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BACKGROUND AND PURPOSE

Pharmacological activation of cannabinoid CB; and CB; receptors is a therapeutic strategy to treat chronic and inflammatory
pain. It was recently reported that a mixture of natural triterpenes o~ and B-amyrin bound selectively to CB, receptors with a
subnanomolar K value (133 pM). Orally administered o/B-amyrin inhibited inflammatory and persistent neuropathic pain in
mice through both CB; and CB; receptors. Here, we investigated effects of amyrins on the major components of the
endocannabinoid system.

EXPERIMENTAL APPROACH

We measured CB receptor binding interactions of o- and B-amyrin in validated binding assays using hCB; and hCB,
transfected CHO-K1 cells. Effects on endocannabinoid transport in U937 cells and breakdown using homogenates of BV2 cells
and pig brain, as well as purified enzymes, were also studied.

KEY RESULTS

There was no binding of either a- or 3-amyrin to hCB receptors in our assays (Ki > 10 uM). The triterpene B-amyrin potently
inhibited 2-arachidonoyl glycerol (2-AG) hydrolysis in pig brain homogenates, but not that of anandamide. Although
B-amyrin only weakly inhibited purified human monoacylglycerol lipase (MAGL), it also inhibited o,B-hydrolases and more
potently inhibited 2-AG breakdown than o-amyrin and the MAGL inhibitor pristimerin in BV2 cell and pig brain homogenates.

CONCLUSIONS AND IMPLICATIONS

We propose that B-amyrin exerts its analgesic and anti-inflammatory pharmacological effects via indirect cannabimimetic
mechanisms by inhibiting the degradation of the endocannabinoid 2-AG without interacting directly with CB receptors.
Triterpenoids appear to offer a very broad and largely unexplored scaffold for inhibitors of the enzymic degradation of 2-AG.

LINKED ARTICLES
This article is part of a themed section on Cannabinoids. To view the other articles in this section visit
http://dx.doi.org/10.1111/bph.2012.167.issue-8

Abbreviations

A°-THC, A’-tetrahydrocannabinol; CP55940, -(-)-cis-3-[2-hydroxy-4-(1,1-dimethylheptyl)phenyl]-trans-4-
(3-hydroxypropyl)cyclohexanol; ECS, endocannabinoid system; FAAH, fatty acid amide hydrolase;

JZ1.184, 4-nitrophenyl-4-[bis(1,3-benzodioxol-5-yl)(hydroxy)methyl]piperidine-1-carboxylate; MAFP, methyl
arachidonylfluorophosphonate; MAGL, monoacylglycerol lipase; SR141716A, N-(piperidin-1-yl)-5-(4-chlorophenyl)-
1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide hydrochloride; THL, tetrahydrolipstatin; Tmax, time to
maximal concentration in plasma (pharmacokinetic parameter); WINSS5,212-2, (R)-(+)-[2,3-dihydro-5-methyl-3-(4-
morpholinylmethyl)pyrrolo-[1,2,3-de]-1,4-benzoxazin-6-yl]-1-naphtaleneylmethanone
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Introduction

Cannabinoid CB; receptors exert a range of central and
peripheral pharmacological effects including analgesia
(Pacher et al., 2006; Guindon and Hohmann, 2008; Bisogno
and Di Marzo, 2010; receptor nomenclature follows Alexan-
der et al., 2011). Activation of CB, receptors in the CNS typi-
cally leads to pronounced psychomodulatory effects,
including inhibition of locomotion, catalepsy, reduction of
body temperature and antinociception (the tetrad effect)
(Fride et al., 2006; Pertwee, 2009; Pertwee et al., 2010). While
there is a wide range of synthetic CB; receptor agonists,
A’-tetrahydrocannabinol (A°-THC) from the plant Cannabis
sativa L and closely related secondary metabolites are the
only natural products known so far to potently activate
the CB,; receptor (Gertsch etal., 2010). We were therefore
intrigued by a recent study by Da Silva et al. (2011) reporting
the ultrapotent and highly selective interaction (activation)
of a 1:1 mixture of the triterpenes o/B-amyrin with the CB;
receptor without causing behavioural effects. The pentacyclic
triterpene B-amyrin is a primary cyclization product derived
from squalene (Rees et al., 1968) and thus a canonical and
widely occurring triterpenoid precursor for a number of
pentacyclic terpenes. Anti-inflammatory and antinocicep-
tive properties of B-amyrin have been reported previously
(Akihisa et al., 1996; Holanda Pinto et al., 2008; Melo et al.,
2010; 2011), but a feasible mechanism of action is lacking. In
the study by da Silva etal., oral o/pf-amyrin chronically
administered at 30 mg-kg™' inhibited mechanical and thermal
hyperalgesia and inflammation induced by complete Fre-
und’s adjuvant and by partial sciatic nerve ligation. Remark-
ably, in this study, the o/f-amyrin mixture exhibited a very
potent binding to CB, receptors with a K; value of 133 pM,
which is approximately 200-300-fold more potent than
A’-THC. Moreover, in contrast to A>-THC and the endogenous
ligand 2-arachidonoyol glycerol (2-AG), o/B-amyrin showed
an unusual 15 000-fold binding selectivity to CB; receptors
over CB, receptors (Da Silva et al., 2011). Notably, there are
relatively few subnanomolar CB; receptor ligands known,
such as, for example CE-178253 and CP-945,598, which
were synthesized at Pfizer (Griffith et al., 2009; Hadcock et al.,
2010), JWH182 from Huffman Laboratories (Huffman et al.,
2005), or AM4030a and others from the Makriyannis labora-
tory (Papahatjis et al., 1998; Thakur et al., 2002). Thus, the
finding that a canonical plant triterpene exhibits such potent
and selective binding interactions with CB; over CB, recep-
tors is of great interest. The authors concluded that the CB;,
receptor interaction (as detected in their binding assays) was
the major mechanism of action. Although not shown in their
study, they assumed that o/B-amyrin activates CB; receptors.
In their report, pretreatment with both CB; or CB, antago-
nists and gene knockdowns of both receptors significantly
inhibited the antinociceptive effect of o/f-amyrin, indicating
direct or indirect effects on CB receptors.

