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Inhibition of the cellular uptake of anandamide by
genistein and its analogue daidzein in cells with
different levels of fatty acid amide hydrolase-driven
uptake

L Thors1, J Eriksson1 and CJ Fowler

Department of Pharmacology and Clinical Neuroscience, Umeå University, Umeå, Sweden

Background and purpose: Genistein, a tyrosine kinase inhibitor used to block caveolae dependent endocytosis, reduces the
cellular uptake of anandamide in RBL2H3 basophilic leukaemia cells. However, genistein is also a competitive inhibitor of fatty
acid amide hydrolase, the enzyme responsible for anandamide hydrolysis. Here we have investigated whether inhibition of
fatty acid amide hydrolase rather than inhibition of endocytosis is the primary determinant of genistein actions upon
anandamide uptake.
Experimental approach: Cellular uptake of anandamide, labelled in the arachidonoyl part of the molecule was assessed in four
different cell lines using a standard method. Fatty acid amide hydrolase activity in homogenates and intact cells was measured
using anandamide labelled in the ethanolamine part of the molecule.
Key results: The fatty acid amide hydrolase inhibitor URB597 inhibited anandamide uptake into RBL2H3 cells and R3327 AT-1
prostate cancer cells, but not into 3T3-L1 preadipocytes or PC-3 prostate cancer cells. An identical pattern was seen with
genistein. The related compound daidzein inhibited anandamide hydrolysis in homogenates and intact cells, and reduced its
uptake into RBL2H3 and R3327 AT-1, but not PC-3 cells. Anandamide hydrolysis by cell homogenates was in the order RBL2H3
4 R3327 AT-1 4 PC-3 E3T3-L1.
Conclusions and implications: The ability of genistein to inhibit anandamide uptake is mimicked by daidzein (which does not
affect tyrosine kinase), and is only seen in cells that show sensitivity to URB597. This indicates that blockade of fatty acid amide
hydrolase is the primary determinant of the effects of genistein on cellular anandamide uptake.
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Introduction

An important component in any signalling process is the

ability of the organism to terminate the signal. In the case of

the endogenous cannabinoid compound anandamide (ara-

chidonoylethanolamide, AEA), this is brought about by a

process of cellular uptake followed by metabolism, the latter

primarily by the enzyme fatty acid amide hydrolase (FAAH)

(Deutsch and Chin, 1993; Di Marzo et al., 1994). FAAH has

been well characterized, and selective inhibitors, such as (30-

(aminocarbamoyl)[1,10-biphenyl]-3-yl)-cyclohexylcarbamate

(URB597) (Kathuria et al., 2003), are currently being used to

explore the physiological importance of this enzyme. One

particular role that FAAH undertakes is the regulation of the

uptake of AEA: thus, in cells like rat RBL2H3 basophilic

leukaemia cells, inhibition of FAAH reduces the rate of

uptake of AEA (Rakhshan et al., 2000; Kaczocha et al., 2006).

In other cell types, however, FAAH inhibitors do not affect

AEA uptake, despite expression of the enzyme (see Ruiz-

Llorente et al., 2004 for an example using PC-3 human

prostate adenocarcinoma cells).

In 2004, McFarland et al. demonstrated that inhibitors of

caveolae-related endocytosis reduced the uptake of AEA into

RBL2H3 cells and argued, on the basis of these and other
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data, that an endocytotic process was involved in the cellular

