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a b s t r a c t

Cannabis is the most widely used illicit drug in the world. Cannabinoids are used ther-

apeutically by some patients as they have analgesic, anti-emetic and appetite stimulant

properties which palliate adverse symptoms. Use of these agents in an oncology setting

raises the question of whether they act to modulate the effectiveness of concurrently

administered anti-cancer drugs. The transporter, P-glycoprotein (P-gp) confers multiple

drug resistance (MDR) by effluxing a diverse array of anti-cancer agents. This study was

undertaken to examine the effect of cannabinoids on P-gp. Unlike the known P-gp inhibitor,

PSC833, short 1 h exposure to three plant-derived cannabinoids, cannabinol (CBN), canna-

bidiol (CBD) and D9-tetrahydrocannabinol (THC) and the synthetic cannabinoid receptor

agonist, WIN55, 212-2 (WIN) did not inhibit the efflux of the P-gp substrate Rhodamine 123

(Rh123) in either a drug-selected human T lymphoblastoid leukaemia cell line (CEM/VLB100)

or in a mouse fibroblast MDR1 transfected cell line (77.1). However, in CEM/VLB100 cells,

prolonged 72 h exposure to the cannabinoids, THC and CBD, decreased P-gp expression to a

similar extent as the flavonoid, curcumin (turmeric). This correlated with an increase in

intracellular accumulation of Rh123 and enhanced sensitivity of the cells to the cytotoxic

actions of the P-gp substrate, vinblastine. Taken together, these results provide preliminary

evidence that cannabinoids do not exacerbate P-gp mediated MDR. Further, plant-derived

cannabinoids are moderately effective in reversing MDR in CEM/VLB100 cells by decreasing

P-gp expression.

# 2006 Elsevier Inc. All rights reserved.

avai lable at www.sc iencedi rec t .com

journal homepage: www.e lsev ier .com/ locate /b iochempharm
* Corresponding author at: The Department of Pharmacology, Bosch 1B D05, The University of Sydney, NSW 2006, Australia.
Tel.: +61 2 90365361; fax: +61 2 93512658.

E-mail address: arnie@med.usyd.edu.au (J.C. Arnold).

0006-2952/$ – see front matter # 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.bcp.2005.12.033



b i o c h e m i c a l p h a r m a c o l o g y 7 1 ( 2 0 0 6 ) 1 1 4 6 – 1 1 5 4 1147
1. Introduction

Cannabinoids are plant-derived, synthetic or endogenous

compounds that produce their pharmacological actions by

interacting with the endocannabinoid system [1]. In recent

times there has been a resurgence of interest in the

therapeutic application of cannabinoids with many govern-

ments decriminalizing the use of these compounds for

medicinal purposes. Indeed, clinical studies have provided

evidence for the effectiveness of cannabinoids in treating

conditions such as multiple sclerosis [2] and chronic

neuropathic pain [3]. In the treatment of cancer, the

analgesic, anti-emetic and mood enhancing qualities of

cannabinoids have justified their use as palliative care

agents [4]. The emerging use of cannabinoids in this context

raises the important question of whether they act to

modulate the effectiveness of concurrently administered

anti-cancer treatments.

One of the major issues influencing the outcome of

anticancer treatment is the ability of tumour cells to develop

resistance to chemotherapeutic agents [5]. Of particular

concern is the phenomenon of multiple drug resistance

(MDR). This form of resistance results from a mechanism

that simultaneously confers resistance to many xenobiotics

despite an unrelated chemical structure or target of action [6].

The most extensively characterised mechanism of MDR

results from the over-expression of the ATP-binding cassette

transporter, P-glycoprotein (P-gp). P-gp acts in an energy

dependent manner to efflux a diverse range of large,

hydrophobic, clinically employed anticancer agents such as

anthracyclines, vinca alkaloids, taxol and podophyllotoxin

derivatives [7]. Efflux prevents intracellular accumulation of

the anticancer agents and subsequent interaction with their

respective drug targets.

Clinical studies have demonstrated that human tumours

arising from tissues which constitutively express P-gp are

inherently multidrug resistant [8]. P-gp expression is also

found de novo in a variety of lymphomas and leukaemias, or

on relapse following chemotherapy induction [9]. The expres-

sion of P-gp is considered an adverse prognostic factor in adult

acute myeloid leukaemia as it is strongly correlated with a

reduced remission rate and a higher incidence of refractory

disease [10,11]. Given the clinical relevance of P-gp mediated

MDR, considerable effort has been expended in developing

compounds capable of modulating P-gp activity as a means of

reversing the MDR phenotype. Such compounds have two

potential mechanisms through which they may act to increase

the accumulation and efficacy of chemotherapeutic agents: (1)

functional inhibition of P-gp mediated transport and/or (2) a

reduction in P-gp expression.