The study by da Silva etal. (2011) raises several basic
questions that need to be addressed before classifying the
amyrins as novel CB,; receptor-selective agonists. In order
to understand the actual mechanism of action, o-amyrin
(vicinal methyls in A ring) and B-amyrin (geminal methyls in
A ring) should be studied separately as both compounds are
commercially available in purities >95% from Sigma-Aldrich
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and other providers. The CB; and CB, receptor binding
interactions were performed in rat brain and mouse spleen
homogenates, respectively, using the specific radioligands
[’H]-SR141716A (rimonabant) and [*H]-CP55,940. Because
both tissues potentially show a high degree of non-specific
binding and the radioligands may have additional targets
(Breivogel, 2006), it is important to reproduce the ultrapotent
CB, receptor binding interaction in more defined recom-
binant systems, using additional controls. Because CB; recep-
tor agonists typically trigger a G, protein-mediated
signalling, it would be interesting to know whether o/f-
amyrins are full or partial agonists. In light of the CB receptor
non-specific pharmacology (the antinociceptive effects were
inhibited by both CB, and CB, receptor antagonists), which is
in conflict with a purely CB, receptor-mediated mechanism,
also, other targets related to endocannabinoid breakdown
should be considered. In the present study, we have addressed
these issues and now provide an alternative cannabimimetic
mechanism of action of o/B-amyrin, which is able to explain,
at least in part, the pharmacology of the amyrins. Our results
show a potent inhibition of 2-AG hydrolysis by f-amyrin in
brain tissue and point out a significant difference in the
inhibitory potency between the two structural isomers.

Methods

Cell culture

Human leukemia monocytic lymphoma U937 cells were
purchased from American Type Culture Collection (Manas-
sas, VA, USA) and were grown in RPMI 1640 medium supple-
mented with 10% fetal bovine serum, 1 g-mL™ fungizone
(amphotericin B), 100 unitssmL™ penicillin, 100 g-mL™
streptomycin and 2 mM L-glutamine (all from Invitrogen,
Carlsbad, CA, USA). The hCB;- or hCB,-expressing CHO-K1
cells (Raduner et al., 2006) were grown in the same medium
as the U937 cells, but supplemented with 400 pg-mL™" G418
(10131-027; Invitrogen). Cells were grown in a humidified
incubator at 37°C and 5% CO2.

Membrane preparation

CHO-K1 cells stably transfected with hCB; or hCB, receptors
were seeded in a T150 cm? flask until reaching confluence and
then collected by scraping. The cell suspension was resus-
pended in 1.5 mL of homogenization solution (50 mM Tris-
HCI, 1 mM EDTA, 3 mM MgCl,, pH 7.5) and homogenized on
ice using a Dounce homogenizer with 50 gentle strokes. The
cell homogenate was then centrifuged at 800 x g for 8 min at
4°C. The supernatant was collected (membrane fraction 1)
and the pellet resuspended in 700 pL of homogenization
solution, passed through a syringe 10 times, and centrifuged
at 800 x g for 8 min at 4°C. The supernatant was collected
(membrane fraction 2) while the pellet underwent the same
operations described earlier. The supernatant was collected
(membrane fraction 3) and pooled with membrane fraction
2 (membrane fraction 4). Membrane fractions 1 and 4 were
then centrifuged at 3500 x g for 10 min at 4°C, the superna-
tant was discarded and both pellets resuspended in homog-
enization solution to a final volume of 600 puL (‘crude
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membrane fraction’). Protein concentration was determined
using the Bradford method and aliquots stored at —80°C.

Radioligand binding assays on hCB; and
hCB; receptors

Receptor-binding experiments were performed with mem-
brane preparations as previously reported (Raduner et al.,
2006; Gertsch et al., 2008). Briefly, 18 pg of crude membrane
expressing hCB; or hCB, receptors (prepared as described
earlier) were resuspended in 500 pL of binding buffer (50 mM
Tris-HC], 2.5 mM EDTA, 5 mM MgCl,, 0.5 mg-mL™ fatty acid-
free BSA, pH 7.4) in silanized glass tubes and co-incubated
with different concentrations of a-amyrin, p-amyrin or
WINS55,512-2 and 0.5 nM of [*'H]-CP-55 940 (168 Ci-mmol™)
for 2 h at 30°C with shaking. Non-specific binding of the
radioligand was determined in the presence of 10 uM of
WINSS,512-2. Non-specific binding was around 5%. After the
incubation time, membrane suspensions were rapidly filtered
through a 0.05% polyethyleneimine presoaked 96-well
microplate bonded with GF/B glass fibre filters (UniFilter-96
GF/B, PerkinElmer Life Sciences) under vacuum and washed
12 times with 167 pL of ice-cold washing buffer (50 mM
Tris-HCI, 2.5 mM EGTA, 5 mM MgClL, 0.5% fatty acid free
BSA, pH 7.4). Filters were added to 40 uL of MicroScint20
scintillation liquid and radioactivity measured with the 1450
MicroBeta Trilux top counter (PerkinElmer Life Sciences).
Data were collected from three independent experiments
performed in triplicate and the non-specific binding was sub-
tracted. Results were expressed as [*’H]-CP-55 940 bound as %
of binding in vehicle-treated samples.

