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ABSTRACT
The ATP-dependent drug efflux transporter P-glycoprotein (P-
gp) plays a significant role in the absorption and disposition of
many compounds. The purpose of this study was to investigate
the possible interaction of P-gp with each of four major mari-
juana constituents: �9-tetrahydrocannabinol (THC), 11-nor-�9-
tetrahydrocannabinol-carboxylic acid (THC-COOH), cannabi-
nol (CBN), and cannabidiol (CBD). The results of a P-gp ATPase
activity screen showed that THC-COOH, CBN, THC, and CBD
all stimulated P-gp ATPase activity with a Michaelis-Menten
parameter (Vmax/Km) value of 1.3, 0.7, 0.1, and 0.05, respec-
tively. Furthermore, CBD showed a concentration-dependent
inhibitory effect on verapamil-stimulated ATPase activity with
an IC50 value of 39.6 �M, whereas all other tested cannabinoids
did not display appreciable inhibitory effects. Thus, the inhibi-
tory effects of CBD on P-gp transport were further studied. At
concentrations ranging from 5 to 100 �M, CBD robustly en-

hanced the intracellular accumulation of known P-gp sub-
strates rhodamine 123 and doxorubicin in a concentration-
dependent manner in Caco-2 and LLC-PK1/MDR1 cells. An
IC50 value of 8.44 �M was obtained for inhibition of P-gp
function in LLC-PK1/MDR1 cells as determined by flow cytom-
etry using rhodamine 123 as a fluorescence probe. Following
exposure to 30 �M CBD, the apparent permeability coefficient
of rhodamine 123 across Caco-2 and rat brain microvessel
endothelial cell monolayers was increased to 2.2- and 2.6-fold
in the apical-to-basolateral direction but decreased to 0.69-
and 0.47-fold in the basolateral-to-apical direction, respec-
tively. These findings indicate that CBD significantly inhibits
P-gp-mediated drug transport, suggesting CBD could poten-
tially influence the absorption and disposition of other coad-
ministered compounds that are P-gp substrates.

P-glycoprotein (P-gp) is an ATP-dependent efflux trans-
porter coded by the multidrug resistance (MDR)1 (ABCB1)
gene. It is expressed in multidrug resistance tumor cells
(Kartner et al., 1983) and in many normal tissues, including
intestinal epithelium, hepatocytes, placenta, renal tubular
cells, and blood-brain barrier (BBB) (Cordon-Cardo et al.,
1989; Lieberman et al., 1989; Fardel et al., 1993; Gatmaitan
and Arias, 1993; Bendayan et al., 2002). It is widely acknowl-
edged to play an important role in the disposition of many
endogenous and exogenous chemicals. Human polymor-
phisms of the MDR1 gene can alter P-gp expression and
function and result in altered drug pharmacokinetics and

pharmacodynamics (Fromm, 2002). P-gp efflux transport is
one of the major mechanisms responsible for the low oral
bioavailability and limited brain penetration of many thera-
peutic drugs. Coadministration of P-gp inhibitors, such as
verapamil (VER), valspodar (PSC833), and GF120918, can
efficiently increase the systemic absorption and brain con-
centration of P-gp substrate drug and result in enhanced
therapeutic as well as adverse drug effects of clinically ad-
ministrated compounds (Mayer et al., 1997; Bardelmeijer et
al., 2000; Nakagami et al., 2005). Therefore, the role of the
interaction of P-gp inhibitors and substrates on drug dispo-
sition and drug effects has become an increasing focus of
pharmacological research.

Marijuana (Cannabis sativa) is the most commonly used
illegal drug in the United States. It is estimated that approx-
imately 10% of individuals who ever use marijuana become
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daily users, and lifetime prevalence rates of marijuana de-
pendence have been approximated at 4% of the population
(Compton et al., 2004). In addition to behavioral and psych-
otropic effects, cannabinoids, the primary constituents of
marijuana, also have documented therapeutic properties. It
is widely held that cannabinoids produce their pharmacolog-
ical effects by binding to two specific plasma membrane G
protein-coupled receptors: the CB1 receptor, expressed
mainly in the brain and in some peripheral tissues, and the
CB2 receptor, expressed only outside of the central nervous
system (Pertwee and Ross, 2002). In recent years, numerous
basic and clinical studies have confirmed that some canna-
binoids exhibit the potential for therapeutic applications,
including but not limited to treatment of pain, nausea, vom-
iting, multiple sclerosis, epilepsy, cancer, anxiety, and de-
pression (Hampson et al., 2000; Robson, 2001; Tramer et al.,
2001; Killestein et al., 2003; Massi et al., 2004). However,
very little is known regarding the possible interactions be-
tween cannabinoids and the P-gp or other drug transporter.
Such effects could be important for understanding both the
psychoactive and potential therapeutic effects of cannabi-
noids.

Accordingly, we initially investigated the P-gp affinity of
each of four major cannabinoids—�9-tetrahydrocannabi-
nol (THC), 11-nor-�9-tetrahydrocannabinol-carboxylic acid
(THC-COOH), cannabinol (CBN), and cannabidiol (CBD)—
using the P-gp-dependent ATPase activity assay. Initial ex-
periments showed that all of these cannabinoids stimulated
P-gp ATPase activity to some extent in a concentration-de-
pendent manner (Wang et al., 2004a). Furthermore, CBD
was found to exhibit a potent inhibitory effect on the VER-
stimulated ATPase activity. This result suggested that CBD
might have an inhibitory effect on P-gp activity. Therefore,
three different P-gp-expressed cells—Caco-2, rat brain mi-
crovessel endothelial cells (RBMECs), and LLC-PK1/MDR1
cells—were used to more fully characterize the effect of CBD
on the transport function of P-gp in vitro.

