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Alkylamides (alkamides) from Echinacea modulate tumor necro-
sis factor &« mRNA expression in human monocytes/macrophages
via the cannabinoid type 2 (CB,) receptor (Gertsch, J., Schoop, R.,
Kuenzle, U., and Suter, A. (2004) FEBS Lett. 577, 563-569). Here we
show that the alkylamides dodeca-2E,4E,87,10Z-tetraenoic acid
isobutylamide (A1) and dodeca-2E,4E-dienoic acid isobutylamide
(A2) bind to the CB, receptor more strongly than the endogenous
cannabinoids. The K; values of A1 and A2 (CB, ~60 nm; CB; >1500
nM) were determined by displacement of the synthetic high affinity
cannabinoid ligand [*H]CP-55,940. Molecular modeling suggests
that alkylamides bind in the solvent-accessible cavity in CB,,
directed by H-bonding and -7 interactions. In a screen with 49
other pharmacologically relevant receptors, it could be shown that
Al and A2 specifically bind to CB, and CB,. Al and A2 elevated
total intracellular Ca>* in CB,-positive but not in CB,-negative pro-
myelocytic HL60 cells, an effect that was inhibited by the CB, antag-
onist SR144528. At 50 nm, A1, A2, and the endogenous cannabinoid
anandamide (CB, K; >200 nm) up-regulated constitutive interleu-
kin (IL)-6 expression in human whole blood in a seemingly CB,-
dependent manner. Al, A2, anandamide, the CB, antagonist
SR144528 (K; <10 nm), and also the non-CB,-binding alkylamide
undeca-2E-ene,8,10-diynoic acid isobutylamide all significantly inhib-
ited lipopolysaccharide-induced tumor necrosis factor «, IL-1f3,
and IL-12p70 expression (5-500 nM) in a CB,-independent manner.
Alkylamides and anandamide also showed weak differential effects
on anti-CD3- versus anti-CD28-stimulated cytokine expression
in human whole blood. Overall, alkylamides, anandamide, and
SR144528 potently inhibited lipopolysaccharide-induced inflam-
mation in human whole blood and exerted modulatory effects on
cytokine expression, but these effects are not exclusively related to
CB, binding.

Purple coneflower (Echinacea purpurea and Echinacea angustifolia)
preparations are widely used herbal medicines for the treatment of the
common cold and upper respiratory infections (1, 2). It is generally
believed that Echinacea affords its benefits through interactions with
the immune system (3), but data on the clinical efficacy of Echinacea in
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the treatment of the common cold and upper respiratory infections are
contradictory (4, 5). In contrast to the significant investments into the
clinical assessment of the efficacy of Echinacea (6), the molecular mech-
anism of action of this medicinal plant has remained elusive, and com-
prehensive studies on the immunomodulatory actions of Echinacea
constituents are scarce.

We have reported previously that unsaturated fatty acid N-alkylam-
ides (alkylamides) from Echinacea preparations can modulate the
expression of TNF-a” in human monocytes and macrophages (Mds)
in vitro (7). We ascribed these effects to interactions of alkylamides with
the cannabinoid type 2 receptor (CB,) on monocytes, resulting in the
activation of c-Jun N-terminal kinase, mitogen-activated protein kinase,
and of the nuclear factor kB (NF-«B), which ultimately leads to TNF-«
mRNA expression (7). In the same study it was demonstrated that alky-
lamides inhibit LPS-stimulated TNF-« protein expression from isolated
monocytes/Mds. These findings were independently confirmed in a
more recent study, which demonstrated binding of alkylamides from E.
angustifolia to rodent cannabinoid receptors and inhibition of fatty acid
amide hydrolase, the enzyme that controls the half-life of the endoge-
nous cannabinoid ligand anandamide (8).

Cannabinoid receptors belong to the G-protein-coupled receptor
(GPCR) family and are ubiquitously found in the central nervous system
and in the periphery. So far, two types of receptors have been charac-
terized, which are referred to as type 1 (CB;) and type 2 (CB,) receptors.
The CB, receptor is predominantly but not exclusively found in the
nervous system, whereas the CB, receptor is mainly expressed on
immune cells and in the spleen (9, 10).

Because of its role in the cellular immune system, the CB, receptor is
of particular interest for our ongoing studies on the immunomodulatory
activity of alkylamides from Echinacea. In fact, the CB, receptor is abun-
dantly expressed in different types of inflammatory and immune-com-
petent cells (11, 12), and there is accumulating evidence that the CB,
receptor plays a role in inflammatory reactions and the immune
response (13-15), as well as related pathophysiological conditions (16,
17). It is also well established that cannabinoids mediate both inhibitory
and stimulatory effects on the immune system by modulating cytokine
expression (18, 19). These differential effects are also dependent on

2 The abbreviations used are: TNF-, tumor necrosis factor ; 2-AG, 2-arachidonoyl-glycerol;
CB, cannabinoid receptor; FACS, fluorescence-activated cell sorting; GM-CSF, granulocyte
colony-stimulating factor; GPCR, G-protein-coupled receptor; LPS, lipopolysaccharide;
NF-«B, nuclear factor «B; IL, interleukin; M¢s, macrophages; PLC, phospholipase C; PMA,
phorbol ester (12-tetradecanoylphorbol-13 acetate); BisTris, 2-[bis(2-hydroxyethyl)-
amino]-2-(hydroxymethyl)propane-1,3-diol; A1, dodeca-2E,4E,87,10Z-tetraenoic acid
isobutylamide; A2, dodeca-2E,4E-dienoic acid isobutylamide; A3, undeca-2E-ene,8,10-
diynoic acid isobutylamide; CBA, cytometric bead array.
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ligand concentration (19), but the underlying mechanisms of the con-
centration effects are not yet understood. Recent studies also highlight
the potential of CB, receptor ligands in the treatment of cancer (20, 21)
and atherosclerosis (22).