Fatty acid amide hydrolase (FAAH)

activity assay

The experiments were performed as previously described
(Chicca et al., 2009). Briefly, FAAH activity, which is respon-
sible for most of the anandamide (AEA) breakdown, was
assessed using a cellular homogenate from fresh pig brains
obtained from the slaughterhouse. Different concentrations
of o-amyrin, B-amyrin or 1 uM PMSF (as the positive control)
in 2.5 uL DMSO were preincubated at 37°C for 20 min with
195 pL of diluted pig brain homogenate in 10 mM Tris-HCl
and 1 mM EDTA, pH 7.6 (corresponding to 200 ug of total
protein) and 1% w/v fatty acid-free BSA (Sigma, St. Louis, MO,
USA). Successively, 2.5 uL of non-radioactive AEA and
[ethanolamine-1-*H]-AEA (40-60 Ci-mmol™!) mixture was
added to the homogenate (final concentration in the assay
was 2 uM) and incubated for 10 min at 37°C with shaking.
After the incubation time, 400 uL of a methanol : chloroform
mixture 1:1 (v/v) was added at each sample, vigorously vor-
texed and centrifuged at 10 000 x ¢ for 10 min at 4°C to
separate aqueous and organic phases. The radioactivity asso-
ciated with the hydrolysis product [*H]-ethanolamine was
measured after addition of 3 mL of Ultima Gold scintillation
liquid (PerkinElmer Life Sciences) to the aqueous phase, using
a Tri-Carb 2100 TR scintillation counter (PerkinElmer Life
Sciences). Data were collected from three independent experi-
ments performed in triplicate and results were expressed as
FAAH activity, relative to that in vehicle-treated samples
(= 100%).
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Assay of [PH]-2-oleoyl glycerol (2-OG)
hydrolysis in pig brain homogenate

The experiments were performed as recently described (Bjork-
lund et al., 2010) with some minor changes. In brief, 195 puL.
(corresponding to 200 pg of total protein) of diluted pig brain
homogenate in 10 mM Tris-HCI, 1 mM EDTA, plus 0.1% w/v
fatty acid-free BSA pH 7.4 was preincubated for 30 min at
37°C with different concentrations (2.5 pL) of a-amyrin,
B-amyrin, JZL184 or the mixture of o,B-hydrolases (ABHD) -6
and -12 inhibitors (10 uyM WWL70 and 20 uM THL, respec-
tively) plus 1 uM JZL184 as the positive control for the
maximal inhibition of 2-AG hydrolysis. After the preincuba-
tion, 2.5 uL. of nonradioactive (2-OG) and [1,2,3-*H]-2-OG
(60 Ci-mmol™") mixture was added to the homogenate (final
concentration in the assay was 10 uM) and incubated for
10 min at 37°C with shaking. Successively, 400 uL of a meth-
anol : chloroform mixture 1:1 (v/v) was added and, after vig-
orous vortexing, aqueous and organic phases were separated
by centrifugation at 10 000 x g for 10 min at 4°C. The radio-
activity associated with [*H]-glycerol formation was measured
after addition of 3 mL of Ultima Gold scintillation liquid
(PerkinElmer Life Sciences) to the aqueous phase, using a
Tri-Carb 2100 TR scintillation counter (PerkinElmer Life
Sciences). Data were collected from three independent experi-
ments performed in triplicate and results were expressed as
[*H]-glycerol formation, relative to that in vehicle-treated
samples (=100%).

[?H]-2-OG hydrolysis in homogenates

of BV2 cells

The method was adapted from Marrs et al. (2010). In brief,
BV2 cell homogenates (100 pg of total protein) were added to
silanized plastic tubes containing 100 pL of buffer (10 mM
Tris-HCI, 1 mM EDTA (pH 7.4) supplemented with 0.1% fatty
acid-free BSA. The homogenate was preincubated for 30 min
at 37°C with shaking in presence of 1 uM URBS597 (to block
FAAH activity) and different concentrations of amyrins,
JZL184, WWL7O, pristimerin or vehicle. Subsequently 2.5 nM
of [*H]-2-OG was added and the tubes incubated for 15 min
at 37°C with shaking. The reaction was stopped by adding
300 uL. of a methanol : chloroform mixture 1:1 (v/v) and
vortexing. To separate organic and aqueous phases, the tubes
were centrifuged for 10 min at 10 000 x g at 4°C. The upper
aqueous phase was transferred to scintillation tubes and-
mixed with 3mL of Ultima Gold scintillation liquid
(PerkinElmer Life Sciences). Radioactivity was measured using
a Beckman LS6500 scintillation counter. Data were collected
from three independent experiments each performed in trip-
licate and results were expressed as [*H]-glycerol formation,
relative to that in vehicle-treated samples (=100%).

Monoacylglycerol lipase (MAGL)

activity assay

Purified recombinant human MAGL (hIMAGL) was purchased
from Cayman Chemicals. MAGL esterase activity was
assessed as previously reported (King etal., 2007; 2009a;
Bjorklund et al., 2010). The reaction consisted of 196 uL assay
buffer (10 mM Tris-HCl 1 mM EDTA pH 7.4, plus 0.1% fatty
acid-free BSA) containing 25 ng of purified "/MAGL and 2 pL
of JZL184, o-amyrin, B-amyrin, pristimerin or vehicle and



2.5nM [*H]-2-OG (2 uL). To assess the time-dependency of
MAGL inhibition, the reaction was incubated for periods
between 1 and 60 min. To assess the reversibility of MAGL
inhibition, we performed an assay reported previously
(King et al., 2009b). The reaction mixture was incubated for
15 min at 37°C and then stopped by adding 400 uL of chlo-
roform : methanol mixture 1:1 (v/v). Tubes were vortexed
and centrifuged for 10 min at 10 000 x g at 4°C. Finally, the
upper aqueous phase was transferred in scintillation tubes
and mixed with 3 mL of Ultima Gold scintillation liquid
(PerkinElmer Life Sciences). Radioactivity was measured using
a Beckman LS6500 scintillation counter. Data were collected
from two independent experiments performed in triplicates
and the results were expressed as % [*H]-glycerol formation,
relative to that in vehicle-treated samples (=100%).