Materials and Methods
Materials

Human P-gp membranes (5 mg/ml) prepared from baculovirus-
infected insect cells were purchased from BD Gentest (Woburn, MA).
The human colon adenocarcinoma cell line Caco-2 at passage 17 was
purchased from American Type Culture Collection (Manassas, VA)
and was used for experiments from passage 30 to 40. The pig kidney
epithelial cell line LLC-PK1 and its P-gp overexpressing mutant
LLC-PK1/MDR1 cells were kindly provided by Dr. Kari Kivistö (Dr.
Margarete Fischer-Bosch Institute of Clinical Pharmacology, Stutt-
gart, Germany). Fetal bovine serum, trypsin, and Dulbecco’s modi-
fied Eagle’s medium (DMEM) containing 4500 mg/l glucose, 4 mM
L-glutamine, and sodium pyruvate were obtained from Hyclone Lab-
oratories (Logan, UT); collagenase II was from Worthington Bio-
chemical (Lakewood, NJ); and Dispase was obtained from BD Bio-
sciences (Bedford, MA). MEM nonessential amino acid solution was
from Stemcell Technologies Inc. (Vancouver, BC, Canada). Dulbec-
co’s phosphate-buffered saline (DPBS), penicillin, and streptomycin
were all purchased from Mediatech (Herndon, VA). CBD, THC, THC-
COOH, CBN, VER, fluorescein, doxorubicin (DOX), and rhodamine
123 (Rh123) were obtained from Sigma-Aldrich (St. Louis, MO).
PSC833 was a gift from Novartis Pharmaceuticals (Basel, Switzer-
land). All other drugs and reagents were of analytical grade and
commercially available.

ATPase Assay

The human P-gp containing membranes were used for the mea-
surements of the ATPase activity of P-gp. P-gp-dependent ATPase
activity was quantified by determining the increased inorganic phos-
phate (Pi) concentrations in the presence of 100 �M ortho-vanadate
as described previously (Boulton et al., 2002). In brief, THC, THC-
COOH, CBN, and CBD were prepared freshly in Tris-2-(N-morpho-
lino)ethanesulfonic acid buffer, pH 6.8, and added to the reaction
mixture containing 40 �g of P-gp membranes and 4 mM Mg-ATP at
the final concentrations of 1, 5, 10, 25, 75, and 100 �M. The reaction
was initiated by adding ATP solution to the mixture. After incuba-
tion at 37°C for 40 min, the reactions were terminated by the addi-
tion of 30 �l of ice-cold 10% sodium dodecylsulfate solution contain-
ing 0.1% Antifoam A. Finally, Pi was assayed by the UV absorption
of the Pi-molybdate complex at 620 nm, and the Pi concentrations
were calculated from an eight-point standard curve established from
0 to 150 nM Pi standard solution. The Km and Vmax values were
estimated by fitting Pi versus each compound concentration to the
Michaelis-Menten equation using Prism 4 software (GraphPad Soft-
ware Inc., San Diego, CA).

Cell Cultures

Primary Culture of Rat Brain Microvessel Endothelial
Cells. RBMECs were isolated according to the modified method of
Abbott et al. (1992). In brief, cerebral cortex was obtained from 10- to
15-day-old rats and washed three times with ice-cold DPBS. After
surface vessels and meninges were removed, cortex gray matter was
minced and incubated at 37°C for 1 h in serum-free DMEM contain-
ing 0.1% collagenase II/Dispase and 20 U/ml DNase I. After diges-
tion, the enzyme mixture was triturated with a Pasteur pipette and
then centrifuged at 800g for 5 min. The resultant pellet was resus-
pended in DPBS containing 25% bovine serum albumin and centri-
fuged at 2000g at 4°C for 10 min. Fat, cell debris, and myelin floating
on the bovine serum albumin were discarded, and the pellet contain-
ing microvessels was resuspended and incubated in serum-free
DMEM containing 0.1% collagenase II at 37°C for 30 min for a
second digestion that served to remove the microvessel basement
membrane. Released endothelial cells were further purified by cen-
trifugation over a 50% Percoll gradient. The cells were maintained in
DMEM supplemented with 20% fetal bovine serum, 100 kU/l peni-
cillin, and 100 mg/l streptomycin.

For the transport experiments, RBMECs were applied to polyester
Transwell membranes (0.4-�m pore size; 1-cm2 growth area; Corning
Glassworks, Corning, NY) at a density of 1 � 105/cm2. Culture
medium was changed every 3 days. Transepithelial electric resis-
tance (TEER) of RBMEC monolayers was monitored before transport
studies using an EVOMeter fitted with chopstick electrodes (WPI,
Sarasota, FL), and the monolayers with TEER of greater than 250
�/cm2 were used for the transport studies.

LLC-PK1, LLC-PK1/MDR1, and Caco-2 Cells. LLC-PK1 and
Caco-2 cells were cultured at 37°C in DMEM supplemented with 10%
fetal bovine serum, 1% MEM nonessential amino acids, 100 U/ml
penicillin, and 100 �g/ml streptomycin in an atmosphere of 5% CO2

and 95% relative humidity. LLC-PK1/MDR1 cells were cultured
under the same conditions except 640 nM vincristine was added to
the culture medium to maintain P-gp expression (Smit et al., 1998).

For P-gp substrate intracellular accumulation experiments, cells
were seeded at a density of 1 � 105 cells/ml/well in 24-well plates.
Culture medium was replaced every 2 days until cells reached con-
fluence.