Therefore, the general aim of this study was to characterize the inter-
action of alkylamides from the medicinal plant Echinacea with the
human CB, receptor with respect to binding affinity, ligand specificity,
and functional consequences at physiological drug concentrations in
cellular systems in vitro. Binding studies were based on radioligand dis-
placement assays with the bicyclic cannabinoid ligand [*H]CP-55,940,
which has played an important role in the discovery of the cannabinoid
receptors (23, 24), and which strongly binds to the cannabinoid-binding
site in CB, (K; = 0.7 nm). Despite the fact that more than one plausible
binding site in CB, has been postulated (25), the CP-55,940-binding site
is shared by all cannabinoids reported so far. The experimental investi-
gations were complemented by molecular modeling studies based on a
previously established homology model (25). No experimental informa-
tion is currently available on the structure of the receptor.

We have shown previously that alkylamides inhibit forskolin-induced
cAMP production (7) via the CB, receptor. To further characterize the
direct functional effects of alkylamide binding to the CB, receptor, the
total intracellular free Ca>" concentration ([Ca®*],) in both CB,-ex-
pressing (CB,-positive) and CB,-nonexpressing (CB,-negative) HL60
cells was measured. In addition to defined cellular systems, we have also
investigated the effects of nanomolar concentrations of alkylamides on
cytokine expression in human peripheral whole blood cultures, both
under nonstimulating and stimulating conditions. Immunomodulatory
actions of endogenous and exogenous cannabinoids have been investi-
gated in numerous studies (18), mostly performed with isolated cells or
transformed cell lines, but only sparse data exist for ex vivo studies or
studies with whole blood. Recent reports have shown that plasma levels
of alkylamides in the lower nanomolar range can be achieved in humans
after oral administration of commercial alkylamide-containing Echina-
cea preparations (26, 27). So far, however, it is not known whether
alkylamides can exert immunomodulatory effects via the CB, receptor
at such low concentrations. Whole blood rather than isolated leuko-
cytes were chosen for these studies in order to simulate physiological
conditions as closely as possible. Whole blood studies were performed
with three major alkylamides from Echinacea, the endogenous canna-
binoid arachidonoylethanolamide (anandamide), and the CB, antago-
nist SR144528 (28).

EXPERIMENTAL PROCEDURES

Cell Culture—Human promyelocytic leukemia non-CB,-expressing
(negative) HL60 cells (obtained from Prof. Dr. Verena Dirsch, Vienna,
Austria) were grown in RPMI 1640 medium (Invitrogen) supplemented
with 10% fetal bovine serum, 1 g/ml fungizone (amphotericin B), 100
units/ml penicillin, 100 g/ml streptomycin, and 2 mm L-glutamine (all
from Invitrogen). Human promyelocytic leukemia CB,-expressing (pos-
itive) HL60 cells (obtained from the ATCC, CCL-240) were grown in
Iscove’s modified Dulbecco’s medium with 4 mMm L-glutamine and 1.5
g/liter sodium bicarbonate (ATCC, Manassas, VA) supplemented with
20% fetal bovine serum, 1 g/ml fungizone (amphotericin B), 100
units/ml penicillin, and 100 g/ml streptomycin. The human CB,-ex-
pressing CHO-K1 cells were grown in the same medium as the CB,-
negative HL60 cells but supplemented with 400 pg/ml G418 (10131-
027; Invitrogen). All cells were grown in a humidified incubator at 37 °C
and 5% CO,.

Human Peripheral Whole Blood Cultures—10 ml of peripheral whole
blood was obtained from healthy volunteers in the early afternoon by a
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medical doctor. The blood was collected into heparinized tubes (BD
Vacutainer Systems) and gently shaken for 1 min. 200-ul portions were
then immediately aliquoted into a 96-well plate under sterile conditions.
Each experiment was carried out in triplicate. Test compounds and
vehicle controls were added. After 45 min of incubation in a humidified
incubator at 37 °C and 5% CO,, stimulation of cells was initiated by
addition of either 313 ng/ml LPS, 1 ug/ml aCD3 (combined with 1.5
png/ml PMA), or 0.5 ug/ml aCD28 (combined with 1.5 ug/ml PMA) to
the blood culture under gentle stirring. Volumes of stimulatory mix-
tures were set to 2 ul. PMA stimulation alone did not markedly induce
cytokines in whole blood. Again, vehicle controls (ethanol or H,O) of
the same dilutions were included. The plate was then incubated at 37 °C
and 5% CO, for 18 h. After incubation the plates were centrifuged at
room temperature for 5 min at 450 rpm in an MSE Mistral 3000i cen-
trifuge to facilitate plasma collection. For each assay at least three exper-
iments were performed in triplicate with blood from at least three dif-
ferent donors (total of at least nine measurements).