[’H]-2-AG uptake into U937 cells

The uptake of [1,2,3-*H]-2-arachidonyl glycerol, (20-40
Ci-mmol™) in intact cells was performed using U937 cells.
Briefly, 10° cells were re-suspended in 500 uL of serum-free
medium in silanized plastic tubes and preincubated with
different concentrations of a-amyrin, f-amyrin or JZL184 for
30 min at 37°C. Then, a mixture of 2-AG/[*H]-2-AG to a final
concentration of 1 uM, was added to the cells and incubated
for 5 min at 37°C. The uptake process was stopped by placing
the tubes on ice and rapidly centrifuging them at 800 x g for
5 min at 4°C. The supernatant was collected and transferred
into 1 mL of a methanol : chloroform mixture 1:1 (v/v), while
the pellet was re-suspended in ice-cold PBS plus 1% of fatty
acid-free BSA and centrifuged at 800 x g for 5 min at 4°C
(washing step). The washing solution was discarded while the
cell pellet was re-suspended in 250 uL of ice-cold PBS and
transferred into 500 pL of a methanol : chloroform mixture
1:1 (v/v), vortexed vigorously, sonicated on ice-cold water
bath for 5 min and finally centrifuged at 10 000 x ¢ for 10 min
at 4°C. The aqueous phase was pooled with the aqueous phase
extracted from the supernatant and transferred in a scintilla-
tion tube while the lipophilic phase was transferred in a
separated tube. The radioactivity associated with the intracel-
lular [*H]-2-AG or the hydrolysis product [*H]-glycerol was
measured by adding 3 mL of Ultima Gold scintillation liquid
(PerkinElmer Life Sciences) using a Tri-Carb 2100 TR scintilla-
tion counter (PerkinElmer Life Sciences). Data were collected
from three independent experiments each performed in trip-
licates. Results were expressed as [*H]-glycerol formation (or
[’H]-2-AG intracellular accumulation), relative to that in
vehicle-treated samples (=100%).

Quantification of AEA and 2-AG levels

by GC-MS

The quantification of the endogenous AEA and 2-AG level was
performed according to a published method (Marazzi et al.,
2011). Briefly, 2.5 mL of diluted pig brain homogenate in
10 mM Tris-HCI and 1 mM EDTA, pH 7.6 (corresponding to
1.8 mg of protein) was incubated with o-amyrin, B-amyrin,
PMSF or JZL184 for 30 min at 37°C with shaking. After incu-
bation, lipids were extracted by Folch extraction (Folch et al.,
1957), transferring the brain homogenate to 15 mL of ice-cold
chloroform/methanol 2:1 containing internal standards
(the final mixture was 4:2:1 /CHCIl; : CH;0H : H;O, v/v/v).

B-Amyrin inhibits 2-AG hydrolysis

The suspension was vortexed vigorously, sonicated for
5 min on ice-cold water bath and centrifuged for 10 min at
500 x g. The organic phase was transferred to a glass vial, dried
under N,, reconstituted in 1 mL ethanol, diluted with 9 mL
of water and finally extracted by solid-phase extraction
with C-18 Sep-Pak cartridge (Waters AG, Zug, Switzerland).
The internal standards wused for the quantification
were: N-arachidonoylethanolamine-d4 1 ng-uL™ (25 ng per
sample), 2-arachidonoylglycerol-d5 8 ng-uL™' (200 ng per
sample). Derivatization of the hydroxyl groups was performed
with the silylating agent dimethylisopropylsilyl imidazole at
room temperature for 1 h as previously reported (Obata et al.,
2003). The samples were analysed by GC-electron ionization
(EI)-MS using an Agilent 6890 N GC equipped with a 30 m
HP-SMS column and a 5975 C EI-MS with triple-axis detector.
Helium was used as carrier gas at a constant flow rate of
1.5 mL-min~! with splitless injection at an inlet temperature
of 250°C. Optimal separation of the analytes was achieved
with the following oven programme: initial temperature
of 150°C for 1 min, followed by an increase to 280°C at
8°C-min' with a final time of 20 min. Because of acyl group
migration of 2-AG during lipid extraction and purifica-
tion, a significant amount of 1-AG was formed. Therefore,
the peak areas of 1-AG and 2-AG were combined for all
quantifications.

Data analysis

Results are expressed as mean values = SEM for each exam-
ined group. Statistical significance of differences between
groups was determined by the Student’s t-test (paired t-test)
with GraphPad Prism 5 software (GraphPad Software Inc.,
San Diego, CA, USA). Outliers in a series of identical experi-
ments were determined by Grubb’s test (ESD method) with o
set to 0.05. Statistical differences between treated and vehicle
control groups were determined by Student’s t-test for
dependent samples. Differences between the analysed
samples were considered as significant if P = 0.05.

Materials

[Ethanolamine-1-*H]-anandamide (*H-AEA) (40-60 Ci-mmol™)
and [1,2,3-*H]-2-arachidonyl glycerol (20-40 Ci-mmol™)
were obtained from American Radiolabeled Chemicals Inc.
(Saint Louis, MO, USA), and the radioligand [*H]-CP-55 940
(168 Ci-mmol™) was obtained from PerkinElmer Life Sciences
(Waltham, MA, USA). WINSS5,212-2, AEA, 2-arachidonoyl
glycerol (2-AG), JZL184, WWL70 and tetrahydrolipstatin
(THL) were obtained from Cayman Chemicals Europe (Tallin,
Estonia). Pristimerin and o-amyrin were purchased from
Fluka Sigma-Aldrich (Buchs, Switzerland) while the structural
isomer B-amyrin (~95%) was kindly provided by Professor
Dr. Giovanni Appendino. The natural products o-amyrin and
B-amyrin were also purchased from Extrasynthese (Lyon,
France) with a purity of =98.0%. Purity in stock solutions was
checked by GC-MS. In the experiments, all batches were used
to rule out differences between different sources.

