Tufts-New England Medical Cen-
ter, Boston, Massachusetts) and used at passages 30-40.
Caco-2 cells were grown in DMEM (Dulbecco’s Modified
Eagle’s Medium, GibcoBRL, Rockville, Maryland) supple-
mented with 10% fetal bovine serum, 0.1 mM non essential
amino acids (GibcoBRL, Rockville, Maryland), 100 units/ml
penicillin, and 0.1 mg/ml streptomycin.

The human colon adenocarcinoma cell line LS180 (24)
was obtained from the American Type Culture Collection
(Manassas, Virginia, USA). Cells were selected for elevated
P-gp levels with increasing concentrations of vinblastine (1-
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2-4-8 ng/ml) and maintained at 4 ng/ml until initiation of in-
duction experiments (23). The vinblastine selected cell line is
denoted LS180V. LS180V cells were grown in MEM (Mini-
mal Essential Media, GibcoBRL, Rockville, Maryland)
supplemented with 10% fetal bovine serum, 0.1 mM non es-
sential amino acids (GibcoBRL, Rockville, Maryland), 1 mM
pyruvic acid, 100 units/ml penicillin, 0.1 mg/ml streptomycin,
and 4 ng/ml vinblastine.

Transport Experiments

Caco-2 cells were seeded at 2 x 10*/cm? in polycarbonate
membrane transwell plates (2.5 cm diameter, 3 pm pore size)
(Corning Costar Corp., Cambridge, Massachusetts) with 2.5
ml media in the basolateral (B) and 1.5 ml in the apical (A)
chamber. Cells were grown in a humidified chamber (37°C,
5% CO,) with media changes every 3-5 days. Transport ex-
periments were conducted in confluent cells on days 16-20
post seeding. Transepithelial electrical resistance was >16000
ohms/cm?, confirming high monolayer confluence. The P-gp
index substrate Rh123, and the P-gp inhibitor verapamil as
positive control, have been used previously in transport stud-
ies with Caco-2 cells (17,21,25). Methanolic solutions of drugs
(except Rh123) were evaporated to dryness and reconstituted
in Hank’s Balanced Salt Solution (HBSS) (GibcoBRL, Rock-
ville, Maryland) containing 10 mM HEPES, 4.2 mM
NaHCO;, and 0.5% DMSO. Solubility of the drugs in HBSS
was verified by HPLC analysis. Peak heights were linear with
drug concentration up to 250 uM NVR (r* = 0.998), 150 uM
EFV (r* = 0.984), and 100 uM DLV (1* = 0.976). Rh123 was
added as a concentrated methanolic solution, with final
methanol concentration <0.5%.

P-gp Inhibition

HBSS containing Rh123 (5 wM) was added to the apical
(A) or basolateral (B) chamber, with the potential inhibitor
present in both chambers. Cells were incubated at 37°C, 5%
CO, for 180 min and 50 pl samples were taken from the
chamber initially not containing Rh123. Samples were diluted
with 500 wl methanol and fluorescence was determined at
500/550 nm (excitation/emission).

P-gp Substrates

Drug solutions (25 pM) were added to the A or B cham-
ber, in presence and absence of verapamil (100 uM) in both
chambers. Cells were incubated at 37°C, 5% CO, and 150 pl
samples were taken after 90 min and 180 min from the cham-
ber initially not containing the study drug. Samples were sub-
jected to HPLC analysis as described below. Sampling times
were chosen to assure detectable drug concentrations in both
chambers even for non P-gp substrates. Caco-2 cells were
viable and the monolayer stayed functional during the time
course of the experiment as demonstrated by the linearity of
Rh123 B to A transport between 60 min and 240 min (r* =
0.988).

P-gp Induction

LS180V cells were seeded at 2 x 10%*/cm? in tissue culture
dishes (Corning Costar Corp., Cambridge, Massachusetts).
Cells were grown in a humidified chamber (37°C, 5% CO,) to
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50% confluence (3 to 4 days), when media was replaced by
vinblastine-free media containing the study drug and 0.5%
DMSO. The known P-gp inducer ritonavir (10 M) served as
a positive control (15), and vehicle (media with 0.5% DMSO)
served as a negative control. Experiments were done in trip-
licate. After 72 h, cells were either prepared for western blot
analysis or subjected to Rh123 cell exclusion experiments as
described below.