FACS Analysis of CB, Expression—HL60 or CB,-transfected CHO-K1
cells (10°) were washed in phosphate-buffered saline (Invitrogen) supple-
mented with 0.1% NaN; and 2% fetal bovine serum and incubated
(1:100) with the rabbit polyclonal CB,-specific antibody (3561) for 45
min on ice in the dark. After two washing steps, the cells were incu-
bated (1:32) with a monoclonal anti-rabbit fluorescein isothiocya-
nate-labeled antibody for 45 min on ice in the dark. The cells were
washed twice and resuspended in 500 ul of phosphate-buffered saline
with 0.1% NaNj; and 1% p-formaldehyde prior to analysis on a FACScan
cytometer (BD Biosciences). Measurements were carried out with the
CellQuest™ software, and relative expressions were compared with
secondary antibody controls.

Radioligand Displacement Assays on CB, and CB, Receptors—For
the CB, receptor, binding experiments were performed in the presence
of 0.39 nM of the radioligand [*’H]CP-55,940 at 30 °C in siliconized glass
vials together with 7.16 ug of membrane recombinantly overexpressing
CB, (RBHCB1M,; PerkinElmer Life Sciences), which was resuspended in
0.2 ml (final volume) of binding buffer (50 mm Tris-HCl, 2.5 mM EGTA,
5 mm MgCl,, 0.5 mg/ml fatty acid free bovine serum albumin, pH 7.4).
Test compounds were present at varying concentrations, and the non-
specific binding of the radioligand was determined in the presence of 10
uM CP-55,940. After 90 min of incubation, the suspension was rapidly
filtered through 0.05% polyethyleneimine pre-soaked GF/C glass fiber
filters on a 96-well cell harvester and washed nine times with 0.5 ml of
ice-cold washing buffer (50 mm Tris-HCI, 2.5 mm EGTA, 5 mm MgCl,,
2% bovine serum albumin, pH 7.4). Radioactivity on filters was meas-
ured with a Beckman LS 6500 scintillation counter in 3 ml of Ultima
Gold scintillation liquid. Data collected from three independent exper-
iments performed in triplicate were normalized between 100 and 0%
specific binding for [’H]CP-55,940. These data were graphically lin-
earized by projecting Hill plots, which allowed the calculation of ICy,
values. Derived from the dissociation constant (K},) of [PH]CP-55,940
and the concentration-dependent displacement (IC,, value), inhibition
constants (K;) of competitor compounds were calculated using the
Cheng-Prusoff equation (K; = IC,,/(1 + L/K})) (29).

For CB, receptor binding studies, 3.8 ug of membrane recombinantly
overexpressing CB, (RBXCB2M,; PerkinElmer Life Sciences) was resus-
pended in 0.6 ml of binding buffer (see above) together with 0.11 nm of
the radioligand [*H]CP-55,940. The CB,-binding assay was conducted
in the same manner as for CB;.

Western Blotting—HL60 cells and CB,-transfected CHO-K1 cells
were resuspended and homogenized in ice-cold buffer A (15 mM Tris-
HCI, 2 mm MgCl,, 0.3 mm EDTA, 1 mm EGTA, pH 7.5) followed by
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centrifugation at 40,000 X g for 25 min at 4 °C. The pellet was washed
with buffer A and centrifuged again at 40,000 X gfor 25 min at4 °C. The
membrane was resuspended in buffer B (75 mm Tris-HCl, 12.5 mm
MgCl,,0.3mMEDTA, 1 mm EGTA, 250 mMm sucrose, pH 7.5) and stored
at —80 °C until used. All membrane preparation steps were performed
in the presence of protease inhibitor mixture (P8340; Sigma).

Membrane proteins were separated on 4—12% Nupage ™ Novex
BisTris pre-cast gels (Invitrogen) under denaturing and nonreducing
conditions and subsequently transferred to nitrocellulose mem-
branes. Blocking of membrane, incubation of the primary and second-
ary antibodies, and detection by chemiluminescence following ECL Plus
Western blotting Detection Reagents (Amersham Biosciences) were
performed according to the manufacturer’s instructions.

Receptor Screen—The receptor screen was carried out at the Novartis
Institute for Biomedical Research in Basel, Switzerland. 10 um of test
compound was subjected to cell membrane preparations from cell lines
overexpressing specific receptors in order to test for competitive bind-
ing with the corresponding radioligands. Inhibitions of >50% were sig-
nificantly higher than background interference and represent specific
positive interactions with the radioligand-binding sites.

CB, Homology Model and Docking Study—The program HOMOL-
OGY/Insightll (MSI-Biosym Insightll/Homology version 98, MSI Inc.,
San Diego) was used to generate the initial three-dimensional structural
model of the CB, receptor based on the x-ray crystal structure of bovine
rhodopsin (30). Multiple sequence alignment among 10 selective
GPCRs, including the CB, receptor and bovine rhodopsin from the
rhodopsin GPCR family, was first performed to distinguish the seven
transmembrane domains and extra- and intra-loop regions of the recep-
tors, and the results were refined and evaluated by mutation scores,
pairwise hydrophobicity profiles, and Kyte-Doolittle plots. The CB,
three-dimensional structural model was then constructed by mapping
the CB, sequence on the homologous residues of the rhodopsin x-ray
structure in 7TM regions and searching for homologous C-a backbone
sequences in published structures from the Protein Data Bank in loop
regions. The energy minimization and molecular dynamics (MD/MM)
simulation was finally carried out to optimize the CB, three-dimen-
sional structural model (25). To explore the possible binding pocket or
domain(s) inside the CB, receptor, molecular surface and physico-
chemical property maps, ie. electrostatic and hydrophobicity
(lipophilicity) potentials, were generated on the Connolly solvent-ac-
cessible surface by using the MOLCAD program (SYBYL7.0) (molecu-
lar modeling software packages, version 7.0, Tripos Associates, Inc., St.
Louis). MOLCAD’s rendering techniques allow the rapid calculation
and display of property-coded surfaces for the molecular recognition.
The generated surface property maps were further examined for the
complementary biological data.