For transport experiments, Caco-2 cells were seeded onto polyes-
ter membrane filters (0.4-�m pores, 4.7-cm2 growth area; Corning
Glassworks) of Transwell inserts at a density of 1 � 105cells/cm2.
Culture medium was likewise changed every 2 days. Monolayers
were used approximately 20 days postseeding when TEER reached
500 �/cm2.
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Intracellular P-gp Substrate Accumulation Studies

Intracellular uptake of P-gp substrates Rh123 and DOX was mea-
sured to evaluate the P-gp activity in LLC-PK1/MDR1 and Caco-2
cells, whereas LLC-PK1 was included as a negative control (van der
Sandt et al., 2000). After reaching confluence, LLC-PK1, LLC-PK1/
MDR1, and Caco-2 cells were preincubated at 37°C for 30 min with
transport buffer (serum-free DMEM containing 25 mM HEPES, pH
7.4). Next, 0.5% dimethyl sulfoxide (vehicle control), or specific con-
centrations of CBD, VER, or PSC833 were added, and then 5 �M
Rh123 or 1 �M DOX was added for an additional 90-min incubation.
After incubation, the solutions were discarded, and the cells were
washed three times with ice-cold DPBS and solubilized with 1%
Triton X-100. Fluorescence of Rh123 and DOX were measured using
HPLC equipped with a fluorescence detector. The concentrations
were determined from the fluorescence value by the construction of
Rh123 and DOX standard curves. The amount of Rh123 or DOX in
each sample was standardized with the protein content determined
by a Lowry assay.

A flow-cytometry assay was also used to evaluate the effect of CBD
on the intracellular accumulation of Rh123 in LLC-PK1/MDR1 cells
and was described in detail previously (Zhu and Liu, 2003). In brief,
cells were digested, collected, and incubated at 37°C with 5 �M
Rh123 in the absence or presence of various concentrations of CBD,
VER, and PSC833 for 60 min. After incubation, the cells were
washed twice with ice-cold DPBS, resuspended in 200 �l of DPBS,
and analyzed by flow cytometry (FACScan; Becton Dickinson, San
Jose, CA). Data were analyzed with CellQuest software (Becton
Dickinson). An IC50 value for each compound was calculated when
the inhibitory potency of 5 �M PCS833 was defined as 100%.

Rh123 Transport Studies

When RBMECs or Caco-2 cells reached confluence, the integrity of
monolayers was checked by both TEER value and the transport rate
of fluorescein, a paracellular transport marker (van Bree et al.,
1988). The qualified monolayers were rinsed two times with DPBS
and preincubated with transport buffer at 37°C for 30 min. After
preincubation, 0.5% DMSO, CBD, or VER was loaded at both sides of
the monolayers, and then 5 �M Rh123 was added into the basal side
for the basal-to-apical (B-A) transport study or apical side for the
apical-to-basal (A-B) transport study. At designated times, 150-�l
samples were taken from the receiver compartment, and the same
volume of receiver compartment solution was replaced immediately
after each sampling. Concentrations of Rh123 were determined by
HPLC. Apparent permeability coefficients, Papp (centimeters per sec-
ond) were calculated according to the following equation: Papp �
(dQ/dt) � (C�1A�1), where dQ/dt is the rate at which the Rh123
shows up in the receiver compartment, A is the diffusion area
(square centimeters), and C is the initial concentration of Rh123 in
the donor compartment.

HPLC Analysis

HPLC assay was used for the quantitative analysis of Rh123 and
DOX. The HPLC system consisted of a Waters 2690 Separations

module (Waters, Milford, MA), a C18 reversed-phase column (300 �
4.1 mm i.d. Versoack; Alltech, Deerfield, IL), and a Waters 474
scanning fluorescence detector. The separation of Rh123 was carried
out isocratically using 20 mM sodium acetate buffer, pH 4.0/aceto-
nitrile [40:60 (v/v)] at a flow rate of 1.0 ml/min. The mobile phase for
DOX samples consisted of a 50 mM NaH2PO4 buffer, pH 3.0/aceto-
nitrile [69:31 (v/v)] mixture with a flow rate of 1.0 ml/min. The
detection wavelengths were set at 488 (� excitation) and 535 nm (�
emission) for Rh123 and at 480 (� excitation) and 560 nm (� emis-
sion) for DOX, respectively.

Statistical Analysis

Statistical analysis for significant differences was performed us-
ing the two-tailed Student’s t test. A probability of �0.05 was con-
sidered to be statistically significant.

Results
Effects of Cannabinoids on the P-gp ATPase Activ-

ity. All four cannabinoids tested stimulated P-gp ATPase
activity to some degree in a concentration-dependent manner
(Fig. 1; Table 1). The rank order for stimulation of ATPase
activity (Vmax/Km) was VER (3.8) � THC-COOH (1.3) � CBN
(0.7) � THC (0.1) � CBD (0.05). The effect of the cannani-
noids on inhibiting VER-stimulated ATPase activity was also
investigated by measuring the production of Pi stimulated by
10 �M VER in the presence or absence of each cannabinoid.
The data indicated that, among the tested cannabinoids, only
CBD exhibited concentration-dependent inhibitory effects on
the VER-stimulated P-gp ATPase activity with a calculated
IC50 value of 39.6 �M. All other cannabinoids did not show
any appreciable inhibitory effects (Fig. 2). Therefore, further
cellular transport studies were focused only on CBD.

CBD Increased the Intracellular Accumulation of
Rh123 and DOX in LLC-PK1/MDR1 and Caco-2 Cells.
The inhibitory potential of CBD on the activity of P-gp efflux
was tested in Caco-2 and LLC-PK1/MDR1 cells. CBD caused
a concentration-dependent increase in the intracellular accu-
mulation of both Rh123 and DOX in Caco-2 (Fig. 3, A and B).
The intracellular accumulation of Rh123, a classic P-gp flu-
orescence substrate, was enhanced 1.5- and 2.2-fold in the
presence of 10 and 30 �M CBD, respectively (p � 0.01). The
accumulation of DOX, another well known P-gp substrate,
was also increased to 1.6-, 3.7-, and 7.4-fold in the presence of
CBD at the concentration of 3, 10, and 30 �M, respectively
(p � 0.01). The classic P-gp inhibitors VER (30 �M) and
PSC833 (1 �M) exhibited potent inhibitory effects on the
P-gp efflux function and resulted in a significant increase of
intracellular accumulation of both Rh123 and DOX in Caco-2
cells (p � 0.01 versus control).