There have been many functional inhibitors of P-gp

identified, including verapamil [12] and PSC833 [13]. However,

the results of clinical trials with these agents were disappoint-

ing due to dose limiting toxic effects of the modulator [14] or

increased toxicity of the co-administered chemotherapies [15].

Considerably fewer compounds that down-regulate P-gp

expression have been identified. Two such compounds are

curcumin [16,17] and Ecteinascidin-743 (Et-743) [18]. However,

neither of these compounds are yet to reach the clinical trial

stage of development for their MDR modulating properties.
Accordingly, the search for clinically applicable P-gp mod-

ulators continues.

Over 60 different cannabinoid compounds are produced by

the cannabis plant, Cannabis sativa. Three well-characterized

plant-derived cannabinoids are the main psychoactive con-

stituent, D
9-tetrahydrocannabinol (THC), cannabidiol (CBD)

and cannabinol (CBN). It has been previously reported that

CBN (6.44 mM) and CBD (6.34 mM) functionally inhibit P-gp

mediated efflux of the fluorescent substrate Rhodamine 123

(Rh123) in a MDR1 transfected mouse T lymphoma cell line

(L5178) [19]. Given the need to find a clinically applicable MDR

reversal agent this preliminary finding warrants further

investigation. Furthermore, the increasing use of cannabi-

noids in the palliative care of cancer patients reinforces the

need for studies assessing the interaction of these drugs with

proteins responsible for MDR, such as P-gp.

The present study was undertaken to further characterize

the ability of cannabinoids to act as P-gp mediated MDR

reversal agents. Three plant-derived cannabinoids, CBN, CBD

and THC and the synthetic cannabinoid, WIN55, 212-2 (WIN)

were assayed for their ability to act as functional inhibitors of

P-gp. In addition, the possibility that CBD and THC may down-

regulate P-gp expression in a drug selected human T

lymphoblastoid cell line was investigated.
2. Materials and methods

2.1. Cell lines and culture conditions

The acute T lymphoblastoid leukaemia cell line (CCRF-CEM)

and the P-gp over expressing, multidrug resistant sub line

(CEM/VLB100), were kindly donated by Prof. M. Haber (Chil-

dren’s Cancer Institute Australia, Sydney, NSW, Australia).

The CEM/VLB100 cell line expresses high levels of P-gp as a

result of MDR1 gene amplification [20,21]. Both cell lines were

cultured in RPMI-1640 (Invitrogen Australia, Mount Waverly,

VIC) supplemented with 10% (v/v) foetal calf serum (FCS)

(Invitrogen Australia, Mount Waverly, VIC). Cell density was

maintained between 105 and 106 cells/ml, and cultures were

limited to 12 consecutive passages. Mouse 77.1 fibroblast cells

lacking functional Mdr1a and Mdr1b genes and transfected

with human MDR1 cDNA [22] were kindly provided by Prof. A.

Schinkel (Netherlands Cancer Institute, Amsterdam). These

cells were cultured in Dulbecco’s Modified Eagle Medium

(DMEM) (Invitrogen Australia, Mount Waverly, VIC) supple-

mented with 10% (v/v) FCS. Cell cultures were maintained

within the exponential phase of growth. Cell cultures were

maintained within the exponential phase of growth in a

humidified atmosphere of 95% air, 5% CO2 at 37 8C.

2.2. Cell viability assays

The MTS assay is a colorimetric assay for mitochondrial

oxidative metabolism that is used as a measure of cell

viability. In order to determine the maximum sub-lethal

concentrations of CBN, CBD (Australian Government Analy-

tical Laboratories, Pymble, NSW), THC (Sigma–Aldrich, Syd-

ney, NSW) and WIN (kindly donated by A/Prof. I. McGregor,

Department of Psychology, University of Sydney, NSW,
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Australia), CCRF-CEM or CEM/VLB100 cells were plated at

5 � 104 cells/well in 96-well plates under the culture condi-

tions described above and exposed to increasing doses of the

cannabinoids for 72 h. The ethanol concentration was 0.1% (v/

v) for all treatments. CellTiter 961 AQueous MTS Reagent

(Promega Corporation, Annandale, NSW) mixed 20:1 with

phenazine methosulfate (Sigma–Aldrich, Sydney, NSW) was

added to a final concentration of 10% (v/v). The plates were

incubated for 4 h at 37 8C and the production of the formazan

product monitored by measuring the A490 on a Bio-rad 3550

Microplate Reader. The concentration required to inhibit cell

growth by 50% (IC50) was calculated using GraphPad1 Prism.