The alkylamide docking and CB, protein-ligand complex studies
were performed on the basis of the following docking protocol by using
Tripos molecular modeling packages Sybyl7.0 on an SGI octane com-
puter. First, a three-dimensional structure of the alkylamide molecule
was built by the Sketch module in Sybyl7.0 and optimized by using the
Tripos force field. The initial docking position of alkylamide mole-
cules was established inside the hypothetic binding pocket that was
defined on the basis of the MOLCAD-generated solvent-accessible
cavity model of the CB, receptor. Then the receptor-ligand binding
geometry was optimized by flexible docking using the FlexiDock
module in Sybyl7.0. During flexible docking simulation, the single
bonds of the alkylamide and all side chains within the defined bind-
ing region, or 3 A around the target ligand, of the CB, receptor were
defined as rotatable or flexible bonds, and the ligand was allowed to
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move flexibly within the tentative binding site/pocket. The atomic
charges were recalculated by using Kollman all-atom for the protein and
Gasteiger-Hiickel for the ligand. The interaction energy was calculated
using van der Waals, electrostatic, and torsional energy terms of the
Tripos force field. The iterations were set at 20,000 generations for
genetic algorithms.

Subsequently, further optimization was carried out on the FlexiDock-
generated CB, receptor-ligand complexes by using energy minimiza-
tion and molecular dynamics. In this study, the AMBER force field along
with a 15-A cut-off distance for nonbonded interactions was applied to
optimize theintermediateligand-bound CB, receptor model. A distance-
dependent (¢ = 5r) dielectric function was used. Before the optimiza-
tion, a binding pocket was defined to include the ligand and the residues
within 7.5 A around the ligand in the complex. The molecular dynamics
protocol consisted of the following. (i) Initial minimization for 500 iter-
ations of steepest descents, followed by conjugate gradients minimiza-
tion, until the root mean square deviation became less than 0.1
kecal'mol ~*-A ™. (ii) MD simulations were then performed at a constant
temperature of 1000 K and a time step of 1 fs for a total of 50 ps. Initially,
a constraint was applied to keep the backbone atoms in the seven trans-
membrane domains inside the binding pocket and all of other atoms
outside the binding pocket of the CB, receptor. Fifty representative
snapshots of the ligand receptor complex from the molecular dynamics
run were retrieved, minimized with 500 iterations of steepest descent,
and followed by conjugate gradient minimization until the maximum
derivative was less than 0.1 kcal'mol "A~!. The minimization and
molecular dynamics simulation of the ligand receptor complex were
further analyzed and evaluated as described later.

Measurement of [Ca’"]—HL60 CB,-positive cells were washed
once, and cells (107 cells/ml) were incubated at 37 °C for 20 min in
Hanks’ balanced salt solution containing fluo3/AM in a final concentra-
tion of 4 um and 0.15 mg/ml Pluronic F-127. The cells were then diluted
1:5 in Hanks” balanced salt solution containing 1% fetal bovine serum
and incubated for 40 min at 37 °C. Afterward, the cells were washed
three times and resuspended in 500 wl of Ca*"-free HEPES-buffered
saline, containing 137 mm NaCl, 5 mm KCl, 1 mm Na,HPO,, 5 mMm
glucose, 0.5 mm MgCl,, 0.1 mM EGTA, 1 g/liter bovine serum albumin,
10 mM Hepes, pH 7.4. Prior to each measurement, the cells were incu-
bated for 7 min in a 37 °C water bath. In some experiments the cells were
pretreated for 4 min with SR144528 (1 um). The cells were subsequently
stimulated with drugs and vehicle controls and analyzed with the FL1
channel on a FACScan flow cytometer equipped with a 488 nm argon
laser (BD Biosciences). Because the solvent (ethanol) showed an effect
on [Ca**], in vehicle controls, this solvent effect was subtracted from
each value.

Quantification of Cytokines with CBAs—Cytokine production in human
peripheral whole blood was analyzed in blood plasma or supernatants of
cells cultured for 18 h at 37 °C, 5% CO, using Cytometric Bead Arrays ™
(BD Biosciences). Blood cultures were carried out as described above.
IL-12p70, TNF-e, IL-10, IL-6, IL-13, and IL-8 were detected using the
human inflammation CBA kit (551811; BD Biosciences), and for GM-
CSF, IL-7, IL-5, IL-4, and IL-3 detection the human allergy CBA kit
(558022; BD Biosciences) was used. Tests were performed according to
the manufacturer’s instructions. Briefly, 50 ul of supernatants were
mixed with 50 ul of phycoerythrin-conjugated cytokine capture beads.
For each set of experiments a standard curve was generated. Prior to
each measurement the red and orange channels were adequately com-
pensated, according to instructions. FL-2 was typically compensated for
40% FL-1. After 3 h of incubation, samples were rinsed, fixed with 1%
paraformaldehyde, and analyzed by flow cytometry (FACScan and
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FIGURE 2. Cellular CB, expression and [*H]CP-55,940 displacement from human CB, receptor. A, expression of the CB, receptor on HEK293 cells (RBXCB2M; PerkinElmer Life
Sciences), CB,-transfected CHO-K1 cells, and CB,-positive promyelocytic HL60 cells (CCL-240; ATCC) as determined by semiquantitative Western blotting and FACS. B, Hill plot
showing displacement of [*H]CP-55,940 by anandamide. C, displacement of [*H]CP-55,940 by A1 showing a biphasic curve (n = 4 = S.D.). D, low concentration part of displacement

curve by A1 (n =4 £ S.D.).