The human MDR1 cDNA-transfected cell line LLC-PK1/
MDR1 highly expresses functional P-gp and is widely used in

Fig. 1. Concentration dependence of ortho-vanadate-sensitive substrate-
induced P-gp ATPase activity as measured by inorganic phosphate re-
lease by THC, THC-COOH, CBN, CBD, and VER.

TABLE 1
The Km, Vmax, and Clint (Vmax/Km) values of cannabinoids on ortho-
vanadate-sensitive ATPase activity in expressed P-gp membranes
Data are mean of duplicate determinations.

Km Vmax Clint

�M nmol/mg/min min�1 � 10�3

Verapamil 5.2 � 0.9 19.62 � 0.71 3.8
THC-COOH 5.1 � 3.4 6.5 � 0.9 1.3
CBN 3.9 � 4.9 2.6 � 0.6 0.7
THC 49.1 � 27.7 5.4 � 1.4 0.1
CBD 20.4 � 38.4 1.1 � 0.6 0.05
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P-gp studies (Evers et al., 1996; van Helvoort et al., 1996).
Due to the P-gp efflux, much less intracellular retention of
Rh123 and DOX was found in LLC-PK1/MDR1 cells than in
LLC-PK1 cells. The intracellular accumulation of Rh123 in
LLC-PK1/MDR1 cells was significantly increased by 20 and
100 �M CBD or 1 �M PSC833 (118.35 � 3.33, 216.90 �
24.40, and 258.69 � 26.27% of the control, respectively; p �
0.01). A more potent P-gp reversal effect of CBD was found
when DOX was used as the P-gp substrate. The accumulation
of DOX in LLC-PK1/MDR1 cells was enhanced to 199.96 �
22.15, 437.53 � 64.72, 1420.97 � 152.25, and 1166.59 �
71.18% of the control by 5, 20, and 100 �M CBD and 1 �M
PSC833, respectively (p � 0.01). As expected, in P-gp-nega-

tive LLC-PK1 cells, no significant effects on the accumula-
tion of Rh123 or DOX were observed in the presence of either
100 �M CBD or 1 �M PSC833 (Fig. 4, A and B).

Flow-cytometry experiments also indicated that CBD in-
creased the intracellular accumulation of Rh123 by inhibit-
ing P-gp function in a concentration-dependent manner (Fig.
5). The IC50 values of CBD, VER, and PSC833 were 8.44 �
0.58, 6.99 � 0.66, and 0.38 � 0.03 �M, respectively.

Effect of CBD on the Transport of Rh123 across
Caco-2 and RBMEC Monolayers. To investigate the pos-
sible influence of CBD on P-gp substrate transport across
some areas of localized expression of P-gp, such as intestine
and the BBB, Caco-2 and RBMEC monolayers were used for
the studies of the transport of Rh123 in both B-A and A-B
directions. As shown in Table 2, Rh123 exhibited highly
polarized transport across Caco-2 cell and RBMEC monolay-
ers (i.e., Papp B-A �� Papp A-B). The Papp B-A/Papp A-B ratio of
Rh123 across Caco-2 and RBMEC monolayers was 33.72 and
12.10, respectively. The presence of CBD or VER signifi-
cantly decreased the transport of Rh123 across Caco-2 mono-
layers in B-A direction but increased the Rh123 transport in
the reverse direction (Fig. 6). These data indicated that the
treatments of 10 and 30 �M CBD resulted in 25.1 and 31.1%
decreases of Rh123 Papp B-A values and 75.6 and 116.7%
increases of Rh123 Papp A-B values, respectively (Table 2; p �
0.01). Regarding RBMECs, the effects of CBD on the trans-
port of Rh123 across the monolayers were similar to that
observed in Caco-2 cells (Fig. 7). After incubation for 120 min,
a 52.5% decrease of Papp B-A value and a 160.6% increase of

Fig. 2. Effects of THC, THC-COOH, CBN, and CBD on the VER-stimu-
lated ATPase in P-gp expressed membranes. A fixed concentration of
VER (10 �M) was incubated with different concentrations of cannabi-
noids. Values are the average of duplicate determinations.

Fig. 3. Effect of CBD on the intracellular accumulation of Rh123 (A) and
DOX (B) in Caco-2 cells. The intracellular accumulation of 5 �M Rh123
and 1 �M DOX in Caco-2 cells after 1-h incubation in the presence or
absence of 1, 3, 10, and 30 �M CBD, 30 �M VER, or 1 �M PSC833 was
determined as described under Materials and Methods. Each data value
is the mean with a bar representing S.D., n � 3. ��, p � 0.01 versus
control.

Fig. 4. Effect of CBD on the intracellular accumulation of Rh123 (A) and
DOX (B) in LLC-PK1 and LLC-PK1/MDR1 cells. Inhibitory effect of CBD
on P-gp function in LLC-PK1/MDR1 cells was assessed by measuring the
intracellular concentrations of Rh123 and DOX after incubation for 1 h in
the presence or absence of 5, 20, and 100 �M CBD. LLC-PK1 cells were
also included for the negative control. Each data value is the mean with
a bar representing S.D., n � 3. ��, p � 0.01 versus control.
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Papp A-B value compared with the vehicle control were ob-
served in the presence of 30 �M CBD (Table 2; p � 0.01).