Results

First, the two structural isomers of amyrin (Figure 1) were
tested in radioligand binding assays for both cannabinoid
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Figure 1

Chemical structures of the triterpenes pristimerin (1), a-amyrin (2), B-amyrin (3) and euphol (4), all of which inhibit 2-AG hydrolysis. B-Amyrin
(3) with geminal methyl groups in ring A (grey circle) is the most effective inhibitor of 2-AG degradation in cellular extracts.

receptors using membrane preparations obtained from
CHO-K1 cells stably transfected with #CB, or hCB, receptors,
respectively. B-Amyrin induced only a slight partial displace-
ment of the radioligand from CB, receptors at 1 uM (approxi-
mately 25%), while o-amyrin inhibited radioligand binding at
concentrations =10 uM (Figure 2A). As shown in Figure 2B,
both o- and B-amyrin did not strongly displace [*H]-CP55940
from CB, receptors at concentrations below 10 uM. Thus, in
our hands, o- and B-amyrin are not or are very weak CB;
receptor ligands. Because the study by da Silva et al. (2011)
showed a very consistent CB receptor-dependent antinocicep-
tive effect in vivo, we tested whether amyrins interact with
other major components of the endocannabinoid system. We
used two different methods to address potential effects on AEA
and 2-AG hydrolysis: the classical radioactivity-based assays
using [*H]-AEA and [*H]-2-AG and absolute GC-MS quantifi-
cation of the endogenous endocannabinoid levels in brain
homogenate. Both o- and B-amyrin were assessed for FAAH
activity in the concentration range of 0.1 nM-10 uM and
the results obtained by both methods showed no inhibition
of AEA hydrolysis (Figure 3). PMSF was used as positive
control showing a complete reduction of [*H]-ethanolamine
formation in radioactivity experiments, as well as an accumu-
lation of the endogenous AEA in the pig brain homogenate
(Figure 3). Next, we evaluated the effects of o- and B-amyrin
on 2-AG hydrolysis in the same homogenate. As shown in
Figure 4, B-amyrin exhibited a concentration-dependent
reduction of [*H]-glycerol formation starting at 10 nM and
reaching the maximal effect of 35-40% inhibition at 10 pM.
Likewise, a-amyrin led to a slight (about 5-8%), but significant
2-AG hydrolysis inhibition at 10 nM, but reaching only 20%
of the maximal inhibition effect at 10 uM (Figure 4A). In the
same system, JZL184 was used as a positive control for the
inhibition of MAGL, the main enzyme involved in 2-AG
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hydrolysis in the brain (Labar et al., 2010; Lichtman et al.,
2010). The concentration-inhibition curves of JZL184 and
B-amyrin showed a similar trend without major differences in
maximal inhibition at 10 uM. A further positive control
included 1 uM of JZL184 in combination with 10 uM of
WWL70 and 20 uM of THL [inhibitors of ABHD-6 and -12,
respectively, two enzymes recently identified to hydrolyse
2-AG in the brain (Blankman et al., 2007; Marrs et al., 2010)].
This combination reduced [*H]-glycerol formation to 20% of
vehicle control, confirming that MAGL, unlike FAAH for AEA,
is not the only enzyme involved in 2-AG hydrolysis in the
brain. Thus, B-amyrin inhibited 2-AG hydrolysis in a
concentration-dependent manner, similar to that of JZL184,
although not reaching the same maximal inhibition in pig
brain homogenates.

To further investigate the inhibition of 2-AG hydrolysis by
the amyrins in a more physiological setting, we incubated pig
brain homogenates with amyrins, JZL184, or vehicle at 37°C
for 30 min without adding any 2-AG and then quantified the
endocannabinoid levels by GC-MS. As shown in Figure 4B,
B-amyrin led to a significant inhibition of endogenous 2-AG
hydrolysis, as shown by the increased 2-AG levels (140 and
240% at 1 and 10 uM, respectively). Similarly, JZL184 treat-
ment produced an increase of 2-AG levels of 240 and 300% at
1 and 10 uM, respectively. Unlike the experiments with radio-
labelled substrate, in this more complex homogenate, neither
B-amyrin nor JZL184 produced a significant inhibition of
2-AG hydrolysis at 100 nM (Figure 4B). This may be due to the
higher detection limit for endogenous 2-AG compared with
radioactive assays. In keeping with this hypothesis, o-amyrin
did not show any significant accumulation of endogenous
2-AG up to 10 uM, while a slight, but significant reduction
of [*H]-glycerol formation was observed in the radioactive
experiments (Figure 4B).



B-Amyrin inhibits 2-AG hydrolysis

A —m— o-Amyrin B —=— o-Amyrin
—e— [-Amyrin —a— B-Amyrin
- WIN 55,212 -&- WIN 55,212
120+ 120+
o - 100 100
ST ] ES 7
85 80+ S ‘g 80—
So 25 ]
= (0]
29 604 DG 60+
< [Tolre]
52 e
Qs 404 O 404
20 }\ 20
B \“n__ 4 N
0- © 04 O
I 1 L] 1 L] 1 L} I 1 ] 1 L) | 1
-11-10-9 -8 -7 -6 -5 -11-10-9 -8 -7 -6 -5
Log [compound] (M) Log [compound] (M)

Figure 2

Radioligand binding assay using CHO-K1 cells stably transfected with (A) hCB; and (B) hCB, receptors and 0.5 nM [3H]-CP55,940. The potent
non-specific CB receptor ligand WIN55,212-2 was used as a positive control. Although B-amyrin displaced ~30% at 1 uM of [*H]-CP55,940 at the
CB; receptor, no ICso was reached at concentrations <10 M. A racemic o,-amyrin 1:1 mixture was assessed at 10 uM and did not exhibit
significantly higher [*H]-CP55,940 displacement than the isomers tested separately (data not shown). Data show means *= SEM, n =12 from four
independent experiments.
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Figure 3

Neither o- nor B-amyrin show inhibition of AEA hydrolysis. (A) FAAH activity was measured by incubating 200 pg of pig brain homogenate with
2 uM of the AEA/[*H]-AEA mixture for 10 min at 37°C after 20 min preincubation with amyrins, PMSF or vehicle. (B) Absolute quantification of
the AEA level by GC-MS in 1.8 mg pig brain homogenate after 30 min incubation at 37°C with amyrins, PMSF or vehicle. Data show means =
SEM of nine measurements from three independent experiments. *P < 0.05, significantly different from vehicle-treated samples.