Sample Preparation and Western Blotting

After 72 h, the cells were lysed (0.5% deoxycholate, 1%
triton-X, 1 mM PMSF in 0.05 M KH,PO,), sonicated and
centrifuged. Supernatants were analyzed for protein concen-
tration using the BCA protein assay (Pierce, Rockford, Illi-
nois) and stored at —-80°C until western blot analysis. Samples
were separated by SDS-PAGE on 4-15% acrylamide gradient
gels (Ready-Gel, BioRad, Hercule, California) and trans-
ferred to PVDF membranes (Immobilon P, Millipore, Bed-
ford, Massachusetts). The 170 kD P-gp protein was detected
using the monoclonal mouse anti-human P-gp (C219) primary
antibody (Signet, Dedham, Massachusetts), a HRP linked
sheep anti-mouse IgG secondary antibody (Amersham Phar-
macia Biotech Inc., Piscataway, New Jersey), and SuperSignal
chemiluminiscence reagent (Pierce, Rockford, Illinois).
Sample preparation, electrophoresis and transfer were per-
formed at 4°C. Blots were quantified using integrated band
density based on a calibration curve run together with each
set of samples. Given the nonlinear relationship between the
amount of protein loaded and integrated band density, the
calibration curve allowed for comparison of relative P-gp con-
tents between samples. Determination of absolute P-gp con-
tent requires a pure P-gp standard that is currently not avail-
able.

Rh123 Cell Exclusion

After 72 h, cells were washed five times with MEM (con-
taining 10% calf serum and 0.5% DMSO) and supplied with
vinblastine free media (1.5 ml/ well) with or without inhibitor
(100 uM verapamil, 10-100 .M DLYV). Plates were incubated
for 30 min and Rh123 (final concentration 5 wM) was added.
Cells were placed in the incubator for 90 min and subse-
quently washed five times with MEM (containing 10% calf
serum and 0.5% DMSO). Cells were lysed for 30 min (10 min
at 37°C, 20 min shaking at room temperature) and Rh123
concentrations in the lysate were quantified as described
above. Determination of protein concentration demonstrated
comparable cell density in each well. In similar experiments,
LS180V cell morphology was evaluated microscopically as
described by Perloff er al. (26) to assure cell viability. Fur-
thermore, the Rh123 accumulation experiment verifies cell
viability and cell membrane integrity itself. If LS180V cell
membranes are compromised due to toxicity, the washing
procedure during Rh123 accumulation experiments greatly
reduces intracellular Rh123 (about 10-fold) and 100 puM VER
has no reversal effect.

HPLC

NNRTIs and verapamil were separated using a 3.9 x 300
mm pBondapak (C18) 10 pm column, (Waters Associates,
Milford, Massachusetts) at 40°C and UV absorbance was



1040

monitored at 232 nm (NVR) or 245 nm (EFV, DLV). The
mobile phase consisted of 21% acetonitrile and 79% 0.05 M
KH,PO, (pH 3.5) for NVR, 45% acetonitrile and 55% 0.05 M
KH,PO, (pH 4.5) for EFV, and 45% acetonitrile and 55%
0.05 M KH,PO, (pH 5.5) for DLV and was delivered at a flow
rate of 2.4 ml/min.

Data Analysis

IC,, values were determined by nonlinear least squares
regression (SigmaPlot 4.01, SPSS Inc.). Integrated density of
western blot bands was determined by computer image analy-
sis (Scion Image 4.02, Scion Corp., Frederick, Maryland). For
western blot and cell exclusion studies, values for active drug
exposure groups were expressed as a ratio vs. the mean ve-
hicle control value. Mean ratios for each group were assessed
for differences from unity using Student’s ¢-test.

RESULTS

NNRTIs as Transport Substrates

In a transwell system, transport of NNRTIs across a
Caco-2 cell monolayer was evaluated in both directions, ba-
solateral to apical (B to A) and apical to basolateral (A to B).
The three NNRTIs showed no differential transport, com-
pared to a 17-fold difference observed for the positive control
Rh123, a known P-gp substrate (Table I). The P-gp inhibitor
verapamil (100 pM) reduced Rh123 B to A transport to 10%
of control, but did not affect transport of NVR, EFV, or DLV
across Caco-2 cells (Table I). Together these findings suggest
that none of the NNRTISs is subject to transport that can be
distinguished from passive diffusion in this Caco-2 cell sys-
tem.