Discussion
The P-gp-dependent ATPase assay is a widely used in vitro

method to investigate the affinity of compounds for P-gp
(Shapiro and Ling, 1994). It is unclear why some chemicals
(VER, vinblastine, and DOX) stimulate ATPase activity,
whereas others (cyclosporin A and PSC833) inhibit both
basal and VER-stimulated ATPase activity. One possible ex-
planation is that P-gp ATPase has catalytic and inhibitory
sites and that the different affinities of various compounds
for these two sites will determine whether P-gp ATPase is
stimulated or inhibited (Dey et al., 1997). Whatever alter-
ation of P-gp ATPase activity occurs (i.e., inhibition or stim-
ulation), it indicates that the compound has affinity for P-gp
and is a potential substrate and/or inhibitor. In the present
study, the ATPase assay was initially used to investigate the
possible interaction between P-gp and four major constitu-
ents in marijuana: the principal psychoactive constituent
THC and its metabolite THC-COOH; the major nonpsycho-
active constituent CBD; and another major cannabinoid,
CBN. The results indicated that all four compounds exhib-
ited some degree of ATPase stimulation. Compared with our
previous data testing various second-generation antipsy-
chotic drugs (Boulton et al., 2002), THC-COOH (Vmax/Km �
1.3) and CBN (Vmax/Km � 0.7) have comparable ATPase
activity with olanzapine (Vmax/Km � 0.8). Olanzapine was
later confirmed by our laboratory to be a P-gp substrate in in
vivo experiments using P-gp knockout mice [mdr1a/1b(�/�)
mice]. In that study, transgenic mice exhibited a 3-fold
higher brain-to-plasma concentration ratio of olanzapine
than control animals (Wang et al., 2004b). Two other canna-
binoids, THC and CBD, exhibited relatively lower ATPase
activities, with Vmax/Km values of 0.1 and 0.05, respectively.
In addition, no influences on VER-stimulated ATPase activ-

ity were observed in the presence of a series of concentrations
of THC-COOH, CBN, and THC. These findings suggested
that THC-COOH and CBN are likely P-gp substrates. These
two compounds may bind to the catalytic sites of ATPase to
stimulate ATPase activity. However, their affinities to P-gp
seem less than that of VER, because the ATPase activity
stimulated by 10 �M VER was not altered with coincubation
of THC-COOH and CBN, even at a concentration of 100 �M.
Interestingly, CBD had a potent inhibitory effect on the VER-
stimulated ATPase activity, which occurred in a concentra-
tion-dependent manner. Therefore, further in vitro experi-
ments were conducted in cell-culture models to determine
whether CBD is a P-gp inhibitor.

These data indicated that CBD significantly increased the
intracellular accumulation of Rh123 and DOX in Caco-2 and
LLC-PK1/MDR1 cells in a concentration-dependent manner
(Figs. 3 and 4). The P-gp inhibitory potency of CBD (IC50 �
8.44 � 0.58 �M), determined by flow-cytometry assay in
LLC-PK1/MDR1 cells, was much lower than that of PSC833
(IC50 � 0.38 � 0.03 �M) but comparable with that of another
classic P-gp inhibitor, VER (IC50 � 6.99 � 0.66 �M). It is
interesting that CBD seems to have a stronger effect on
increasing the intracellular accumulation of DOX than that
of Rh123 in both of the cell lines studied. The increase in the
intracellular accumulation of Rh123 and DOX in Caco-2 cells
produced by 30 �M CBD was 106.6 and 641.0% of control,
respectively, whereas in LLC-PK1/MDR1 cells, 100 �M CBD
produced 116.8 and 1321.0% effects of control, respectively.
The reason for this apparent substrate-dependent effect is a
matter of speculation but could be related to different affinity
of substrate and P-gp or caused by the participation of other
transporters. Other investigators have reported that some
influx transporters, including organic cation transporters,
which belong to solute carrier family 22 (SLC22), are also
expressed in Caco-2 and LLC-PK1/MDR1 cells and are in-
volved in the transport of Rh123 (Masereeuw et al., 1997; van
der Sandt et al., 2000). Organic cation transporter-mediated
Rh123 influx may be one of the reasons why Rh123 exhibits
less response for P-gp inhibitors than DOX.

A number of therapeutic drugs have been demonstrated to
be P-gp substrates. Physiological expression of P-gp in tis-
sues can be a major determinant of the disposition of these
drugs and provides a cellular defense mechanism against
potentially harmful compounds. Knockout mice devoid of
P-gp display large changes in the pharmacokinetics and
pharmacodynamics of many drugs that are P-gp substrates
(Schinkel et al., 1995a,b). Coadministration of P-gp inhibi-
tors, such as PSC833, GF120918, and VER, can potently
inhibit the function of P-gp in intestine and the BBB, and
result in dramatic increases of oral absorption and brain
entry of P-gp substrates (Mayer et al., 1997; Bardelmeijer et
al., 2000; Nakagami et al., 2005). Therefore, there is increas-
ing interest in the possible role of P-gp-mediated drug-drug
interactions on therapeutic drug efficacy and toxicity. It is
well known that P-gp is highly expressed on the apical mem-
brane of Caco-2 and RBMEC monolayers, resulting in a di-
rectional transport of P-gp substrates, i.e., higher transport
rate in the B-A direction and lower transport rate in the
reverse direction (Cordon-Cardo et al., 1989; Bendayan et al.,
2002). Thus, Caco-2 cells and RBMECs have been widely
used as in vitro models of intestinal absorption and BBB
transport. In this study, Caco-2 and RBMEC monolayers