uptake of AEA. In their model, (shown schematically by

McFarland and Barker, 2004), AEA is anchored in caveolae by

a putative binding protein, which, after endocytosis, is

‘cleared’ from the binding protein by FAAH. We have

recently questioned the evidence of an endocytotic process

on the basis of the specificity of the compounds used (Thors

et al., 2007). Thus, for example, genistein, used to prevent

caveolae-related endocytosis (review, see Nichols, 2003), was

found at a concentration of 200 mM to reduce by about half

the uptake of AEA into RBL2H3 cells in the study of

McFarland et al. (2004). Genistein was originally termed a

‘specific’ inhibitor of tyrosine kinase (Akiyama et al., 1987),

but has subsequently been found to have other actions over

the same concentration range, including competitive inhibi-

tion of FAAH (Thors et al., 2007). Given that the effects of

URB597 and genistein upon the uptake of AEA were not

additive (Thors et al., 2007), we argued that the action of

genistein upon AEA uptake could be ascribed to inhibition of

FAAH. However, additivity would not be expected if effects

of genistein upon FAAH and upon endocytosis occur at

different points along the same pathway of cellular AEA

removal, such as that postulated by McFarland and Barker

(2004), and the possibility remains that the effects of

genistein upon endocytosis are at least as important as those

mediated by FAAH inhibition, particularly in cells that are

rich in caveolae (such as fibroblasts, Couet et al., 1997), but

with low expression of FAAH. This hypothesis has been

tested by utilizing the mouse 3T3-L1 fibroblast line and PC-3

human prostate adenocarcinoma line. Both cell lines

accumulate AEA (the latter in a manner not affected by

FAAH inhibition) (Ruiz-Llorente et al., 2004; Gasperi et al.,

2007) and show sensitivity to tyrosine kinase inhibitory

effects of genistein in other biochemical systems (Roig and

Traugh, 1999; Skogseth et al., 2005). The morphology of

caveolae on the plasma membrane of 3T3-L1 fibroblasts has

also been well described (Westermann et al., 2005).

Materials and methods

Culturing of cells

The cells were grown in 75 cm2 culturing flasks at 371C with

5% CO2 in humidified atmospheric pressure. Cells were

passaged twice a week and cell culture medium was changed

every other day. The following cells were used: RBL2H3 cells

(passage range 13–43) were obtained from American Type

Culture Collection, Manassas, VA, USA. 3T3-L1 mouse

fibroblast cells (passage range 24–42 (above those initially

propagated before deposition)) were obtained from European

Collection of Cell Cultures, Porton Down, UK. PC-3 cells

(passage range 5–14) and R3327 AT-1 rat prostate cancer cells

(passage range 44–51) were obtained from Professor Anders

Bergh (Department of Medical Biosciences, Umeå Univer-

sity). Culturing conditions were as follows: RBL2H3, mini-

mum essential medium with Earl’s salts, 15% foetal bovine

serum; 3T3-L1, Dulbecco’s modified Eagle’s medium, 10%

foetal bovine serum; PC-3, Hams F-10, 2 mM L-glutamine,

10% foetal bovine serum; R3327 AT-1, RPMI 1640, 250 nM

dexamethasone, 10% foetal bovine serum. In all cases, these

media also contained 100 U ml�1 penicillinþ100mg ml�1

streptomycin.

Assay of [3H]AEA uptake

The assay was based on the method of Rakhshan et al. (2000),

as modified by Sandberg and Fowler (2005). For experiments

with uncoated wells, cells were plated at a density of

2�105 cells well�1 in 24-well plates and incubated overnight

at 371C in an atmosphere of 5% CO2. For experiments with

coated wells, the wells were first incubated for at least 5 h at

371C with phosphate-buffered saline containing either

fibronectin (final concentration 10 mg ml�1), vitronectin

(final concentration 0.5 mg ml�1), fibronectin-like protein

polymer (final concentration 10 mg ml�1) or bovine serum

albumin (BSA) (2% w/v), after which the cells (2�105 per

well) were added and the 24-well plates incubated for a

further 60–90 min. After these incubation phases, cells were

washed once with Krebs–Ringer HEPES (KRH) buffer (120 mM

NaCl, 4.7 mM KCl, 2.2 mM CaCl2, 10 mM 4-(2-hydroxyethyl)-

1-piperazineethane-sulfonic acid (HEPES), 0.12 mM KH2PO4,

0.12 mM MgSO4 in milliQ deionised water, pH 7.4) contain-

ing 1% of BSA and once with KRH buffer alone. The cells

were then preincubated with KRH buffer containing 0.1% of

fatty acid-free BSA and selected compounds for the times

shown in the figure legends. [3H-arachidonoyl]AEA (50 ml,

final concentration 100 nM, in KRH buffer containing 0.1%

(15 mM of fatty acid-free BSA)) was added to give a final

volume of 400 ml, and the wells were incubated for the times

shown. Solvent concentrations were kept as low as possible;