The results obtained showed significant inhibition of significant concentration-dependent increase of intracellular
2-AG hydrolysis by B-amyrin in vitro. Therefore, we further 2-AG compared with vehicle control in the nanomolar
investigated whether this molecule could interact with 2-AG and sub-nanomolar concentrations (Figure SA). Noteworthy,
trafficking and degradation in cells. We assessed the intracel- o-amyrin also induced a similar concentration-dependent
lular accumulation of [PH]-2AG as well as the amount 2-AG accumulation curve, but with lower efficacy than
of [*H]-glycerol formed in U937 cells. As expected for a B-amyrin, in agreement with its weaker inhibition of 2-AG
2-AG hydrolysis inhibitor, f-amyrin treatment resulted in a hydrolysis. The MAGL inhibitor JZL.184, which was tested in
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Figure 4

Inhibition of 2-AG hydrolysis by amyrins. (A) Dose-dependent inhibition of [*H]-glycerol formation in pig brain homogenate after 30 min
pretreatment with amyrins, JZL184, |ZL184 1 uM + 10 uM WWL70 + 20 uM THL or vehicle, followed by 10 min incubation at 37°C with 10 uM
of the 2-AG/[*H]-2-AG mix. (B) Absolute quantification of the 2-AG level by GC-MS in 1.8 mg pig brain homogenate after 30 min incubation with
amyrins, JZL184 or vehicle at 37°C. Data show means = SEM, n = 9 from three independent experiments. *P < 0.05, **P < 0.01, significantly
different from vehicle-treated samples (=100%).
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Figure 5

The effect of amyrins on 2-AG trafficking and breakdown in intact U937 cells. (A) [*H]-2-AG intracellular levels and (B) [*H]-glycerol formation in
U937 cells pretreated with amyrins, JZL184 or vehicle and then incubated with 1 uM 2-AG/[*H]2-AG mix for 5 min. The effect of pristimerin and
MAFP is shown only at a concentration of 10 uM. The radioactive counts in the vehicle controls were approximately 9000 and 300 dpm for
[®H]-glycerol formation and intracellular [*H]-2-AG, respectively. Data show means + SEM, n =9 from three independent experiments. *P < 0.05,
**P < 0.01, significantly different from vehicle-treated samples (=100%).

the same conditions, led to a curve identical to that of intracellular accumulation of 2-AG, but without altering
B-amyrin in the nanomolar concentrations, further support- the inhibition of [*H]-glycerol formation (Figure 5A and B).
ing MAGL inhibition by the triterpene. Interestingly, unlike In fact, the two structural isomers inhibited [*H]-glycerol
JZ1.184, both o- and B-amyrin at higher concentrations (1 and formation in a concentration-dependent manner up to
10 uM) partially or completely lost the ability to increase 10 uM without losing efficacy. In agreement with our 2-AG
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hydrolysis experiments, B-amyrin was more potent than
o-amyrin (Figure 5B). As an additional positive control,
we tested the triterpene pristimerin, which is a reversible
inhibitor of MAGL (King et al., 2009a). The effect of the
non-selective inhibitor of hydrolases, methoxy arachidonyl
fluorophosphonate (MAFP), was also measured in the
[*H]-2-AG uptake assay. 10 uM of MAFP led to the same intra-
cellular [*H]-2-AG accumulation as the maximal effect
obtained with JZL184 (approximately 200%) (Figure 5A). In
contrast, MAFP treatment led to a stronger inhibition than
JZ1L184 of the [*H]-glycerol production (75 and 55%, respec-
tively) (Figure 5B). The latter difference can be explained by
the broader spectrum of hydrolase inhibition by MAFP at
10 uM, which in vitro was shown to fully inhibit MAGL and
FAAH and, at least partially, also ABHD-6 and ABHD-12
(Hoover et al., 2008). In the same [*H]-2-AG uptake assay, we
also assessed the effect of the triterpene MAGL inhibitor pris-
timerin. As shown in Figure 5, 10 uM pristimerin produced a
25% inhibition of [*H]-glycerol formation and a 125% accu-
mulation of intracellular [*H]-2-AG, thus being less potent
than B-amyrin in this assay.

The unexpected reduction of [*H]-2-AG accumulation by
the amyrins at higher concentrations (Figure 5A) could be the
result of ‘off-target’ effects such as, for example an interaction
with a putative 2-AG membrane transporter. In order to
address this hypothesis, we measured the effect of o- and
B-amyrin on [*H]-2-AG uptake and degradation in U937 cells
in presence of MAGL inhibition by 10 uM JZ1L184, which
does not affect 2-AG uptake (Fowler and Ghafouri, 2008).
The data indicate that at low concentrations (0.1-1 nM),
B-amyrin still led to a slight but significant increase of intra-
cellular [*H]-2-AG (10-20%) over the 10 uM JZL184-treated
cells, while at higher concentrations (0.1-10 uM) a significant
decrease of the intracellular [*H]-2-AG (25-40%) as compared
with JZL184-treated cells is shown (Figure 6A). Similarly,
U937 cells treated with o-amyrin in the presence of 10 uM
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Figure 6

B-Amyrin inhibits 2-AG hydrolysis

JZ1.184 did not accumulate intracellular [*H]-2-AG at low
concentrations, whereas at higher concentrations, a reduc-
tion of [*H]-2-AG uptake (10-25%) was observed (Figure 6B).
As shown in Supporting Information Figure S1, inhibition of
[*H]-glycerol formation via [*H]-2-AG hydrolysis was inde-
pendent of JZL184 treatment. This suggests that the reduc-
tion of [*H]-glycerol formation is dependent on inhibition of
both 2-AG hydrolysis and cellular uptake. Intriguingly, at
0.1 nM B-amyrin, [*H]-glycerol formation was significantly
inhibited, compared with that in cells treated with JZL184
(10 uM). This clearly suggested an additional 2-AG hydrolysis
inhibition independent of MAGL. On the basis of this poten-
tial non-MAGL-mediated inhibition of 2-AG hydrolysis,
we measured the MAGL and non-MAGL components by
using purified AIMAGL and mouse microglial BV2 cells, which
lack MAGL, but still retain 2-AG hydrolysis via ABHDs
[mainly ABHD-6 (Marrs et al., 2010)]. As shown in Figure 7A,
B-amyrin inhibited purified "MAGL more potently than
o-amyrin (see ICso values in Table 1). Pristimerin and JZL184
produced a total inhibition of MAGL (Figure 7A), with ICs
values (Table 1), in concordance with published values (King
etal.,, 2009a; Long et al., 2009). As shown in Figure 7B, in
BV2 cell homogenates, o- and B-amyrin induced a partial but
significant inhibition (10-20%) of [*H]-2-AG hydrolysis at
concentrations =100 nM indicating additional non-MAGL
targets. Importantly, JZL184 did not inhibit [*H]-2-AG
hydrolysis in this system below 10 uM, which is in agreement
with its selectivity towards MAGL (Long et al., 2009). The
triterpene pristimerin only produced a very weak partial
inhibition (<10%) at 10 uM, reflecting its MAGL selectivity
(Figure 7B). The assay was validated using the ABHD-6 inhibi-
tor WWL70, which showed an almost complete inhibition of
[*H]-2-AG hydrolysis (75-80%) at 10 uM (Figure 7B).