Fig. 5. Comparison of the concentration-dependent P-gp inhibitory effect
of CBD, VER, and PSC833 by flow-cytometry assay. Flow cytometry was
used to measure the accumulation of Rh123 in LLC-PK1/MDR1 cells
after incubation with 2, 5, 10, 20, 50, and 100 �M CBD, 2, 5, 10, 20, 50,
and 100 �M VER, or 0.1, 0.2, 0.5, 1, 2, and 5 �M PSC833 for 1 h.
Inhibition of Rh123 efflux caused by the treatment of 5 �M PSC833 was
defined as 100% inhibition. Results are expressed as the mean with a bar
representing S.D., n � 3.
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were used to evaluate the potential for influence of CBD on
intestinal drug absorption and brain entry. As expected, the
data showed that CBD significantly decreased the Rh123
transport in the B-A direction, whereas it increased the
transport in the A-B direction in both Caco-2 and RBMEC
monolayers. The present results are consistent with the char-
acterization of CBD as a potent P-gp inhibitor, and at suffi-
cient concentrations CBD may significantly influence the
absorption and disposition of drugs that are P-gp substrates.
It has been reported that CBD pretreatment of mice in-
creased brain levels of THC, cocaine, and phencyclidine ap-
proximately 3-, 2-, and 4-fold, respectively (Reid and Born-
heim, 2001). Behavioral tests also indicated that the CBD-
mediated increases in the brain concentrations of these drugs

correlated with increased pharmacological responses (Reid
and Bornheim, 2001). The underlying mechanism of this
observation is not clear. However, the findings in the present
study, generated from several experimental methods, sug-
gest that CBD is a potent P-gp inhibitor that can dramati-
cally influence the transport of P-gp substrates in intestine
and BBB cellular models. Therefore, it is possible that the
increased THC brain concentration after pretreatment with
CBD may be due to P-gp inhibitory effects on BBB and P-gp
substrate status of THC.

One issue of importance when considering the possible
influence of P-gp inhibitors on the pharmacokinetics of coad-
ministered drugs is its inhibitory potency and the concentra-
tion that the tested P-gp inhibitor can attain with clinically
relevant dosing regimens or exposure in situations of sub-
stance abuse. As far as we know, the concentration of CBD
achieved within human tissues that express P-gp (brain,
liver, intestine, kidney, and placenta) remains unknown. The
mean plasma concentration has been reported to range from
18.8 to 35.6 nM after daily oral doses of CBD (10 mg/kg/day)
for 6 weeks in patients with Huntington’s disease (Consroe et
al., 1991). A recent study indicated that the mean maximal
concentration is approximately 3.0 nM obtained 60 min after
oral administration of cannabis extract containing 5.4 mg of
CBD (Nadulski et al., 2005). These concentrations are much
lower than its in vitro effective concentration (	3 �M). How-
ever, when assessed for some other investigational uses such
as potential anticancer activities, CBD may be given at a

TABLE 2
Effect of CBD on Papp of 5 �M Rh123 across Caco-2 and RBMEC monolayers
Results are reported as mean � S.D., n � 3.

Cell Inhibitor
Papp Papp B-A/Papp A-B

Ratio
B-A A-B

cm s�1 � 107

Caco-2 Vehicle 26.30 � 1.41 0.78 � 0.05 33.72
3 �M CBD 24.68 � 4.75 1.02 � 0.09* 24.20
10 �M CBD 19.69 � 0.92** 1.37 � 0.38** 14.37
30 �M CBD 18.13 � 1.99** 1.69 � 0.19** 10.73
100 �M VER 4.92 � 0.57** 1.92 � 0.50** 2.56

RBMEC Vehicle 11.98 � 0.30 0.99 � 0.09 12.10
30 �M CBD 5.69 � 0.23** 2.58 � 0.19** 2.21
100 �M VER 4.14 � 0.14** 3.24 � 0.10** 1.27

* p � 0.05, ** p � 0.01 versus vehicle control.

Fig. 6. Effect of CBD on the directional transport of Rh123 across Caco-2
cell monolayers. Rh123 (5 �M) was added to the basal (for B-A transport)
or apical side (for A-B transport) of Caco-2 cell monolayers, whereas 3, 10,
and 30 �M CBD or 100 �M VER were added to both sides of monolayers.
The amounts of Rh123 in the receiver compartment were determined at
15, 30, 60, 90, and 120 min after incubation. Each point represents the
mean � S.D. of three experiments.

Fig. 7. Effect of CBD on the directional transport of Rh123 across the
RBMEC monolayers. Rh123 (5 �M) was added to the donor compartment,
whereas 30 �M CBD or 100 �M VER was added to both the apical and
basal compartment. After 120-min incubation, concentration of Rh123 in
receiver compartment was determined to assess inhibition of P-gp medi-
ated Rh123 transport by CBD and VER. Data are expressed as percent-
age of the transport of Rh123 in B-A direction of control (n � 3). ��, p �
0.01 versus B-A control; ##, p � 0.01 versus A-B control.
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high dose and subsequently reach a higher concentration in
vivo, since CBD can be safely administrated to humans in
high doses without apparent toxicities (Grotenhermen,
2003). In addition, when given orally, CBD concentration in
the gastrointestinal tract may reach a level high enough to
produce a potent inhibitory effect on P-gp activity of intesti-
nal epithelium and result in the enhanced bioavailability of
P-gp substrates. Furthermore, since localized tissue accumu-
lation of lipophilic compounds commonly occurs, CBD tissue
concentration is expected to be higher than that in plasma.
Up to now, no details regarding in vivo CBD concentration in
marijuana abusers have been released. However, considering
the frequently extensive, and long-term heavy use of mari-
juana, it is a reasonable assumption that CBD concentration
may reach a much higher level in some heavy users than that
in patients treated at typical investigational doses. Consid-
ering that VER, which exhibited similar P-gp inhibitory po-
tency of CBD in our in vitro studies, can produce significant
in vivo P-gp inhibitory effects, it is a reasonable proposition
that CBD could exert significant inhibitory effects on P-gp in
vivo and result in the alteration of pharmacokinetics and
pharmacodynamics of other drugs. However this requires
confirmation by further in vivo experiments in animal
models.