FACSCanto) with the CBA Analysis Software; BD Biosciences). The
results were expressed as pg/ml and then analyzed for their relative
expression (control versus treated sample). The lower limit of detection
for each cytokine was determined as 20 pg/ml.

Drugs and Antibodies—Dodeca-2E,4E-dienoic acid isobutylamide
(A2) was isolated from E. purpurea as published previously (31) for
E. angustifolia root material. Dodeca-2E,4E,87,10Z-tetraenoic acid
isobutylamide (A1) and undeca-2E-en-8,10-diynoic acid isobutylamide
(A3) were gifts from R. Lehmann (MediHerb, Australia). Compounds
were checked for identity and integrity by thin layer chromatography
and "H NMR (500 MHz Bruker) spectroscopy prior to use. Anandam-
ide, 2-AG, AM630, and CP-55,940 were obtained from Tocris Cookson
Ltd. (UK). SR144528 was obtained as a gift from Sanofi-Synthélabo
Recherche (France). Fluo3/AM, Pluronic F-127, and the monoclonal
anti-rabbit fluorescein isothiocyanate antibody were purchased from
Sigma. CB, rabbit polyclonal antibody (3561) was obtained from Abcam
(UK) and was tested for differential binding to immune cells. The
radioligand [?’H]CP-55,940 was obtained from PerkinElmer Life Sci-
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ences. Anandamide, LPS (E. coli, serotype 055:B5), and PMA (from
Euphorbiaceae) were obtained from Fluka Chemie, Switzerland.
Thapsigargin was purchased from Alexis Biochemicals, Switzerland.
Monoclonal a«CD3 (555336) and aCD28 (348040) were purchased
from Pharmingen.

Calculations and Statistics—Results are expressed as mean values =
S.D. or = S.E. for each examined group. Statistical significance of dif-
ferences between groups was determined by the Student’s ¢ test (paired
¢ test) with GraphPad Prism software. Outliners in a series of identical
experiments were determined by Grubb’s test (ESD method) with « set
to 0.05. Statistical differences between treated and vehicle control
groups were determined by Student’s ¢ test for dependent samples. Dif-
ferences between the analyzed samples were considered as significant if
p = 0.05.

RESULTS

The solubility of the lipophilic alkylamides Al and A2 is limited in
aqueous solutions as detected by a Tyndall effect at concentrations
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above 10 uM, and even low alkylamide concentrations (~300 nm)
resulted in the formation of detectable particles in buffer (not shown).
For the interpretation of the results obtained in the biological assays, it
is therefore important to consider the possibility that the actual free
alkylamide concentration in the culture medium may be less than the
calculated nominal concentration.

Binding Studies—To determine whether alkylamides A1, A2, and A3
(Fig. 1) bind to the human CB, receptor as proposed previously (7), we
first evaluated different CB, receptor expression systems by Western
blotting and fluorescence-activated cytometry, using a polyclonal
human CB, antibody (3560). The human CB, receptor recombinantly
expressed in CHO-K1 cells and naturally expressed on original human
promyelocytic HL60 cells (ATCC No CCL-240) was clearly detectable

(Fig. 2A4). However, CB,-transfected HEK293 cells (RBXCB2M;
PerkinElmer Life Sciences) showed the strongest CB, expression with a
receptor glycosylation status comparable with the one found in HL60
cells as judged by the band size on Western blots (Fig. 24). Based on the
results from [*H]CP-55,940 displacement with anandamide (low non-
specific binding), which was used as positive control (Fig. 2B), we
selected membrane preparations obtained from CB, and CB, overex-
pressing HEK293 cells, respectively, for all subsequent experiments (see
“Experimental Procedures”). Cichoric acid, which is another prominent
constituent in Echinacea, and arachidonic acid were included as nega-
tive controls in the binding studies.

Anandamide showed a concentration-dependent displacement of
the radioligand [*H]CP-55,940 from membrane preparations with a
determined K; of 218 = 149 nm (Fig. 2B). At concentrations below 100
nM, alkylamides A1l and A2 potently displaced the radioligand in a con-
centration-dependent manner, but the displacement curve showed a
second phase at higher ligand concentrations (Fig. 2C), which may
reflect solubility problems and the formation of alkylamide particles.
Based on the low concentration part of the displacement curve (Fig. 2D),
Aland A2 showed high affinity toward CB, with K values of 57 = 14 nm
(A1) and 60 = 13 nMm (A2). Significantly lower affinity was observed
toward CB; (Table 1). Cichoric acid, arachidonic acid, and the alkylam-
ide A3 did not displace [PH]CP-55,940 (K, > 40,000 nm) from CB,
(Table 1) and therefore do not bind to the cannabinoid-binding site.