Table I. Transport of NNRTIs and Rh123 (positive control) across
Caco-2 Cell Monolayers in a Transwell System in Presence and Ab-
sence of Verapamil (100 uM)

B - A A — B
(nmol/cm?) (nmol/cm?)
Nevirapine (25 pM)
— verapamil 3.2(0.24) 3.3 (0.08)
+ verapamil 3.3(0.38) 3.9 (0.33)
Efavirenz (25 pM)
— verapamil 1.9 (0.26) 1.5 (0.27)
+ verapamil 1.6 (0.18) 1.9 (0.08)
Delavirdine (25 uM)
— verapamil 4.1 (0.63) 3.4 (0.31)
+ verapamil 4.8 (0.59) 4.4 (0.57)
Rhodamine123 (5 pM)
— verapamil 0.33 (0.013) 0.02 (0.008)“
+ verapamil 0.04 (0.005)* 0.01 (0.001)¢

Note: Values in nmol of drug transported per square cm of membrane

area after a 180 min incubation at 37°C. Data represent means of

triplicate samples, standard deviations in parenthesis.

“ Basolateral to apical chamber.

b Apical to basolateral chamber.

¢ Statistically significant compared to the corresponding B — A trans-
port (P < 0.05, ANOVA).

4 Statistically significant compared to the corresponding sample with-
out verapamil (P < 0.05, ANOVA).
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Inhibition of Rh123 Transport by NNRTIs:

NVR, EFV, and DLV were evaluated for their potential
to inhibit P-gp mediated basolateral to apical Rh123 transport
across Caco-2 monolayers associated with acute exposure to
the drugs (90 and 180 min incubation time). Toxicity of 100
pM EFV in Caco-2 cells was evident as cells were detached
from the membrane and drug diffusion in both directions was
unrestricted. No such effect was observed with 3-30 uM EFV.

NVR (100 pM), and EFV (30 nM) did not affect Rh123
transport. DLV (100 uM) reduced Rh123 transport to 15% of
control, an effect comparable to that of the known P-gp in-
hibitor verapamil (100 wM) that caused a reduction to 10% of
control (Fig. 1). Rh123 transport inhibition by DLV was
concentration-dependent (Fig. 1, insert), with an ICs,, value of
30 pm.

Induction of P-gp Expression by NNRTIs

NVR, EFV, and DLV were evaluated for their ability to
induce P-gp expression in LS180V cells after extended (72 h)
exposure. Western blot analysis of membrane preparations of
the exposed cells revealed a concentration-dependent in-
crease in immunoreactive P-gp after NVR exposure. At 100
pM, NVR caused a 3.5-fold increase in P-gp expression over
vehicle control (Fig. 2). This effect was comparable to the
4.3-fold induction caused by 10 pM ritonavir, a known P-gp
inducer used as a positive control (15). The induction caused
by EFV (1.75-fold) and DLV (2.35-fold) was less substantial
and also concentration-dependent. Toxicity to the cells and
limited solubility in tissue culture media precluded the use of
higher drug concentrations.

Induction of P-gp Activity by NNRTIs

Extended exposure (72 h) to NVR (100 uM) and EFV
(30 uM) reduced Rh123 accumulation in LS180V cells to 72%
and 81% of vehicle control, respectively. DLV (100 wM) re-
duced Rh123 cell accumulation to 85% of control. The posi-
tive control ritonavir (10 wM) caused a decrease in Rh123
uptake to 49% of control. Addition of the P-gp inhibitor ve-
rapamil reversed the effect in both controls and drug treated
cells, increasing accumulation of Rh123 about 3-fold (Fig. 3).
The data corresponds well to the western blot results for
NVR, EFV and DLV, all of which caused a smaller inductive
effect than ritonavir. Together, these results indicate that af-
ter extended exposure to the NNRTIs or ritonavir, active
Rh123 efflux from the cell is increased as a result of P-gp
induction.

Combined Induction and Inhibition of P-gp Activity in
LS180V Cells

Cells preexposed to NVR (100 uM) or ritonavir (10 uM)
had decreased intracellular Rh123 compared to DMSO con-
trol, consistent with transporter induction (Fig. 4, values for
DLV = 0). Acute exposure to increasing concentrations of
DLV in DMSO control cells produced an increase in intra-
cellular Rh123, consistent with inhibition of transport func-
tion. However DLV produced at most a small degree of re-
versal of Rh123 intracellular accumulation in cells induced by
prior exposure to NVR or ritonavir (Fig. 4).
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Fig. 1. Inhibition of P-gp mediated rhodamine123 transport across Caco-2 monolayers
by delavirdine, efavirenz, and nevirapine. Data represent Rh123 transport in the pres-
ence of inhibitors as a percent of the uninhibited control. Values are means of tripli-
cate samples with standard deviation indicated by error bars. The known P-gp inhibi-
tor verapamil (100 pM) served as a positive control. Due to toxicity to Caco-2 cells,
efavirenz could not be tested at 100 uM. (A) Apical chamber and (B) basolateral
chamber. Asterisk (*) indicates a statistically significant (P < 0.05) difference from
100% using the Student’s two-tailed f-test. (Insert) Concentration dependent P-gp
inhibition by delavirdine in Caco-2 cells. Data represent Rh123 transport as a percent
of the uninhibited control, mean of the 90 and 180 min incubations. The line represents
the function obtained by nonlinear regression (IC5, = 30 uM).