Our data showed that B-amyrin exerts a significant mixed
action on enzymes hydrolysing 2-AG, targeting MAGL and
ABHDs. Becauase MAGL is the main enzyme involved in
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The effect of amyrins on 2-AG uptake in intact U937 cells pretreated with 10 uM JZL184. Intracellular [*H]-2-AG levels in U937 cells pretreated
with (A) B-amyrin plus JZL184 or B-amyrin plus vehicle, (B) o-amyrin plus JZL184 or a-amyrin plus vehicle incubated with 1 uM 2-AG/[*H]-2-AG
for 5 min. Data show mean values = SEM, n =12 from four independent experiments. *P < 0.05, **P < 0.01, significantly different from vehicle
control (=100%). #P < 0.05, ##P < 0.01, JZL184 plus amyrin-treated cells significantly different from amyrin-treated cells (=100%).
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Table 1

ICso values of amyrins, pristimerin and JZL184 calculated from the
hMAGL inhibition curves

Compound ICso (nM) values = SEM
o-Amyrin 9300 = 1200

B-Amyrin 2800 += 500

Pristimerin 204 = 16.2

JZL184 39 1.0

2-AG hydrolysis (Blankman et al., 2007) we next assessed the
mechanism of action of B-amyrin towards MAGL. As shown
in Figure 8A, 3 uM of B-amyrin produced a rapid (1 min) and
continuous inhibition of MAGL activity. In Figure 8B, we
show the interaction of B-amyrin with purified "IMAGL using
a rapid dilution assay (King et al., 2009b). Under these con-
ditions, the incubation of MAGL with the covalent inhibitor
MAFP resulted in the formation of an enzyme-inhibitor
complex that was resistant to dilution of the assay mixture.
By contrast, rapid dilution of the MAGL-B-amyrin mixture
resulted in an almost full recovery of the enzymatic activity,
suggesting a reversible inhibition. In Figure 8C, further
kinetic studies demonstrated that B-amyrin decreased the
maximal catalytic velocity (V. in pmol-min-ug') of MAGL
from 43.9 = 8.6 (vehicle) to 24.3 = 4.6 (3 uM B-amyrin)
without influencing its Michaelis-Menten constant (Kpy:
1.31 = 0.98 uM for the vehicle and 1.19 * 0.67 uM for 3 uM
B-amyrin). Together, these data show that f-amyrin inhibited
MAGL activity in a rapid, reversible and non-competitive
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mannet, similar to that previously shown for the structurally
related, but more potent triterpene pristimerin (King et al.,
2009a).

Discussion and conclusions

Although we cannot fully explain the discrepancy between
the ultrapotent CB; receptor interaction of o/B-amyrin
reported (Da Silva et al., 2011) and the lack of CB,; receptor
interaction in this study, it is likely to be related to method-
ology. Da Silva etal. used membranes prepared from rat
brain (containing CB, receptors) or rat spleen (containing CB,
receptors). The view that these tissues express either CB,; or
CB, receptors, respectively, is too simple as brain tissues are
known to also contain CB, receptors (Onaivi, 2011) and
spleen contains CB, receptors (Noe et al., 2001). Moreover, in
their study, the radioligands [*H]-SR141716A (rimonabant)
and [*H]-CP55,940 were used, which both potentially interact
with other targets in these tissues; for example SR141716A
may directly interact with GABA, and GPRSS receptors
(Anavi-Goffer etal., 2011; Baur etal., 2011). Notably, the
binding curves published for o/B-amyrin were not sigmoidal,
but were rather linear and only the specific binding was
indicated whereas the actual binding (including % non-
specific binding) was not shown (Da Silva et al., 2011). In
addition, we could also speculate that the CB; receptor
binding of the inverse agonist [*H]-SR141617A might be
affected by amyrins via some unidentified interactions at
different receptor sites. Thus, potential methodological issues
cannot be excluded. Although we did not use rat, but human
cannabinoid receptors, it is unlikely that the discrepancy was
only due to species differences. We used an established and
validated CB receptor binding assay (Gertsch et al., 2008) and
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Mechanism of action of B-amyrin-mediated MAGL inhibition. (A) Time course of MAGL inhibition by 3 uM B-amyrin. (B) Rapid dilution assays of
MAGL in the presence of vehicle, B-amyrin or MAFP. Results are expressed as percentage of product generated after 60 min incubation with
vehicle. (C) Michaelis-Menten analysis of the MAGL reaction (measured as pmol-min’-ug protein™") in the presence of vehicle or 3 uM of
B-amyrin. Data show mean values = SEM, n = 9 from three independent experiments.

our positive control WINSS5,212-2 showed a K; value in
the concentration range reported previously (McPartland
et al., 2007). Using our experimental system, we were unable
to detect significant CB receptor binding in independent
experiments.