The MTS assay was also used to assess whether canna-

binoids alter the potency of the antiproliferative effects of

vinblastine. CCRF-CEM or CEM/VLB100 cells were exposed to

0.1 nM to 10 mM vinblastine sulfate (Sigma–Aldrich, Sydney,

NSW) for 72 h, either alone, or in the presence of sub-lethal

concentrations of verapamil hydrochloride, CBD or THC

(10 mM). The dose of verapamil employed in this study has

previously been shown to be sub-toxic in both the CCRF-CEM

and CEM/VLB100 cell lines [23].

2.3. Rhodamine accumulation assays

CCRF-CEM or CEM/VLB100 cells (5 � 105/sample) were incu-

bated with vehicle, PSC833 (1 mM) (Novartis, Sydney, NSW),

CBN, CBD, THC (0.1–10 mM), or WIN (0.03–3 mM) for 10 min prior

to the addition of Rh123 (1 mM) (Invitrogen Australia, Mount

Waverly, VIC) and then further incubated for 60 min in the

dark, at 37 8C. A final concentration of 0.13% (v/v) ethanol was

used for all experiments and controls. Cells were then

transferred to ice and maintained at 0 8C for all subsequent

steps. The cells were washed in PBS containing FCS (1% v/v),

and propidium iodide (0.5 mg/ml) (Sigma–Aldrich, Sydney

NSW) was added. Cells were analysed on a FACScan flow

cytometer with a 488 nm argon laser using CellQuestTM

software (BD, Sydney, NSW). Rh123 fluorescence was mea-

sured by a 530 nm band-pass filter and propidium iodide

fluorescence measured with a 585 nm band-pass filter. Gates

were set to exclude propidium iodide positive cells and clumps

and debris on the basis of forward and side scatter.

Mouse 77.1 fibroblasts were plated at 5 � 104 cells/well into

24-well plates and allowed to attach overnight. The medium

was then removed and replaced with medium containing

either vehicle, PSC833 (1 mM), CBN (10 mM), CBD (10 mM) THC

(10 mM) or WIN (3 mM) and allowed to incubate for 10 min at

37 8C before the addition of Rh123 (1 mM). A final concentration

of 0.15% (v/v) ethanol was used for all experiments and

controls. Cells were incubated in the dark for 60 min at 37 8C,

then transferred to ice and maintained at 0 8C whilst they were

harvested by treatment with trypsin–EDTA for 15 min,

dislodged by pipetting, washed and analysed as described

above.

CEM/VLB100 cells at 9 � 104 cells/ml were treated with

vehicle, verapamil (10 mM), curcumin (10 mM) (Sigma–Aldrich,

Sydney, NSW), CBD or THC (1–10 mM) for 72 h. Cells were then

harvested by centrifugation and washed several times in PBS

to ensure complete removal of the compounds. Cells were

incubated with Rh123 (1 mM) in the dark for 60 min, 37 8C,

washed and analysed as described above.
2.4. Protein extraction and Western blot analysis

Crude membrane preparations were extracted from CEM/

VLB100 cells treated with vehicle, curcumin (10 mM), CBD or

THC (0.1–1 mM) for 72 h by resuspending the cells in homo-

genisation buffer (30 mM Tris–HCl, pH 7.4, 1 mM EDTA, 1 mM

EGTA, 1 mM phenylmethylsulfonyl flouride containing mini-

protease inhibitor cocktail (Roche Diagnostics, Castle Hill,

NSW)) and incubating on ice for 45 min. Cells were then

centrifuged at 19 000 rpm for 30 min at 4 8C and the resulting

pellet resuspended in homogenisation buffer containing

Triton X-100 (1% v/v) and incubated at 4 8C for 1 h before

being centrifuged again at 19 000 rpm for 30 min at 4 8C. The

supernatant containing the membrane fraction was collected

and analysed for its protein concentration using the Pierce

BCA Protein Assay Kit (Progen Biosciences, Archerfield, QLD).

Whole cell lysates were prepared from CEM/VLB100 cells

treated for 72 h with vehicle, curcumin (10 mM), CBD or THC

(0.1–10 mM) by resuspending the cells in lysis buffer (10 mM

Tris–HCl, pH 7.4, 10 mM KCl, 1.5 mM MgCl2, 1% (v/v) Triton X-

100 containing mini-protease inhibitor cocktail). Several

cycles of freeze–thaw were undertaken before nuclei were

pelleted by centrifugation at 14 000 rpm for 5 min at 4 8C and

the supernatant containing cellular proteins collected. Protein

concentration was determined using the Pierce BCA Protein

Assay Kit.