DISCUSSION

The present in vitro study showed that NNRTIs can
significantly modulate P-glycoprotein activity and expres-
sion, based on transport of the index substrate Rh123. The
NNRTIs themselves did not appear to be substrates for trans-
port, as transport can be distinguished from passive diffusion
in the cell model. DLV was found to be an inhibitor of Rh123
transport at concentrations within the range of total plasma
DLV concentrations seen in vivo (27). All three NNRTIs
were able to cause induction in P-gp expression and activity
after extended exposure at concentrations in the range of
30-100 wM, with the inductive effect of NVR being quanti-
tatively the largest. Although plasma concentrations of
NNRTIs are usually <25 pM (10), the concentrations
achieved in the intestine after oral administration of usual
therapeutic doses of NNRTIs will transiently exceed plasma
concentrations and may reach millimolar levels.

Considering that antiretroviral drugs are used almost al-
ways in combination therapy, the effects of P-gp inhibitors on
LS180V cells pretreated with P-gp inducing drugs was stud-
ied. DLV increased Rh123 accumulation in uninduced con-
trol LS180V cells in a concentration dependent manner (Fig.
4), an effect similar to the inhibition of Rh123 transport ob-
served in Caco-2 cells (Fig. 1). In LS180V cells exposed for 72
h to NVR or ritonavir (100 uM or 10 wM, respectively), acute
exposure to DLV at 30 uM only partially reversed the de-
crease in intracellular accumulation of Rh123 related to P-gp
induction by NVR. DLV at 100 uM had no detectable effect,
and DLV had no evident reversal effect on cells induced by
exposure to ritonavir. The findings suggest that the effects of
P-gp induction by NVR or ritonavir largely outweigh the in-

hibitory activity of acute exposure to DLV in this model. The
fact that the more potent P-gp inhibitor verapamil did reverse
the observed induction (Fig. 3) demonstrates that the relative
potencies of the study compounds influence the net outcome
of concomitant induction and inhibition of P-gp.

The effects of NNRTIs on Rh123 transport did parallel
their previously reported effects on CYP3A, with DLV being
a potent inhibitor of both CYP3A (6,7) and the transporter.
All three compounds induce CYP3A (8-11) and P-gp, with
NVR being the most potent. Such coincident effects on P-gp
and CYP3A have been reported for a variety of compounds
(22,28-30), and it appears that dissociation of inhibitory po-
tencies for P-gp and CYP3A4 remains an ongoing challenge
in drug development (31,32) although co-regulation of
CYP3A and transporter activity is not invariable (33,34).

We used different cell lines for substrate/inhibition and
induction studies because of different morphologic character-
istics of LS180 and Caco-2 cells. Evaluation of directional
transport and its inhibition require a cell line that forms a
tight monolayer to facilitate transwell experiments. Caco-2
cell monolayers become confluent and minimize passive para-
cellular diffusion between the chambers, making Caco-2 cells
one of the most frequently used cell line for this type of study
(18-21). LS180 cell agglomerates, however, are more loose
and often detach from the culture dish after reaching about
70% confluency, which is not sufficient for transwell experi-
ments. Induction studies, on the other hand, have been less
successful with Caco-2 cells because of the late onset of P-gp
expression in this cell line. Caco-2 cells do not express sub-
stantial amounts of P-gp until confluency (18), and the ideal
time point for studies of induction is not clear. In contrast,
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Fig. 2. P-gp expression in LS180V cells after 3 days exposure to nevirapine,
efavirenz, and delavirdine was assessed by western blot analysis. Blots were quan-
tified using integrated band density based on a calibration curve run together with
each set of samples. Shown are representative western blots produced after quan-
titative analysis for illustration purposes only. Data represent immunoreactive
P-gp content relative to vehicle control (LS180 media with 0.5% DMSO) (n = 3).
The known P-gp inducer ritonavir (10 uM) served as a positive control. Efavirenz
100 uM was toxic to LS180V cells. Asterisk (*) indicates a significant (P < 0.05)
difference from the mean vehicle control (1.0-fold increase) using the Student’s

one-tailed r-test.

previous studies have demonstrated that P-gp expression in
LS180 cells is inducible by a number of compounds (15,22,23).
Although Caco-2 cells have substantially lower P-gp levels
than cell lines such as NIH3T3/MDRI1 or LS180V (35), there
is sufficient evidence that Caco-2 cells closely resemble hu-
man (and rat) small intestinal mucosa in P-gp expression as
well as in transport kinetics of different model substrates
(36,37) and are therefore considered to be a reasonable
model for intestinal transport (20,37,38). It seems possible
however, that P-gp mediated transport of lipophilic sub-
stances, which may be quantitatively important in other mod-
els or in vivo, may not be evident in the present model due to
the greater quantitative importance of passive diffusion.
Whereas two different models were used in this study, the
respective results are not combined to make quantitative pre-
dictions for in vivo drug interactions, but rather taken as sepa-
rate indicators of potential P-gp inhibition and induction in
vivo, providing valuable information for the design of future
clinical studies.