In a profiling of a-amyrin and B-amyrin on other targets
within the endocannabinoid system (endocannabinoid
transport across membranes and hydrolytic degradation), we
found significant inhibitory effects on 2-AG hydrolysis by
amyrins. The geminal methyls (3-amyrin) in the A ring were
more effective than the vicinal methyl groups (o-amyrin).
The finding that B-amyrin inhibits 2-AG hydrolysis in differ-
ent biological preparations may also explain the CB, receptor
binding of B-amyrin reported by da Silva etal. The brain
homogenate used for CB, receptor binding may lead to a
significant rise of background 2-AG levels (Sugiura et al.,
2001), which is the most abundant endocannabinoid
in the brain, and could thus interfere with the relative
[*H]-SR141716A binding. In fact, rat brain membranes retain
some 2-AG hydrolytic enzymes such as ABHDs, which are
integral cell membrane proteins (Blankman et al., 2007; Ahn
et al., 2008), and MAGL, which is found associated with the
inner cell membrane leaflet (Labar et al., 2010). Indeed, da
Silva et al. reports that rats were killed by decapitation before
preparing the brain membranes (Da Silva et al., 2011). This
procedure has been shown to produce a strong accumulation
of 2-AG in the rat brain to up to 1.54 nmol g of tissue 30 s
after decapitation (Sugiura et al., 2001), thus leading to even
a higher 2-AG content in the membrane preparations used
for the CB, receptor binding assay. That the inhibition of
2-AG breakdown in rat brain homogenates was able to inter-
fere with [*H]-SR141716A binding cannot be excluded at this
point. In the paper by da Silva et al., pre-incubation of the rat
brain membranes before adding the amyrins could have

removed the residual 2-AG through the action of the retained
hydrolytic activity.

Pristimerin, another structurally related pentacyclic triter-
penoid is a potent reversible inhibitor of MAGL activity (King
et al., 2009a), which is in agreement with our finding that
amyrin inhibits 2-AG breakdown. In our hands, pristimerin
was less potent in inhibiting 2-AG breakdown than B-amyrin
in brain tissue, despite the fact that in purified enzyme assays,
pristimerin was an approximately 10-fold more potent inhibi-
tor of IMAGL (Table 1 and Figure 7A). This could be explained
by the fact that the amyrins, but not pristimerin, also inhibit
ABHDs, as shown in the experiments using BV2 cell homoge-
nates where MAGL is not expressed (Mazrrs et al., 2010). Thus,
relatively weak and partial simultaneous inhibition of MAGL
and ABHDs appears to be synergistic, leading to significant
pharmacological inhibition of 2-AG metabolism. That triter-
penoids may be a yet unexploited source for MAGL inhibitors
is also shown by euphol, which is a different plant tetracyclic
terpene that has been reported to inhibit MAGL, albeit less
potently than pristimerin (King et al., 2009a). Interestingly,
Dutra et al. from the same laboratory in which o/f-amyrin
was found to be an ultrapotent CB, receptor ligand recently
reported that the triterpene euphol is an ultrapotent CB,
receptor-selective agonist with a subnanomolar K; value
(Dutraet al., 2011). In this study again rat spleen was used and
no functional data were reported. As observed with o/f-
amyrin, the antinociceptive effects (neuropathic pain model)
of euphol could be inhibited by both CB; and CB, receptor
antagonists, pointing to an indirect cannabimimetic effect via
the previously described inhibition of MAGL by euphol (King
et al., 2009a). In our ongoing CB receptor screening activities
using natural product libraries (Gertsch et al., 2006; 2010;
Leonti et al., 2010), we have so far not found any triterpenoid
with significant CB receptor affinity towards the classical
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CP55,940 binding site (i.e. targeting the endocannabinoid
binding pocket). However, a sulphur containing steroid with
a triterpenoid-like steroid scaffold from a marine sponge was
recently reported to selectively bind to the CB, receptor with
a K; value at low micromolar concentrations (Chianese et al.,
2011). Nevertheless, CB receptor ligands from steroids or
triterpenes are generally lacking. Overall, plant triterpenoids,
many of which are found in medicinal plants and known
to exert significant anti-inflammatory and antinociceptive
effects (Rios, 2010), appear to offer a very broad and largely
unexplored scaffold for potent inhibitors of 2-AG metabolism
by non-selectively targeting MAGL and ABHDs. Future studies
will address this hypothesis.

A recent study reported the pharmacokinetic profile of
amyrin in rats (Ching et al., 2011). In this study, the absolute
oral bioavailability of f-amyrin was in the range of 0.8-3.8%,
depending on purity and admixtures. Although only partly
bioavailable, f-amyrin showed a very long terminal elimina-
tion half-life (t1/2Az = 610 = 179 min) and extremely slow
clearance (Cl = 2.04 = 0.24 mL-min-kg™") (Ching et al., 2011).
The data by da Silva et al. suggest that ~0.3 mg kg™ of bio-
available o/f-amyrin from a total of 30 mg-kg™ orally admin-
istered dose is enough to exert significant in vivo effects when
administered chronically, indicating either tissue accumula-
tion (depot effect) or high potency. Of note, the specific
MAGL inhibitor JZL184 is only poorly orally bioavailable
(unpublished data) and triterpenoid MAGL/ABHDs inhibitors
like B-amyrin may thus provide novel tool compounds.
Because B-amyrin is a widespread constituent of many anti-
inflammatory medicinal plants and vegetable foods, MAGL
inhibition could contribute to the network pharmacology
exerted by anti-inflammatory botanical drugs (Gertsch,
2011). Given that Nature produces a wide variety of distinct
tetracyclic and pentacyclic terpenes, their potential effects on
MAGL need to be addressed systematically in future studies.
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Figure S1 The effect of amyrins on glycerol formation
in U937 cells pretreated with 10 uM JZL184. [*H]-glycerol
levels in U937 cells pretreated with (A) B-amyrin plus JZL184
or B-amyrin + vehicle (B) a-amyrin + JZL184 or o-amyrin +
vehicle and then incubated with 1 uM 2-AG/[*H]2-AG mix for
5 min. Data show means = SEM of 12 measurements from
4 independent experiments. *P < 0.05, **P < 0.01 amyrins
treated cells versus vehicle-treated cells; #P < 0.05, amyrins
plus JZL184-treated cells versus amyrins plus vehicle-treated
cells.
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