Cell membrane (2.5 mg/lane) or whole cell lysate (20 mg/

lane) proteins were separated on a SDS-polyacrylamide gel

(10% v/v) and immunoblotted onto a PVDF membrane (Bio-Rad

Laboratories, Regents Park, NSW). The membranes were

blocked overnight in 10% skim milk powder. For P-gp

detection, the membranes were incubated sequentially with

Zymed Mouse anti-Multidrug Resistance 1 + 3, clone C219

(BioScientific Pty Ltd, Gymea, NSW) and Anti-Mouse IgG

(H + L), HRP Conjugate (Promega Corporation, Annandale,

NSW). Alpha tubulin was detected by sequential incubation

with Abcam rat monoclonal YL1/2 anti-alpha tubulin antibody

(Sapphire Biosciences Pty Ltd, Redfern, NSW) and Anti-Rat IgG

(H + L), HRP conjugate (Santa Cruz Biotechnology Inc, Santa

Cruz, California). Proteins were detected with Pierce Super-

Signal West Dura Extended Duration Substrate (Progen

Biosciences, Archerfield, QLD) and the membranes visualised

using a KodakTM Image Station 440CF (Perkin-Elmer Life

Sciences, Melbourne, VIC). Densiometry was performed using

KODAK 1D Image Analysis Software, version 3.6. The densio-

metric values for P-gp in whole cell lysates were normalised to

the respective value for alpha tubulin to ensure that any

variation in loading between samples was compensated for.

Equal loading and transfer of protein was confirmed for the

membrane extracts using SYPRO1 Ruby protein blot stain

(Invitrogen Australia, Mount Waverly, VIC), as the extraction

method employed precluded the use of a cytoplasmic house-

keeping protein such as alpha tubulin.

2.5. Statistical analysis

Data are expressed as the mean + S.E.M. from at least three

independent experiments. Differences between the means

were analysed using an unpaired Student’s t-test. Two-factor

analysis of variance (ANOVA) was also performed to examine
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Table 1 – The highest non-toxic dose and IC50 for
cannabinoid compounds in CCRF-CEM and CEM/VLB100

cells

Compound IC50 � S.E.M. Highest non-lethal
dose (mM)

CCRF-CEM

CBN (mM) 36 � 0.9 24

CBD (mM) 22 � 0.6 13

THC (mM) 38 � 1.3 24

WIN (mM) 13.5 � 0.2 3.5

Vinblastine (nM) 4.8 � 0.9 ND

Colchicine (nM) 7.8 � 0.5 ND

CEM/VLB100

CBN (mM) 38 � 1.0 24

CBD (mM) 20 � 0.7 13

THC (mM) 39 � 1.7 24

WIN (mM) 16 � 0.6 4

Vinblastine (nM) 610 � 60.5 ND

Colchicine (nM) 438 � 64.1 ND

Data is derived from three independent experiments, each

performed in quadruplicate and expressed as the mean � S.E.M.

IC50. Vinblastine and colchicine are known P-gp substrates. ND:

not determined.
any differences in the effects of the cannabinoids on P-gp

expression in crude membrane versus whole cell lysate

extracts. Results are denoted according to significance;

*p < 0.05, **p < 0.01, ***p < 0.001.
Fig. 1 – The effect of cannabinoids on the accumulation of

Rh123 in CEM/VLB100 cells. The data for each cannabinoid:

(A) CBN, (B) CBD, (C) THC, (D) WIN is derived from three

independent experiments performed in quadruplicate and

expressed as the mean percentage Rh123

accumulation + S.E.M. of the vehicle treated, drug

sensitive CCRF-CEM cell line. PSC833 (1 mM PSC) was

employed as a positive control for P-gp efflux inhibition.

d.f. = 4, *p < 0.05, **p < 0.01, ***p < 0.001.
3. Results

3.1. Determining the highest sublethal dose

The MTS assay of cell viability was employed to determine the

maximum sub-toxic dose of the cannabinoid compounds.

Table 1 shows the maximum concentration of each compound

for which 100% cell viability was maintained. There was no

significant difference in the IC50 between the CCRF-CEM and

CEM/VLB100 cell lines for any of the cannabinoid compounds

assayed. There was, however, a significant increase in the IC50

for the known P-gp substrates, vinblastine and colchicine in

the CEM/VLB100 compared to CCRF-CEM cells, consistent with

these drugs being subject to P-gp mediated efflux.