Receptor Screen—To assess the specificity of the binding to cannabi-
noid receptors relative to other potential targets, A1 and A2 (10 um
each) were subjected to a receptor screen (see “Experimental Proce-
dures”). The screen included CB,; and 49 additional pharmaceutically

A

TABLE 1
K; values of compounds tested
n=3=*SD.
Compound K, of human CB, K; of human CB,
nm
Al 57 £ 14 6210 = 800
A2 60 = 13 1940 *= 370
A3 >40,000 >40,000
A®-Tetrahydrocannabinol 36.4 + 10* 40.7 * 2¢
Anandamide 218 * 149 37
2-AG 1400° 472°
Arachidonic acid >40,000 >40,000
Cichoric acid >40,000 ND¢
SR144528 0.6 4374
“ See Ref. 63.
? See Ref. 64.
¢ND indicates not determined.
4 See Ref. 65.
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FIGURE 3. Alkylamides A1 and A2 specifically bind to cannabinoid receptors. A1 and A2 (10 um each) were subjected to a receptor screen. The alkylamide A1 significantly inhibits
(>50%) radioligand binding to CB, (A); the alkylamide A2 significantly inhibits (>50%) radioligand binding to CB, and CB, (B). Data are from single measurements. In this test system,
the probability that a test compound inhibits binding of radioligands by 50% by chance is <5%.
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FIGURE 4. Proposed binding conformation of alkylamides A1 and A2 in the CB,
receptor. A, putative binding site for CB, ligands is located adjacent to helices Ill, V, VI,
and Vil at the near extracellular side of the 7TM bundles. The surface is color-coded using

MAY 19, 2006« VOLUME 281+NUMBER 20

relevant receptors but not CB,. The corresponding data for CB, were
obtained in our in-house assay using the same experimental conditions.
Fig. 3 shows the % binding inhibition of the appropriate radioligands by
Al and A2 (single measurements), indicating that the compounds do
not significantly interact with radioligand-binding sites on receptors
other than the cannabinoid receptors in the screen. However, both
compounds showed a tendency to also compete with radioligands spe-
cific to serotonin 2A and serotonin 2C receptors. In addition, A2 tends
to compete with radioligands for norepinephrine transporter and the
opioid k receptor (Fig. 3). Al did not significantly bind to the CB, recep-
tor although A2 did, thus confirming the results of the independently
conducted binding experiments (see above).

Molecular Modeling—The interaction of alkylamides with the CB,
receptor was further explored in a homology model (25). The amphipathic
cavity of the CB, model is approximately bound by the solvent-accessible
surface as shown in Fig. 44. A putative binding site for CB, ligands is
located adjacent to helices III, V, VI, and VII at the near extracellular
side of the 7TM bundles. The surface is color-coded using the lipophi-
licity scale in which the hydrophilic center (blue) is framed by polar
residues (e.g. GIn-276, Tyr-190, and Asp-189), and a hydrophobic cleft
(brown) is surrounded by aromatic residues (e.g. Phe-197, Phe-117, and
Trp-258) (Fig. 4A). A recent review by Raitio et al. (32) has summarized
the specific amino acid residues suggested to be important for CB,
ligand activity. These include the residues Asp-130, Arg-131, Tyr-132
(33), Cys-174, and Cys-175, which are important for the conformation
of the wild-type CB, receptor (34), and the residues Ser-161 and Ser-
165, which are required for binding of the antagonist SR144528 (35),
The residues Tyr-190 and Phe-197 have been shown to be necessary for
the binding of agonists (36, 37). The distance between the hydrophilic
and hydrophobic centers is estimated as 9—11 A, which is a typical size
of a cannabinoid ligand molecule. The alkylamide molecule A1l was
initially docked into the putative binding region as shown in Fig. 44,
spanning the hydrophobic to hydrophilic regions and indicating the
amphiphilic nature of isobutylamide-type alkylamides.

Like the putative cavity of the CB, model, alkylamides A1 and A2 are
also amphipathic molecules with hydrophilic amide and hydrophobic
alkyl groups, and their flexible molecular features allowed them to be
docked well into the predicted binding pocket. The A1-CB, complex
was then optimized by the Flexidocking and MD/MM simulations. The
computer modeling indicated that the alkylamide molecule interacts
with the CB, receptor (Fig. 4B). The amide group of the alkylamide is
headed into the hydrophilic pocket, surrounded by the residues Asp-
189 and Tyr-190 of the CB, receptor. The important residue Tyr-190
not only exhibits an H-bond interaction but also - interactions with
the alkylamide (Fig. 4B). In these interactions, oxygen in the hydroxyl
group of Tyr-190 forms a hydrogen bond with the amide hydrogen of
the alkylamide (shown by yellow line in Fig. 4B), and the aromatic ring of
Tyr-190 exhibits 7r-7 interactions with the C-2—C-3 double bond in the
alkylamide.

Alkylamides Elevate [Ca®" ], in HL60 Cells via CB,—W e have shown
previously that alkylamides influence cellular cAMP levels in mono-
cytes/M¢s and that they inhibit forskolin-induced cAMP formation (7).
In this study, the CB,-mediated effect on total [Ca®*], was assessed. We
employed CB,-positive and CB,-negative cell lines (Fig. 54) and first

the lipophilicity scale in which the hydrophilic center (blue) is framed by polar residues
(e.g. GIn-276, Tyr-190, and Asp-189), and a hydrophobic cleft (brown) is surrounded by
aromatic residues (e.g. Phe-197, Phe-117, and Trp-258). B, the putative interaction of
alkylamides with the CB, receptor is shown. The oxygen atom in the hydroxyl group of
Tyr-190 forms a hydrogen bond with the amide hydrogen of the alkylamide (shown by
yellow line in B), and the aromatic ring of Tyr-190 exhibits - interactions with the
C-2-C-3 double bond in the alkylamide.
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FIGURE 5. The effects of alkylamides, anandamide, and 2-AG on [Ca%*]; in HL60 cells. The CB, receptor surface expression on HL60-negative (1) and -positive (2) cells was
determined by FACS using the antibody 3561 (representative image of three independent experiments) (A). FACS density plot of total [Ca®*];in CB,-positive HL60 cells over time was
determined by fluo3/AM staining (B). 2-AG, A1, and A2 (10 um each) elevated total [Ca?*],(C). Addition of SR144528 (1 uwm) partially inhibited the effect. Anandamide and A3 did not