CBD is the major nonpsychoactive constituent in mari-
juana and exhibits many pharmacological properties, sug-
gesting putative anticonvulsant, anxiolytic, antipsychotic,
antinauseant, and anti-inflammatory effects (Mechoulam et
al., 2002). Because of its lack of psychoactive activity, CBD
may be a potential candidate for various clinical applications.
Recent studies indicated that CBD can limit tumor growth in
vitro and in vivo by inducing programmed cell death and can
also inhibit tumor migration through a cannabinoid receptor-
independent mechanism (Massi et al., 2004; Vaccani et al.,
2005). It is well known that P-gp-related MDR is one of the
major problems associated with anticancer chemotherapy.
One strategy for reversal of P-gp-mediated MDR is combined
use of anticancer drugs with P-gp inhibitors. The MDR re-
versal effect of P-gp inhibitors VER and PSC833, and others,
has been proven in both laboratory and clinical studies (Ad-
vani et al., 2001; Baekelandt et al., 2001). Therefore, the P-gp
reversal property of CBD could be a valuable compliment to
its possible direct anticancer applications.

The molecular mechanism of P-gp inhibition by CBD can-
not be clearly revealed from our present studies. However,
since CBD significantly inhibits the ATPase activity stimu-
lated by P-gp substrate VER, one hypothesis is that CBD
binds to a specific site of P-gp to inhibit the activation of
ATPase stimulated by P-gp substrates and subsequently de-
creases the energy requirement for the transport of P-gp
substrates, resulting in the inhibition of P-gp function.

In summary, a variety of in vitro methodologies and cell
lines were used to assess the interactions of P-gp and four
major marijuana constituents: THC, THC-COOH, CBN, and
CBD. The data generated suggested that all four cannabi-
noids, especially THC-COOH and CBN, are potential P-gp
substrates, which implies that their pharmacokinetics and
pharmacodynamics may be affected by different gene types of
MDR1 or coadministration of P-gp inhibitors. Furthermore,
experiments based on P-gp-expressed cells, Caco-2, LLC-
PK1/MDR1, and RBMECs, demonstrated that CBD exhibits
a potent P-gp inhibitory effect, suggesting that CBD could

potentially influence the absorption and disposition of other
coadministered compounds that are P-gp substrates.

References
Abbott NJ, Hughes CC, Revest PA, and Greenwood J (1992) Development and

characterisation of a rat brain capillary endothelial culture: towards an in vitro
blood-brain barrier. J Cell Sci 103:23–37.

Advani R, Fisher GA, Lum BL, Hausdorff J, Halsey J, Litchman M, and Sikic BI
(2001) A phase I trial of doxorubicin, paclitaxel and valspodar (PSC 833), a
modulator of multidrug resistance. Clin Cancer Res 7:1221–1229.

Baekelandt M, Lehne G, Trope CG, Szanto I, Pfeiffer P, Gustavssson B, and Kris-
tensen GB (2001) Phase I/II trial of the multidrug-resistance modulator valspodar
combined with cisplatin and doxorubicin in refractory ovarian cancer. J Clin Oncol
19:2983–2993.

Bardelmeijer HA, Beijnen JH, Brouwer KR, Rosing H, Nooijen WJ, Schellens JH,
and van Tellingen O (2000) Increased oral bioavailability of paclitaxel by
GF120918 in mice through selective modulation of P-glycoprotein. Clin Cancer Res
6:4416–4421.

Bendayan R, Lee G, and Bendayan M (2002) Functional expression and localization
of P-glycoprotein at the blood brain barrier. Microsc Res Tech 57:365–380.

Boulton DW, DeVane CL, Liston HL, and Markowitz JS (2002) In vitro P-
glycoprotein affinity for atypical and conventional antipsychotics. Life Sci 71:163–
169.

Compton WM, Grant BF, Colliver JD, Glantz MD, and Stinson FS (2004) Prevalence
of marijuana use disorders in the United States: 1991–1992 and 2001–2002. J Am
Med Assoc 291:2114–2121.

Consroe P, Laguna J, Allender J, Snider S, Stern L, Sandyk R, Kennedy K, and
Schram K (1991) Controlled clinical trial of cannabidiol in Huntington’s disease.
Pharmacol Biochem Behav 40:701–708.

Cordon-Cardo C, O’Brien JP, Casals D, Rittman-Grauer L, Biedler JL, Melamed MR,
and Bertino JR (1989) Multidrug-resistance gene (P-glycoprotein) is expressed by
endothelial cells at blood-brain barrier sites. Proc Natl Acad Sci USA 86:695–698.

Dey S, Ramachandra M, Pastan I, Gottesman MM, and Ambudkar SV (1997) Evi-
dence for two nonidentical drug-interaction sites in the human P-glycoprotein.
Proc Natl Acad Sci USA 94:10594–10599.

Evers R, Zaman GJ, van Deemter L, Jansen H, Calafat J, Oomen LC, Oude Elferink
RP, Borst P, and Schinkel AH (1996) Basolateral localization and export activity of
the human multidrug resistance-associated protein in polarized pig kidney cells.
J Clin Investig 97:1211–1218.

Fardel O, Morel F, and Guillouzo A (1993) P-glycoprotein expression in human,
mouse, hamster and rat hepatocytes in primary culture. Carcinogenesis 14:781–
783.

Fromm MF (2002) The influence of MDR1 polymorphisms on P-glycoprotein expres-
sion and function in humans. Adv Drug Deliv Rev 54:1295–1310.

Gatmaitan ZC and Arias IM (1993) Structure and function of P-glycoprotein in
normal liver and small intestine. Adv Pharmacol 24:77–97.

Grotenhermen F (2003) Pharmacokinetics and pharmacodynamics of cannabinoids.
Clin Pharmacokinet 42:327–360.

Hampson AJ, Grimaldi M, Lolic M, Wink D, Rosenthal R, and Axelrod J (2000)
Neuroprotective antioxidants from marijuana. Ann NY Acad Sci 899:274–282.

Kartner N, Shales M, Riordan JR, and Ling V (1983) Daunorubicin-resistant Chi-
nese hamster ovary cells expressing multidrug resistance and a cell-surface P-
glycoprotein. Cancer Res 43:4413–4419.

Killestein J, Uitdehaag BM, and Polman CH (2003) Cannabinoids and immune
function. J Am Med Assoc 290:754, 755.