3.2. Cannabinoid effects on P-gp efflux activity

In order to examine the effect of cannabinoids on the efflux

activity of P-gp the intracellular accumulation of Rh123, a

fluorescent P-gp substrate, was assayed by flow cytometry. As

can be seen in Fig. 1, Rh123 accumulation in the high P-gp

expressing, CEM/VLB100 cells was significantly reduced com-

pared to the parental CCRF-CEM cell line. This is consistent

with the relative level of P-gp expression observed by Western

blot where the CEM/VLB100 cells express high levels of P-gp

compared to the non-drug selected CCRF-CEM cell line in

which P-gp was not detected (data not shown). The potent P-

gp inhibitor, PSC833, restored Rh123 accumulation in the CEM/

VLB100 cells to that of the CCRF-CEM cell line. However,

exposure to sub-lethal concentrations of the cannabinoids,
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Fig. 2 – The effect of cannabinoids on Rh123 accumulation

in MDR1 transfected 77.1 cells. The data is derived from

three independent experiments performed in

quadruplicate and expressed as the mean relative Rh123

accumulation + S.E.M. of vehicle treated cells. PSC833

(1 mM PSC) was employed as a positive control for P-gp

efflux inhibition. d.f. = 6, *p < 0.05, **p < 0.01, ***p < 0.001.

Table 2 – The effect of cannabinoids on vinblastine
cytotoxicity in CCRF-CEM and CEM/VLB100 cells

Modulator IC50 (nM) Fold
reversal

Statistical
significance

CCRF-CEM

Vehicle 4.8 � 0.5 –

10 mM verapamil 3.1 � 0.4 1.5 NS

10 mM CBD 4.4 � 0.8 1.1 NS

10 mM THC 4.7 � 0.6 1.0 NS

CEM/VLB100

Vehicle 609.8 � 34.9 –

10 mM verapamil 23.1 � 8.0 26.4 ***

10 mM CBD 188.9 � 34.9 3.2 ***

10 mM THC 218.5 � 43.1 2.8 ***

Data is derived from three independent experiments performed in

quadruplicate and expressed as the mean � S.E.M. IC50 for

vinblastine. Verapamil is a P-gp inhibitor that was employed as a

positive control. Results are expressed relative to the vehicle

treated group for the corresponding cell line. NS: not significantly

different to vehicle. d.f. = 4, *p < 0.05, **p < 0.01, ***p < 0.001.
CBN, CBD, THC and WIN for 1 h did not reduce the Rh123

accumulation deficit observed in the CEM/VLB100 cell line.

Rather, the cannabinoids promoted a small but significant

decrease in Rh123 accumulation (Fig. 1A–D). This decrease in

Rh123 accumulation is unlikely to be mediated by cannabinoid

enhancement of P-gp substrate transport as the cannabinoids

also produced a similar effect on Rh123 accumulation in the

CCRF-CEM cells (data not shown).

It has been reported that similar concentrations of CBN and

CBD reversed P-gp mediated efflux of Rh123 in a MDR1

transfected cell line [19]. As our findings conflict with this

previous report, we assayed the effect of cannabinoids on

Rh123 accumulation in MDR1 transfected mouse 77.1 fibro-

blast cells that lack functional Mdr1a and Mdr1b genes [22]. As

shown in Fig. 2, the P-gp inhibitor, PSC833, markedly increased

Rh123 accumulation compared to the vehicle treated cells.

However, none of the cannabinoids increased the accumula-

tion of Rh123 relative to vehicle.

3.3. The effect of cannabinoids on vinblastine cytotoxicity

As short incubation periods with cannabinoids were ineffec-

tive in modulating P-gp, we then decided to examine the

effects of longer incubation times on P-gp activity. We did this

first by observing the effect of concurrent cannabinoid

exposure on the cytotoxicity of the P-gp substrate vinblastine.

In these studies we chose to focus on THC and CBD as these

compounds are those found abundantly in the plant and also

in new formulations being increasingly used by patients such

as Sativex1 [24,25]. Table 2 displays the IC50 of vinblastine and

the fold reversal of resistance compared to the vehicle treated

controls. In the CEM/VLB100 cell line, verapamil was the most

effective at reversing P-gp mediated resistance, producing a

26.4 fold reduction in the IC50 of vinblastine. At a concentra-

tion of 10 mM both CBD and THC reduced the IC50 of vinblastine

by approximately three-fold. This effect was unique to the

CEM/VLB100 cell line, as neither of the cannabinoids nor
verapamil significantly affected the IC50 of vinblastine in the

CCRF-CEM cell line. This finding suggests that the reversal of

resistance to vinblastine upon exposure to these cannabinoids

is P-gp specific.