significantly influence [Ca®*]. n = 3 = S.D. ¥, p = =0.05; **, p = <0.01; ***, p = <0.001.
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FIGURE 6. Overview of immunomodulatory effects of alkylamides and anandamide using different stimuli. 50 nv of drugs were incubated with CD3/PMA-stimulated,
CD28/PMA-stimulated, nonstimulated, and LPS-stimulated whole blood for 18 h (see “Experimental Procedures”). Cytokines were quantified by FACS using CBAs. Anandamide (AN)
and alkylamides from Echinacea (A1-A3) differentially modulate cytokine expression (% of stimulated control). Data are mean values (n = 3).

tested their sensitivity to thapsigargin. Measurements of the Ca®" sens-
ing dye fluo3/AM were performed real time in Ca®*-free buffer by
FACS (Fig. 5B). Thapsigargin, which promotes the discharge of Ca®"
from intracellular stores by specifically inhibiting endoplasmic reticu-
lum Ca®"-ATPase (38), led to an increase in total [Ca*>*], in both cell
lines (not shown). We could also confirm that 2-AG but not anandam-
ide elevates [Ca*"], in HL60 cells, as was reported previously by Sugiura
et al. (39) (Fig. 5C). 2-AG led to a significant increase (180% of vehicle
control) in total [Ca®"]; in CB,-positive HL60 cells, which was sup-
pressed by the CB, antagonist SR144528 (Fig. 5C). In these cells also A1
and A2 but not A3 significantly induced [Ca®"]; elevation, and the
effects could be inhibited by SR144528 (Fig. 5C). No significant modu-
lation of [Ca®"], was detected in CB,-negative HL60 cells (not shown),
which clearly suggests that CB, is directly involved in Ca>* signaling by
2AG, Al, and A2.

Effects on Constitutive Cytokine/Chemokine Expression in Human
Whole Blood and HL60 Cells—In a next step we studied the effects of
different concentrations of alkylamides A1, A2, and A3, anandamide, and
SR144528 on constitutive cytokine/chemokine expression in human whole
blood. The constitutive expression of pro-inflammatory proteins
(TNF-a, IL-1B, and IL-6) was generally low (<30 pg/ml), and only the
protein level of the chemokine IL-8 (CXCL8) was typically high (>100
pg/ml). First, the compounds were tested on constitutive (nonstimu-

MAY 19, 2006 *VOLUME 281-NUMBER 20

lated) whole blood. At low concentrations (<100 nm) SR144528 signif-
icantly inhibited IL-18 production, reducing constitutive expression to
75% of vehicle control (see the supplemental material). No effect on
IL-1B expression was observed for any of the other compounds inves-
tigated. In contrast, the prominent constitutive expression of IL-8 was
modulated by A1, A3, and anandamide (Fig. 6A). IL-8 was significantly
up-regulated at low nanomolar concentrations (Fig. 64 and supplemen-
tal material). In order to test whether the modulation of IL-8 was related
to interactions with the CB, receptor in myeloid cells, we carried out
experiments with CB,-positive and CB,-negative HL60 cells, both of
which constitutively express IL-8 protein. Our results show that in CB,-
positive HL60 cells, the constitutive IL-8 expression (249 = 151 pg/ml)
was either not affected (A1 and A3) or up-regulated (A2 and anandam-
ide), whereas in CB,-negative HL60 cells, IL-8 expression (620 * 191
pg/ml) was inhibited by all compounds (see the supplemental material).
Most interestingly, the CB, antagonist SR144528 inhibited IL-8 expres-
sion in both CB,-positive and -negative HL60 cells (see the supplemen-
tal material).

Compounds Al, A2, and anandamide, but not A3, significantly up-
regulated IL-6 protein expression to 130—-160% of control levels in
human whole blood (Figs. 64 and 7). Somewhat surprisingly, anandam-
ide and A2 inhibited IL-6 at a concentration of 500 nu, thus showing a
biphasic (bell-shaped) effect (Fig. 7). Because the non-CB,-binding al-
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kylamide A3 did not up-regulate IL-6 protein expression, the induction
of IL-6 by A1, A2, and anandamide appears to be CB,-dependent. This
assumption is supported by the fact that the CB, antagonist SR144528

&
HI IL-6
160 -
130 - @5nM
M 50 nM
W 500 nM
100 4 !
i II
Il
I
. i li
A1l A1 A2 A2 A3 AN AN SR144528
-+ - & - -+ sRiM528

FIGURE 7. The effects of alkylamides, anandamide, and SR144528 on constitutive IL-6
expression in human whole blood. Drugs were incubated with nonstimulated whole
blood for 18 h. Cytokines were quantified by CBAs. At 5 and 50 nm, all CB, agonists (deter-
mined by binding affinity to CB,, effect on [Ca®*], or previously published effect on cAMP)
significantly increased IL-6 levels in whole blood. The up-regulation was not seen with A3.
The CB, antagonist SR144528 (1 um) significantly inhibited the effecton IL-6 (n = 6 = S.E. at
least two different blood donors). *, p = =0.05; **, p = <0.01; ***, p = =<0.001.

(500 nMm) was able to inhibit the up-regulation of IL-6 (Fig. 7), which
clearly suggests involvement of CB, in the modulation of IL-6 by A1, A2,
and anandamide.