the amount of solvent in the vehicles added per 400 ml

assay were 0.8 ml ethanol for genistein, 0.04 ml dimethyl

sulphoxide (DMSO) for URB597, 1.6ml DMSO for daidzein

and 0.72 ml ethanol for [3H-arachidonoyl]AEA unless

otherwise stated. After incubation, the plates were placed

on ice and each well was washed three times with 500 ml of

ice-cold KRH buffer containing 1% (w/v) of BSA. After

aspiration of the buffer, 500 ml of 0.2 M NaOH was added,

and the plates were incubated for 15 min at 751C before

removal of aliquots (300 ml) and assessment of their tritium

content by liquid scintillation spectroscopy with quench

correction. Oleic acid (OA) uptake assays were undertaken in

the same way. It should be noted that the use of fatty acid-

free BSA means that the actual free concentration of AEA is

lower than the added concentration of this substrate

(100 nM) (for discussion, see Thors and Fowler, 2006).

However, under the conditions used here, the total uptake

was o10% of the added [3H-Ara]AEA, and thus had not

saturated.

Assay of FAAH

FAAH activity was measured in homogenates from either

cultured cells or rat brain (available at the Department) and

intact cells as described by Boldrup et al. (2004) and Paylor

et al. (2006), with [ethanolamine-1-3H]AEA as substrate. For

the membranes, cells were cultured in culturing flasks and

after two washes with cold phosphate-buffered saline, the

cells were collected using a rubber policeman. The cells (on

ice) were resuspended in cold phosphate-buffered saline,
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centrifuged for 5 min at 1000 g before being resuspended in

10 mM Tris buffer at the appropriate pH and frozen in

aliquots. It should be noted that protease inhibitor cocktails

were not used, simply because they contain sulphonyl

fluoride compounds, which will inhibit FAAH directly

(Deutsch and Chin, 1993). For homogenates, the assay

concentrations of AEA are given in the figure legends. An

assay concentration of 100 nM, a preincubation time of

10 min and an incubation time of 20 min were used for

experiments with intact cells (2.5�105 seeded into 24-well

plates the day before the experiment), and blank values

defined as the recovery of tritium for assays conducted on

the same assay plates in the absence of cells. In the

experiments undertaken using intact cells, the total amount

of solvent added in the vehicles (per 400 ml assay) was 1.2 ml

ethanol for genistein, 1.2ml DMSO for daidzein and 0.5ml for

the [ethanolamine-1-3H]AEA.

Statistical analyses

Curve fitting and statistical comparisons were undertaken

utilizing the statistical package in the GraphPad Prism

computer programme (GraphPad Software Inc., San Diego,

CA, USA). Km
app and Vmax

app values were calculated from pooled

data using the direct linear plot analysis (Eisenthal and

Cornish-Bowden, 1974) built into the Enzyme Kinetics v1.4

computer programme (Trinity Software, Campton, NH,

USA).

Compounds

AEA [arachidonoyl 5,6,8,9,11,12,14,15-3H] (specific activity

7.4 TBq mmol�1; for the uptake experiments), AEA [ethano-

lamine-1-3H] (specific activity 2.22 TBq mmol�1; for the

FAAH assays) and OA [9,10-3H(N)] (specific activity

7.4 TBq mmol�1) were obtained from American Radiolabeled

Chemicals Inc., St Louis, MO, USA. Rat fibronectin was

obtained from EMD Biosciences, La Jolla, CA, USA. Genis-

tein, daidzein, vitronectin, fibronectin-like protein polymer,

dexamethasone, fatty acid-free and normal BSA were

obtained from Sigma Aldrich Inc., St Louis, MO, USA.