3.4. Seventy-two-hour cannabinoid exposure reduces P-gp
expression levels

Since 1 h exposure to cannabinoids did not affect Rh123

accumulation, the observed increase in vinblastine potency

after 72 h co-incubation with the cannabinoids is unlikely

to be mediated by direct inhibition of P-gp substrate

transport. In order to test whether the increase in vinblas-

tine potency after 72 h co-incubation with cannabinoids is

due to a reduction in P-gp expression, we employed two

methods.

The first measured the functional consequences of long-

term cannabinoid pre-exposure on P-gp activity without

cannabinoids being present at the time of testing. In order to

do this, CEM/VLB100 cells were incubated with cannabinoids

for 72 h then thoroughly washed, before the accumulation of

Rh123 was assessed in the absence of cannabinoids.

Accordingly, any effects observed on Rh123 accumulation

are likely to result from the effects of cannabinoid pre-

exposure on the amount of P-gp present in the cell

membrane, as they cannot be attributed to any direct

cannabinoid modulation of P-gp transport. Verapamil, an

inhibitor of P-gp efflux activity was employed as a control to

demonstrate that all compounds had been completely

removed and that any observed effects were not due to

direct inhibition of P-gp efflux activity. Curcumin is a

compound found in turmeric that down-regulates P-gp

expression after 72 h exposure [16]. It was used in the

present context to demonstrate that down-regulation of P-gp

expression would increase Rh123 accumulation in the CEM/

VLB100 cells. As shown in Fig. 3, verapamil did not

significantly affect Rh123 accumulation indicating that all

compounds had been adequately removed from the cells

prior to exposure to the substrate. The cannabinoids, CBD
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Fig. 3 – The effect of pre-incubation with cannabinoids

for 72 h on Rh123 accumulation in CEM/VLB100 cells.

The data is representative of the mean percentage +

S.E.M. Rh123 accumulation of vehicle treated cells from

three independent experiments, each performed in

quadruplicate. Verapamil was employed as a control to

demonstrate that effects are not the result of functional

inhibition. Curcumin was employed as a control for down-

regulation of P-gp expression. d.f. = 4, *p < 0.05, **p < 0.01,

***p < 0.001.
and THC increased Rh123 accumulation, albeit, to a lesser

extent than curcumin.

The second method we used to investigate whether long-

term cannabinoid exposure decreases P-gp expression is

Western blotting. CEM/VLB100 cells were exposed to the

cannabinoids for 72 h and the level of P-gp present in the

cell membrane or the whole cell extract was assessed. As seen

in Fig. 4, 10 mM curcumin treatment significantly reduced P-gp

expression by approximately 50% in the membrane extracts of

CEM/VLB100 cells. Both CBD and THC (1–10 mM) also signifi-

cantly reduced the amount of P-gp present in the membrane

fraction to a level comparable to that observed for curcumin.

Surprisingly, curcumin did not reduce the amount of P-gp in
Fig. 4 – The effect of 72 h incubation with CBD and THC on the a

from three independent experiments for each extraction method

P-gp expression of vehicle treated CEM/VLB100 cells. Black bars

represent the amount of P-gp present in crude membrane extra

tubulin expression with increasing doses of CBD and THC are s

down-regulation of membrane associated P-gp. d.f. = 4, *p < 0.0
whole cell lysates of CEM/VLB100 cells. However, the canna-

binoids THC and CBD were effective at reducing P-gp levels

from whole cell lysates, even at low 0.1 mM concentrations.

Two factor ANOVA confirmed that both the cannabinoids,

THC (F1,3 = 5.3, p < 0.05) and CBD (F1,3 = 5.1, p < 0.05), were

overall more effective in reducing P-gp expression in whole

cell lysates than in crude membrane extracts.

These Western blotting results correlate well with our

functional assay of altered P-gp expression following THC

and CBD exposure. Taken together, the results of these two

independent assays provide strong evidence that 72 h canna-

binoid exposure reduces the expression of P-gp in CEM/VLB100

cells.
4. Discussion

This study examined the effect of cannabinoid compounds on

P-gp activity and expression in MDR cell lines. It was found

that 1 h cannabinoid exposure does not inhibit P-gp activity in

drug selected human MDR leukaemia cells (CEM/VLB100) or

MDR1-transfected, mouse fibroblast cells (77.1). However,

prolonged 72 h exposure to the cannabinoids, THC and CBD

decreased P-gp expression in the CEM/VLB100 cells, with a

concomitant increase in intracellular Rh123 accumulation and

enhanced sensitivity to the cytotoxic actions of the P-gp

substrate, vinblastine.

Accumulating evidence documents the antiproliferative

actions of cannabinoids on a diverse array of tumorigenic cell

lines [26–28], including those of haematopoietic origin [29–31].