Lieberman DM, Reithmeier RA, Ling V, Charuk JH, Goldberg H, and Skorecki KL
(1989) Identification of P-glycoprotein in renal brush border membranes. Biochem
Biophys Res Commun 162:244–252.

Masereeuw R, Moons MM, and Russel FG (1997) Rhodamine 123 accumulates
extensively in the isolated perfused rat kidney and is secreted by the organic cation
system. Eur J Pharmacol 321:315–323.

Massi P, Vaccani A, Ceruti S, Colombo A, Abbracchio MP, and Parolaro D (2004)
Antitumor effects of cannabidiol, a nonpsychoactive cannabinoid, on human gli-
oma cell lines. J Pharmacol Exp Ther 308:838–845.

Mayer U, Wagenaar E, Dorobek B, Beijnen JH, Borst P, and Schinkel AH (1997) Full
blockade of intestinal P-glycoprotein and extensive inhibition of blood-brain bar-
rier P-glycoprotein by oral treatment of mice with PSC833. J Clin Investig 100:
2430–2436.

Mechoulam R, Parker LA, and Gallily R (2002) Cannabidiol: an overview of some
pharmacological aspects. J Clin Pharmacol 42:11S–19S.

Nadulski T, Pragst F, Weinberg G, Roser P, Schnelle M, Fronk EM, and Stadelmann
AM (2005) Randomized, double-blind, placebo-controlled study about the effects of
cannabidiol (CBD) on the pharmacokinetics of �9-tetrahydrocannabinol (THC)
after oral application of THC verses standardized cannabis extract. Ther Drug
Monit 27:799–810.

Nakagami T, Yasui-Furukori N, Saito M, Tateishi T, and Kaneo S (2005) Effect of
verapamil on pharmacokinetics and pharmacodynamics of risperidone: in vivo
evidence of involvement of P-glycoprotein in risperidone disposition. Clin Phar-
macol Ther 78:43–51.

Pertwee RG and Ross RA (2002) Cannabinoid receptors and their ligands. Prosta-
glandins Leukot Essent Fatty Acids 66:101–121.

Reid MJ and Bornheim LM (2001) Cannabinoid-induced alterations in brain dispo-
sition of drugs of abuse. Biochem Pharmacol 61:1357–1367.

Robson P (2001) Therapeutic aspects of cannabis and cannabinoids. Br J Psychiatry
178:107–115.

Schinkel AH, Mol CA, Wagenaar E, van Deemter L, Smit JJ, and Borst P (1995a)
Multidrug resistance and the role of P-glycoprotein knockout mice. Eur J Cancer
31A:1295–1298.

Schinkel AH, Wagenaar E, van Deemter L, Mol CA, and Borst P (1995b) Absence of

856 Zhu et al.



the mdr1a P-glycoprotein in mice affects tissue distribution and pharmacokinetics
of dexamethasone, digoxin and cyclosporin A. J Clin Investig 96:1698–1705.

Shapiro AB and Ling V (1994) ATPase activity of purified and reconstituted P-
glycoprotein from Chinese hamster ovary cells. J Biol Chem 269:3745–3754.

Smit JW, Weert B, Schinkel AH, and Meijer DK (1998) Heterologous expression of
various P-glycoproteins in polarized epithelial cells induces directional transport
of small (type 1) and bulky (type 2) cationic drugs. J Pharmacol Exp Ther 286:
321–327.

Tramer MR, Carroll D, Campbell FA, Reynolds DJ, Moore RA, and McQuay HJ
(2001) Cannabinoids for control of chemotherapy induced nausea and vomiting:
quantitative systematic review. BMJ 323:16–21.

Vaccani A, Massi P, Colombo A, Rubino T, and Parolaro D (2005) Cannabidiol
inhibits human glioma cell migration through a cannabinoid receptor-independent
mechanism. Br J Pharmacol 144:1032–1036.

van Bree JB, de Boer AG, Danhof M, Ginsel LA, and Breimer DD (1988) Character-
ization of an “in vitro” blood-brain barrier: effects of molecular size and lipophi-
licity on cerebrovascular endothelial transport rates of drugs. J Pharmacol Exp
Ther 247:1233–1239.

van der Sandt IC, Blom-Roosemalen MC, de Boer AG, and Breimer DD (2000)
Specificity of doxorubicin versus rhodamine-123 in assessing P-glycoprotein func-

tionality in the LLC-PK1, LLC-PK1:MDR1 and Caco-2 cell lines. Eur J Pharm Sci
11:207–214.

van Helvoort A, Smith AJ, Sprong H, Fritzsche I, Schinkel AH, Borst P, and van
Meer G (1996) MDR1 P-glycoprotein is a lipid translocase of broad specificity,
while MDR3 P-glycoprotein specifically translocates phosphatidylcholine. Cell 87:
507–517.

Wang JS, DeVane CL, Donovan JL, Gibson BB, Gefroh HA, and Markowitz JS
(2004a) Cannabinoids stimulate ATPase activity of P-glycoprotein. Neuropsycho-
pharmacology 29 (Suppl 1):S73.

Wang JS, Taylor R, Ruan Y, Donovan JL, Markowitz JS, and Lindsay De Vane C
(2004b) Olanzapine penetration into brain is greater in transgenic Abcb1a P-
glycoprotein-deficient mice than FVB1 (wild-type) animals. Neuropsychopharma-
cology 29:551–557.

Zhu HJ and Liu GQ (2003) Effect of E6, a novel calmodulin inhibitor, on activity of
P-glycoprotein in purified primary cultured rat brain microvessel endothelial cells.
Acta Pharmacol Sin 24:1143–1149.

Address correspondence to: Dr. C. Lindsay DeVane, Laboratory of Drug
Disposition and Pharmacogenetics, Medical University of South Carolina, 173
Ashley Ave., Rm 405B, Charleston, SC 29425. E-mail: devanel@musc.edu

CBD Inhibits P-gp Activity 857