URB597 and unlabelled AEA were obtained from the

Cayman Chemical Co., Ann Arbor, MI, USA.

Results

The effects of URB597 and genistein upon the uptake of AEA into

RBL2H3 and 3T3-L1 cells

In our assays of AEA uptake, we use fatty acid-free BSA to

stabilize the AEA and to minimize retention of the ligand by

the wells (which can be as much as 40% of added AEA, see

Karlsson et al., 2004) (for a review on the methodology of

AEA uptake and the use of BSA in this manner, see Glaser

et al., 2005). The sensitivity to fatty acid-free BSA of AEA

uptake into 3T3-L1 cells and its retention by wells is shown

in Figure 1a. A clear accumulation of AEA above that seen for

wells alone was found at all concentrations of fatty acid-free

BSA. The apparent reduction of uptake at increasing fatty

acid-free BSA concentrations can be explained in terms of a

reduction in the free substrate concentration available for

uptake (see Thors and Fowler, 2006). Similar results were

seen when OA was used as substrate (data not shown). In the

remaining experiments, a fatty acid-free BSA concentration

of 15 mM was used.

The effects of URB597 upon the uptake of AEA into 3T3-L1

and RBL2H3 cells are shown in Figures 1b and c. In contrast

to the robust effect of 0.1 mM URB597 upon the uptake of AEA

into the RBL2H3 cells, this compound did not significantly

affect AEA uptake into the 3T3-L1 cells. URB597 was also

without significant effect upon OA uptake into either

RBL2H3 cells (Figure 1c) or 3T3-L1 cells (data not shown),

indicating that its ability to inhibit AEA uptake into the

RBL2H3 cells is not a nonspecific effect upon the transport of

lipophilic compounds. Initial experiments (n¼2) indicated

that genistein did not affect the uptake of AEA into 3T3-L1

cells at concentrations that reduced the uptake into RBL2H3

cells (data not shown). However, after these initial experi-

ments, the 3T3-L1 cells no longer adhered satisfactorily to

the uncoated wells, a prerequisite for the uptake assays. The

problem recurred when a new batch of cells (from the same

original batch) was thawed and used.

In order to circumvent the problems of adherence of the

3T3-L1 cells, coated wells were used. In order to be sure that

the uptake assay behaved in the same manner for coated

wells, RBL2H3 cells were tested in wells coated with either

fibronectin, vitronectin or, as controls, with BSA (Figure 1d).

The degree of uptake and its sensitivity were the same for all

three conditions. A similar result was found for wells coated

with fibronectin-like protein polymer (data not shown). In

consequence, fibronectin-coated wells were used for the rest

of the study. The 3T3-L1 cells were found to adhere well to

the fibronectin-coated wells. In contrast to the situation for

RBL2H3 cells cultured in the coated wells, the AEA uptake

into the 3T3-L1 cells was not affected by either genistein or

URB597 (Figures 1e and f). R3327 AT-1 rat prostate cancer

cells were also investigated. These cells had a basal AEA

uptake level in between that seen for the 3T3-L1 and RBL2H3

cells, and the uptake was inhibited both by URB597 and

genistein (Figure 1f). For all three cell types, the residual

activity in the presence of either URB597 or genistein were

similar, and higher than the level of retention of AEA by the

wells alone (Figures 1e and f).