The current study shows that CBN, CBD, THC and WIN

reduced the cell viability of a human T lymphoblastoid

leukaemia (CCRF-CEM) cell line in the low micromolar

concentration range (see Table 1). This is consistent with

the finding that THC induces apoptosis in a CB1/CB2 receptor

independent manner in a panel of leukaemia cell lines,
mount of P-gp present in CEM/VLB100 cells. Data is derived

employed and expressed as the mean + S.E.M. percentage

represent P-gp levels in whole cell lysate. White bars

cts. A representative Western blot for P-gp and alpha

hown. Curcumin was employed as a positive control for

5, **p < 0.01, ***p < 0.001.
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including the CCRF-CEM cells [31]. Interestingly, it was shown

that CCRF-CEM cells contain relatively high levels of func-

tional CB1 and CB2 receptors, however, the cytotoxic action of

THC on these cells could not be prevented by co-adminis-

tration of CB1 or CB2 receptor antagonists. The exact

mechanism responsible for the cytotoxic effects of cannabi-

noids on CCRF-CEM cells remains elusive. It may involve

vanilloid receptors (VR1) [32], the manipulation of membrane

lipid rafts [33] or an interaction with an intracellular target.

Assuming that cannabinoids act intracellularly to engender

their cytotoxic actions in these cell lines, the finding that the

drug-resistant cell line (CEM/VLB100) was as sensitive to the

antiproliferative actions of cannabinoids as the drug-sensi-

tive cell line (CCRF-CEM) provides superficial evidence that

cannabinoids are not substrates for P-gp. Future studies could

address the possibility of whether cannabinoids are sub-

strates for P-gp in more detail.

The finding that short-term exposure (1 h) to the plant-

derived cannabinoids (CBN, CBD and THC) or the synthetic

cannabinoid receptor agonist (WIN) does not increase the

intracellular accumulation of Rh123 conflicts with a previous

report that a similar concentration of CBN and CBD, but not

THC, increases Rh123 accumulation in a MDR1-transfected

mouse cell line [19]. It is unclear what would account for this

contradictory result as our positive control, the potent P-gp

inhibitor PSC833, completely reversed the Rh123 accumula-

tion deficit observed in our MDR cells. In addition, Rh123

fluorescence was only measured within the viable cell

population, as early apoptotic cells were excluded on the

basis of propidium iodide staining and forward and side

scatter. Furthermore, our observations were consistent

between human MDR cells and MDR1-transfected murine

cells, ruling out the possibility that the conflicting findings

could be attributable to different post-translational modifica-

tion of P-gp between mouse and human cell lines.

In addition to looking at the direct effect of cannabinoids on

P-gp efflux activity using short duration Rh123 accumulation

assays (1 h), we examined the effect of CBD and THC on

vinblastine cytotoxicity over 72 h. The potency of vinblastine

was enhanced several fold in the presence of both CBD and

THC. Having demonstrated that these cannabinoids do not

directly modulate P-gp activity, we sought to explore whether

this increased potency of vinblastine resulted from a reduc-

tion in P-gp expression. We first observed that 72 h pre-

exposure to CBD or THC produced an increase in intracellular

accumulation of Rh123. In addition, Western blot analysis

showed that 72 h exposure to THC or CBD reduced P-gp

expression in the cell membrane with the magnitude of effect

being comparable to that of a known inhibitor of P-gp

expression, curcumin [16,17]. Furthermore, cannabinoid treat-

ment induced a greater reduction in P-gp levels in whole cell

lysates when compared to membrane extracts. Unlike the

cannabinoids, curcumin decreased P-gp expression solely at

the cell membrane. This is consistent with previous studies

showing curcumin extracts reduce P-gp in the plasma

membrane of cervical carcinoma cells [16,17]. The finding

that the level of the housekeeping protein, alpha tubulin, was

unchanged in response to cannabinoid treatment indicates

that the cannabinoid effect observed on P-gp is unlikely to

reflect a global reduction in protein synthesis. Taken together,
these findings show that 72 h exposure of drug-resistant cells

to the cannabinoids, CBD and THC, selectively decreases P-gp

expression, with the functional consequence of increased

intracellular substrate accumulation and an increased cyto-

toxic potency of vinblastine.

The observation that cannabinoids reduce P-gp expression

with a greater magnitude of effect in whole cell lysates than in

a crude membrane preparation implies that cannabinoids also

decrease the expression of intracellularly located P-gp.