Evaluation of transporters other than P-gp, including
MRP, LRP, and dipeptide transporters (39) in Caco-2 cells,

require the use of index compounds that are relatively specific
for the transporter studied. The fluorescent dye Rh123 is fre-
quently used as a P-gp index substrate. A drug screen of the
National Cancer Institute in 58 different cell lines showed a
good correlation of Rh123 transport with P-gp expression,
while no correlation was found with the expression of MRP in
these cell lines (25). Additional experiments with our Caco-2
cell line (data not shown) demonstrated that 2 mM proben-
ecid and 100 pM indomentacin, both known inhibitors of
MRP1, did not inhibit Rh123 transport thereby suggesting
that MRP1 does not contribute importantly to Rh123 trans-
port. Verapamil is widely used as an inhibitor of P-gp, and its
inhibitory potency has been demonstrated in MDR-1 trans-
fected MDCK cells that constitutively express only low levels
of transport proteins and metabolizing enzymes (40). How-
ever, verapamil may also inhibit transporters other than P-gp
(41). We have previously observed that induction by ritonavir
exhibits some variability in susceptibility to verapamil inhibi-
tion, whereas induction itself is less variable. The possibility
of differential effects on transporters other than P-gp by the
study drugs can not be excluded and may contribute to the
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Fig. 3. Intracellular Rh123 accumulation in LS180V cells after 3 days
exposure to nevirapine, efavirenz, and delavirdine and reversal of the
effect by acute verapamil (100 uM). (shaded bars) Rh123 intracellu-
lar accumulation in the absence of verapamil; (open bars) Rh123
intracellular accumulation with acute exposure to verapamil. Values
are means of triplicate samples with standard deviation indicated by
error bars. The known P-gp inducer ritonavir (10 pM) served as a
positive control. Asterisk (*) indicates a significant (P < 0.05) differ-
ence from the mean control value using Student’s one-tailed #-test.

variable effects of VER on Rh123 accumulation in induced
cells.

Our data suggest a potential for NNRTIs to cause drug
interactions at the level of drug transport in addition to their
effects on CYP enzyme activity. Several studies investigating
the pharmacokinetics of NNRTIs in combination with HIV
protease inhibitors described significant drug interactions. In-
creased plasma concentrations of protease inhibitors follow-
ing DLV coadministration, as well as decreased plasma levels
seen with NVR (10), have been attributed to CYP3A4 inhi-
bition and induction, respectively. Although all protease in-
hibitors are extensively metabolized by CYP3A4 (42,43), the
magnitude of the reported interactions varies considerably
between drugs, with increases in AUC following DLV co-
administration ranging from 70% for ritonavir up to 400% for
saquinavir (10). Since protease inhibitors are not only me-
tabolized by CYP3A4 but are also substrates of P-gp (44),
these variable effects may be the result of concomitant modu-
lation of both P-gp and CYP3A4 by NNRTIs. In this case,
different affinities of the protease inhibitors as P-gp sub-
strates could account for the variation in effects observed.

In conclusion, NVR, EFV, and DLV are not evidently
substrates for transport in Caco-2 cell monolayers. DLV is an
inhibitor of Rh123 transport in vitro at clinically relevant drug
concentrations, while NVR, and to a lesser extent EFV and
DLV, increase activity and expression of P-gp in cell culture.
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Fig. 4. Combined effects of P-gp induction and inhibition by NNRTIs
on intracellular Rh123 accumulation in LS180V cells. Data represent
Rh123 accumulation in cells acutely exposed to varying concentra-
tions of DLV. Cells were previously exposed for 72 h to DMSO
(control) or to P-gp inducing drugs. NVR, ritonavir (RIT)]. Values
are means of triplicate samples with standard deviation indicated by
error bars.

Drug interaction studies testing NNRTIs together with drugs
that are substrates of P-gp but not CYP3A (e.g., digoxin,
fexofenadine) are required to evaluate the clinical relevance
of these in vitro findings.
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