Daidzein inhibits the hydrolysis of AEA with a similar potency to

that seen for genistein

Daidzein is a close structural analogue of genistein

(Figure 2a) that lacks activity towards tyrosine kinase

(Akiyama et al., 1987) and is often used as a negative control

for genistein in this respect (see for example Harmon et al.,

2002; Cayabyab and Schlichter, 2002; Jeong et al., 2005). The

compound, however, was almost as effective as genistein as

an inhibitor of AEA hydrolysis both in RBL2H3 cell

homogenates (Figure 2b) and in intact RBL2H3 cells

(Figure 2c). The pI50 values (with IC50 values in brackets)

for daidzein and genistein, respectively, were: homogenates,

5.1170.08 (7.8 mM) and 5.4470.05 (3.6 mM); intact cells,

4.8370.07 (15 mM) and 5.2770.04 (5.4 mM). Kinetic experi-

ments were undertaken using rat brain homogenates
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(Figure 2d). The Km
app values calculated by direct linear plot of

the mean data were 0.45, 1.67, 2.43 and 3.82 mM for 0, 4, 8

and 12 mM daidzein, respectively. The corresponding Vmax
app

values (nmol (mg protein)�1 min�1) were 0.60, 0.63, 0.53

and 0.58, respectively. Thus, daidzein inhibited [3H]AEA

hydrolysis by rat brain homogenates in a competitive

manner. A plot of Km
app vs [daidzein] gave a Ki value of 1.7mM.

Comparison of the effects of genistein, daidzein and URB597 in

RBL2H3, PC-1 and R3327 AT-1 cells

The effects of genistein (3 and 30 mM), daidzein (3 and 30 mM)

and URB597 (0.1. mM) upon the uptake of AEA into the

RBL2H3, PC-3 and R3327 AT-1 cells are shown in Figure 3. As

with the experiments shown in Figure 1, the pattern of

inhibition with genistein and URB597 was the same: thus, in

the R3327-AT1 and RBL2H3 cells, both compounds reduced

the uptake, whereas in the PC-3 cells, neither compound was

effective. Once again, the residual activity seen after URB597

treatment was roughly the same for all three cells. The higher

uptake for RBL2H3 cells in Figure 3 compared with Figure 1 is

due to the use of a longer AEA incubation time (10 min vs

4 min). Daidzein gave a similar pattern of inhibition to that

seen with genistein (Figure 3).