Although P-gp expressed in the plasma membrane appears

most important to conferring MDR [34], evidence suggests that

its location at intracellular sites (e.g. Golgi apparatus and

intracytoplasmic vesicles) may also assist in the sequestration

and transport of anti-cancer drugs away from their intracel-

lular targets [35,36]. Interestingly, the global cellular reduction

in P-gp following 72 h cannabinoid exposure encompasses the

time-frame whereby newly synthesized P-gp is transported

from the intracellular compartment to the plasma membrane

[34]. Assessment of the relative contribution of plasma

membrane versus intracellularly located P-gp to chemosensi-

tization promoted by cannabinoids could be investigated in

future studies. Furthermore, cannabinoid-induced alterations

in intracellular trafficking of P-gp to the cell membrane could

also be addressed.

It has been argued that selectively decreasing induced, but

not constitutive P-gp expression is a more attractive ther-

apeutic target than direct inhibition of P-gp efflux activity [18].

Selectively preventing induction of expression in tumour cells

would eliminate the adverse pharmacokinetic effects often

associated with direct inhibition of P-gp in constitutively

expressing tissues responsible for the metabolism and

excretion of cytotoxic drugs. It has been proposed that Et-

743 may act through such a selective mechanism [37],

however, exactly how compounds such as Et-743 and

curcumin decrease P-gp expression remains to be elucidated.

Similarly, the mechanisms responsible for cannabinoid-

induced P-gp down-regulation require further investigation.

Exploring the mechanisms responsible for such a reduction in

P-gp expression may reveal novel therapeutic targets and aid

in the creation of more potent drugs that can decrease induced

P-gp levels in tumour cells.

It is possible that cannabinoid receptors mediate the effects

of THC and CBD on P-gp expression. A prior study has shown

that CB1 and CB2 receptors are present on CCRF-CEM cells [31].

THC binds both CB1 and CB2 receptors to elicit its actions,

whereas CBD only weakly binds these receptors [38]. However,

CBD may indirectly activate cannabinoid receptors by enhan-

cing the levels of the endocannabinoid, anandamide, in

tumour cells [39]. Consistent with this, CBD inhibits the

enzyme responsible for anandamide hydrolysis, fatty acid

amide hydrolase, and also inhibits the putative anandamide

membrane transporter [40]. Further, cannabinoids decrease

the expression of other membrane-bound proteins, such as

nerve growth factor Trk and prolactin receptors in breast

cancer cell lines, an effect initially mediated by CB1 receptors,

followed by the involvement of the cAMP/protein kinase

pathway and of mitogen-activated protein kinase (MAPK) [41].

Interestingly, it has also been reported that cannabinoids

modulate nuclear transcription factor levels through the

inhibition of the extracellular signal regulated kinase (ERK)
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pathway in cells of immune origin [42]. Future investigations

could investigate whether cannabinoid receptors mediate

cannabinoid-induced P-gp down-regulation and what intra-

cellular signaling pathways are involved. Further, they could

investigate whether the observed decrease in P-gp expression

results from transcriptional down-regulation of MDR1 or a

disruption in translation of the protein.

Cannabinoid compounds are commonly used as palliative

care agents in reducing the adverse effects of conventional

chemotherapies and cancer-related pain [43]. Often patients are

prescribed with formulations that contain THC-alone (e.g.

Marinol1) as theseare legallyavailable insome countries for the

treatment of chemotherapy-induced nausea and vomiting [24].

A recent development in Canada is the introduction of the

sublingual spray, Sativex1. This novel formulation can be

prescribed to neuropathic pain sufferers and contains a unique

combination of both THC and CBD. Apart from these new

formulations, patients may administer cannabinoids by smok-

ing the plant, which contains abundant levels of THC, CBD, and

to a lesser extent, other cannabinoids [25]. Interestingly, blood

THC concentrations after acute dosing have been reported to

increase in a dose-dependent manner approaching a maximal

plasma concentration of 1 mM [44]. Concentrations of the

cannabinoids used here encompass these levels, although,

only a modest effect of cannabinoids on P-gp expression was

observed at concentrations that are likely to be attained in vivo

(0.1–1 mM). While it is possible that such effects observed here

may translate to the clinical situation, future research is needed

to better characterise the effects of cannabinoids on MDR, in

other cell lines as well as in in vivo animal models.

In conclusion, cannabinoids do not directly inhibit the

transport function of P-gp. Rather, prolonged exposure to

plant-derived compounds appears to modestly decrease P-gp

expression, with a concomitant increase in sensitivity of MDR

cells to P-gp substrates, including an anticancer agent. These

results suggest that cannabinoids might be safely adminis-

tered to cancer patients that have developed P-gp mediated

resistance to chemotherapeutic agents. However, future

preclinical studies are needed to further characterise the

effects of cannabinoids on MDR in vitro and in vivo.
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