FAAH activities in homogenates of 3T3-L1, RBL2H3, PC-3 and

R3327 AT-1 cells

FAAH has a pH optimum at pH 9 (Schmid et al., 1985), and

the ability of the cell homogenates to hydrolyse 2 mM AEA

was investigated at this pH value. The rates of hydrolysis of

AEA by the homogenates of the four cell types were

RBL2H34R3327 AT-14PC-3E3T3-L1 (Figure 4). The rates

of hydrolysis of the PC-3 and 3T3-L1 cells were very low

under the conditions used. However, in a separate experi-

ment with different homogenates using a lower (0.5 mM) AEA

concentration, an assay pH of 8 and incubation time up to

Figure 1 Uptake of AEA by 3T3-L1, RBL2H3 and R3327 AT-1 cells. In (a–c) uncoated wells were used, whereas in (d–f) the wells were coated
with fibronectin, unless otherwise shown. (a) Effect of fatty acid-free BSA upon the uptake by 3T3-L1 cells of 100 nM (added concentration)
[3H]AEA labelled in the arachidonate part of the molecule (‘[3H-Ara]AEA’). The incubation time used was 4 min. (b) No effect of URB597 upon
the uptake of 100 nM [3H-Ara] into 3T3-L1 cells or the retention of this substrate by wells alone. (c) Comparison of the effect of either vehicle
(‘V’, DMSO, final concentration 1.6 ml per assay) or 0.1 mM URB597 (‘U’) upon the uptake of either AEA or OA into RBL2H3 cells. The cells were
preincubated with URB597 for 20 min before addition of [3H-Ara]AEA or [3H]OA (100 nM) and incubation for a further 4 min. Data for vehicle-
treated wells alone (‘w’) are also shown. *Significantly different from the corresponding vehicle value (Po0.05, two-tailed paired t-test). (d)
Comparison of the uptake of 100 nM [3H-Ara]AEA into RBL2H3 cells on either control (BSA), fibronectin or vitronectin-coated plates. After
attachment and washing, the cells were preincubated with the indicated concentration of URB597 for 10 min before addition of AEA and
incubation for a further 4 min. Values enclosed within the columns are the corresponding values for wells alone. One-way ANOVA for repeated
measures indicated no significant differences between the uptakes for the different coatings; *significantly different (Tukey’s test) from the
corresponding value in the absence of URB597. (e) Effect of genistein upon the uptake of 100 nM [3H-Ara]AEA into 3T3-L1 and RBL2H3 cells
adherent to fibronectin-coated plates. Preincubation and incubation times were 30 and 4 min, respectively. *Significantly different (Dunnett’s
test following significant one-way ANOVA for repeated measures) from the corresponding value in the absence of genistein. (f) Effect of
URB597 or 100 mM genistein (‘G’, in DMSO, assay concentration 0.04ml per assay) upon the uptake of 100 nM [3H-Ara]AEA into 3T3-L1,
RBL2H3, R3327 AT-1 cells adherent to fibronectin-coated plates. Preincubation times were 10 and 30 min for URB597 and genistein,
respectively, and incubation times with AEA were 4 min. All data are means7s.e.m., n¼4 except for (d) where n¼3. AEA, anandamide
(arachidonoylethanolamide); ANOVA, analysis of variance; OA, oleic acid; URB597, (30-(aminocarbamoyl)[1,10-biphenyl]-3-yl)-cyclohex-
ylcarbamate.
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120 min, hydrolysis of AEA by 3T3-L1 homogenates was

clearly seen (inset to Figure 4).

Discussion

The aim of the study was to determine whether the ability of

genistein to inhibit the uptake of AEA into cells could be

ascribed to its ability to interfere with caveolae-dependent

endocytotic processes or to its ability to block FAAH. Our

data would suggest that the latter is the primary determinant

of genistein action, since the ability of the compound to

reduce AEA uptake in the different cell lines correlated very

well with that seen for the selective FAAH inhibitor, URB597.

Furthermore, daidzein, which reportedly lacks the tyrosine

kinase inhibitory effects of genistein (Akiyama et al., 1987)

but which shared with genistein its FAAH inhibitory actions,

affected AEA uptake in the same manner as genistein. Given

that the other compounds or conditions used to inhibit

caveolae-dependent endocytosis in the study of McFarland

et al. (2004) either also inhibit FAAH (500 mM N-ethylmalei-

mide), reduce the concentration of AEA available for uptake

(reduction of assay temperature to 181C), or are just as

effective at reducing the degree of AEA retained by wells

alone as they are at inhibiting the cellular uptake (combina-

Figure 2 (a) Structures of genistein and daidzein. (b and c)
Inhibition by genistein and daidzein of the hydrolysis of AEA labelled
in the ethanolamine portion of the molecule (‘[3H-EA]AEA’) by
RBL2H3 cell homogenates ((b) AEA concentration 2 mM, 2 mg protein
per assay, assay pH 7.4) and intact RBL2H3 cells ((c) AEA
concentration 100 nM). The cells or homogenates were preincu-
bated with the isoflavones for 10 min before addition of [3H-Et]AEA
and incubation for a further 20 min. Note, that in (b) genistein was
dissolved in DMSO, whereas in (c) it was dissolved in ethanol. In (c),
the lowest four and the highest four concentrations were assayed on
separate plates, and the data expressed as % of the values (after
subtraction of blanks) for the vehicle controls on the same plates.
The control activities (as pmol AEA hydrolysed per well for the
20 min incubation time were 4.8170.31 and 4.6470.21 for
genistein and daizdein, respectively). (d) Inhibition of [3H-Et]AEA
hydrolysis by rat brain homogenates at pH 7.4 and using an
incubation time of 10 min and 1.5 mg protein per assay. The double
reciprocal plot shown in the inset illustrates the competitive nature
of the inhibition. Data are means7s.e.m., n¼3 (b and d) or 4 (c).
AEA, anandamide (arachidonoylethanolamide); DMSO, dimethyl
sulphoxide.

Figure 3 Effects of genistein, daidzein or URB597 upon the uptake
of 100 nM [Ara-3H]AEA into RBL2H3, PC-3 or R3327 AT-1 (‘AT-1’)
cells. Cells were preincubated with the compounds for 10 min before
addition of AEA and incubation for a further 10 min. Data are
means7s.e.m., n¼4. Note that the DMSO concentration in the
Daidzein/URB597 control is matched to the URB597 rather than the
daidzein. *Significantly different (Dunnett’s test following significant
one-way ANOVA for repeated measures) from the corresponding
control value. AEA, anandamide (arachidonoylethanolamide); ANO-
VA, analysis of variance; URB597, (30-(aminocarbamoyl)[1,10-biphe-
nyl]-3-yl)-cyclohexylcarbamate.

Figure 4 Hydrolysis of 2 mM [3H-Et]AEA by either homogenates of
RBL2H3, R3327 AT-1, PC-3 and 3T3-L1 cells. The homogenates and
assays were conducted at pH 9. Data are means7s.e.m., n¼3.
RBL2H3 cells (20 mg protein per assay) were also assayed at the 40
and 60 min time points, in these experiments. Rates of hydrolysis (as
% of added AEA) of 1570.9 and 1872 were found for the 40 and
60 min incubations, respectively. In the inset, 3T3-L1 cells (2371 mg
protein per assay) were assayed over a longer time frame using
homogenates made and assayed at a pH value of 8 and an [AEA] of
0.5mM. (means7s.e.m., n¼4) AEA, anandamide (arachidonoyletha-
nolamide).
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tion of 25 mg ml�1 nystatin and 10 mg ml�1 progesterone) (see

Thors et al., 2007), there is at present no hard evidence

that AEA is taken into cells by an endocytotic process.

The association of the fluorescent AEA derivative SKM

4-45-1 (30,60-bis(acetyloxy)-3-oxospiro[isobenzofuran-1 (3H),90-

[9H]xanthen]-5-yl]-2-[[1-oxo-5Z,8Z,11Z,14Z-eicosatetraenyl]

amino]ethyl ester carbamic acid) with markers for caveolae

(McFarland et al., 2004) may reflect an association with

cholesterol in such regions of the plasma membrane before

membrane translocation and delivery to intracellular FAAH,

given that changes in the cellular cholesterol content can

influence AEA uptake (Bari et al., 2005) and that the AEA

homologue N-myristoylethanolamine can form complexes

with cholesterol (Ramakrishnan et al., 2002).

The above discussion concerns endocytosis as a postulated

route of AEA uptake. A separate issue concerns the manner in

which FAAH contributes to AEA uptake. URB597 has been

used in the present study as a selective inhibitor of FAAH, the

assumption being made that effects of this compound upon

AEA uptake are secondary to inhibition of this enzyme.

Certainly, the rate of hydrolysis of 100 nM AEA (added

concentration) by intact RBL2H3 cells (4.7 pmol per well

over a 20 min incubation period, corresponding to B13% of

the added AEA) would mean that a considerable proportion

of the AEA accumulated by these cells in the uptake

experiments would be metabolized. There are reports in the

literature that URB597 can affect targets in addition to FAAH,

the most notable being its ability to block the binding of

[3H]LY2183240 (5-biphenyl-4-ylmethyl-tetrazole-1-carboxylic

acid dimethylamide) to cell membranes (Ki value B12 nM)

(Dickason-Chesterfield et al., 2006). However, the relevance

of this binding to the uptake of AEA is uncertain

(see Alexander and Cravatt, 2006, for data demonstrating

the multiplicity of pharmacological actions of LY218240;

and Dickason-Chesterfield et al., 2006 for data showing that

the uptake inhibitors (S)- and (R)-N-(1-(4-hydroxyphenyl)-2-

hydroxyethyl)oleamide (OMDM)-1 and OMDM-2 are very

poor inhibitors of this binding site), and while the long-term

uptake of AEA into RBL2H3 cells was highly sensitive to

URB597 (IC50 value 1.5 nM), it was not at all sensitive to this

compound in HeLa cells (IC50 value 65 mM), which do not

express FAAH (Dickason-Chesterfield et al., 2006). Further-

more, the ability of URB597 to inhibit uptake is shared by

other structurally different FAAH inhibitors, such as oleoyl

oxazolopyridine (see Kaczocha et al., 2006 and references

therein). Thus, we feel it justified in ascribing the URB597-

sensitive component of the uptake to the component

dependent upon FAAH.

The variation of sensitivity of the cells to URB597 is a

notable property of the uptake, given that all the cells used

in this study hydrolyse AEA (Bisogno et al., 1997; Ruiz-

Llorente et al., 2004; Gasperi et al., 2007; present study).

However, there were considerable differences in the rates of

AEA hydrolysis by homogenates of the cells, with

RBL2H34R3327 AT-14PC-3E3T3-L1. If it is assumed that

the rates of hydrolysis seen in the cell homogenates reflect

the activity of FAAH in the vicinity of AEA once it has been

taken up by the intact cells (rather than, say, different

sensitivities of the enzyme to proteolytic digestion during

the homgenate preparation), then it would be expected that

the URB597-sensitive component of the uptake would be

much lower for the PC-3 and 3T3-L1 cells than for the

RBL3H3 cells, with the R3327 AT-1 cells being in between

these extremes. This interpretation is entirely consistent

with the data of Deutsch et al. (2001), who showed that Hep2

cells, which had a very low AEA hydrolysing capacity,

accumulated about half the AEA of that seen for N18

neuroblastoma cells (which hydrolysed AEA at the rate of

0.87 nmol h�1 106 cells�1), and that transfection of Hep2

cells with FAAH approximately doubled their ability to

accumulate AEA.

While the present study supports the role of FAAH in

regulating AEA uptake in cells with significant expression of

the enzyme, it does not shed light upon the precise

mechanisms as to how this is brought about. FAAH is usually

considered to be located within the cell, although there is

evidence that the enzyme is also associated with the inner

surface of the cell membrane (Tsou et al., 1998; Morozov

et al., 2004; Oddi et al., 2005). The simplest suggestion is that

FAAH acts to ‘drive’ the uptake by maintaining the extra-

cellular/intracellular AEA gradient, although this may be an

indirect result of the removal of AEA from intracellular

carriers that have a limited capacity to bind this compound

and therefore become saturated (McFarland and Barker,

2004).

A final observation is that the degree of uptake remaining

after inhibition of FAAH was much the same for all the four

cell types. This would suggest that either the processes

involved in the FAAH-independent cellular accumulation of

AEA are rather universal, or alternatively that several

different proteins can act as carriers, so that differences in

individual expression patterns between cells are minimized.

Given that AEA crosses biological membranes very rapidly

(Bojesen and Hansen, 2005), the most likely site for such

processes are intracellular, although binding to cell surface

receptors that utilize AEA (such as the CB1 receptor, Ortega-

Gutiérrez et al., 2004; see also Ruiz-Llorente et al., 2004,

although these latter authors used high (50 mM) concentra-

tions of antagonists) may contribute in some cells to the

apparent accumulation of AEA. Hillard and Jarrahian (2000)

suggested that intracellular sequestration of the AEA would

provide an explanation for the ability of AEA to be

concentrated within cells. Certainly, such a process would

be likely to be common to all cells. Whether this process

requires a facilitated transport mechanism awaits elucida-

tion.
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