Effects on Stimulated Cytokine/Chemokine Expression in Human Whole
Blood—To further explore the immunomodulatory actions exerted by
alkylamides from Echinacea, anandamide, and SR144528, human whole
blood from healthy volunteers was stimulated with either LPS, aCD28/
PMA, or a«CD3/PMA (see “Experimental Procedures”). These stimuli
trigger different signals and result in distinct cytokine expression pat-
terns. LPS primarily induces IL-1, TNFe, IL-6, IL-8, and IL-10 expres-
sion from monocytes/M¢s via CD14 and TLR-4 (40). CD28 signals via
protein kinase C and protein-tyrosine kinases and promotes a TH,
response (41), although CD3 stimulation results in the production of
phospholipase Cv, release of diacylglycerol, and the release of Ca**
from intracellular stores, resulting in up-regulation of TH; and TH,
cytokines (42) (see also Fig. 8). Therefore, by studying the changes in
these distinct expression patterns in response to compound treatment,
the actions of the different compounds on cytokine expression can be
dissected, at least partially.

At low nanomolar concentrations Al, A2, A3, anandamide, and
the CB, antagonist SR144528 all inhibited LPS-induced TNF-q,
IL-1B, and IL12p70 expression (Figs. 6B and 9, A—C). As this was also
the case for A3, the inhibition of LPS-triggered cytokine release is
most likely not related to CB, binding. In contrast, the CB, receptor
antagonist AM630 did not significantly inhibit TNF-« expression at
low nanomolar concentrations but up-regulated TNF-a expression
at 5000 nM by ~25% (Fig. 9A4). Moreover, preliminary data show that
the CB, antagonist AM630 (1 uM) can reverse the action of anand-

Super-induction / no modulation

, Inhibition / no modulation

| T-cell

Alkylamides

Alkylamides

FIGURE 8. Alkylamides co-stimulate CD28-acti-
vated cytokine expression and negatively reg-
ulate CD3/T-cell receptor. CD28 signals via pro-
tein kinase C (PKC) and protein-tyrosine kinases
(PTKs), leading to activation of transcription fac-
tors NF-kB and AP-1 (activating protein-1 (AP-1)).
CD3 signals via PLCy and activates inositol
3-phosphate (/P3), calcium, and diacylglycerol
(DAG), leading to activation of the transcription
factors nuclear factor of activated T-cells (NF-AT),
NF-kB, and extracellular signal-related protein
kinase (Erk). Alkylamides interact with CB, recep- IP3
tors and most likely another receptor, leading to
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FIGURE 9. Effects of alkylamides, anandamide, SR144528, and AM630 on LPS-stimulated cytokine expression in human whole blood. Drugs were incubated for 1 h prior to
LPS stimulation (313 ng/ml E. coli, 055:B3 LPS) of whole blood for 18 h at 5 nm (white), 50 nm (light gray), 500 nm (dark gray), and 5000 nm (black). Cytokines were quantified by CBAs.
The alkylamides A1, A2, and A3 and also anandamide and the CB, antagonist SR144528 differentially inhibit LPS-induced cytokine expression. Only cytokines are shown where
significant effects could be observed. Data from at least nine measurements derived from three different blood donors are shown (£S.E.). *, p = <0.05; **,p = <0.01; ***, p = <0.001.
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TABLE 2

Differential expression of cytokines after LPS, «CD3/PMA, and aCD28/PMA stimulation (see “Experimental Procedures”)

of human whole blood

Experiments were performed in triplicate with blood from at least three independent donors. Data are mean values * S.D. Ap shows significant differences between aCD3-

and aCD28-induced cytokine expressions. *, p = =0.05; **, p = =0.01; ***, p = =0.001.

Cytokine LPS aCD3/PMA aCD28/PMA Ap PMA only
pg/ml pg/ml pg/ml pg/ml
TNF-«a 4266 * 3202 2774 £ 533 4554 * 469 e 978 = 672
IL-1B 3905 * 3763 1144 * 1362 437 = 403 172 = 113
IL-6 2695 * 1904 722 * 479 398 * 567 310 % 269
IL-12p70 98 + 56 84 + 69 59 £ 47 <20
IL-10 2863 * 1325 113 =31 72 + 48 * <20
IL-8 8571 * 4648 5308 * 236 4693 * 485 o 2300 = 951
GM-CSF <20 750 * 364 1324 *= 639 * 319 *+ 205
IL-7 31*27 74 * 33 55+ 30 52+ 20
IL-5 <20 309 £19 392 £ 159 40 £ 13
IL-4 <20 54 + 14 41 £ 12 238
IL-3 <20 157 = 63 61 £43 * <20

amide on LPS-induced TNF-« in M¢-enriched mononuclear cells
(see the supplemental material).

LPS-stimulated IL-6 was weakly inhibited at the lowest concentration
(5 nM) by all compounds except for A1 (Fig. 9D). Moreover, A1 signifi-
cantly up-regulated LPS-stimulated IL-8 (~140%) and IL-10 (~120%),
but A3 and the CB, antagonist SR144528 significantly down-regulated
IL-8 (~80%) (Fig. 9, E and F).

In T-cell stimulation, using a combination of «CD3 and «CD28 as the
stimulus, the resulting strong cytokine expression is derived from a
combination of cellular signaling pathways (Fig. 8), and modulation of
an aCD3/aCD28-induced response provides only limited insight into
pathway specificity. Experiments with human whole blood from differ-
ent donors show that «CD3/PMA stimulation alone results in a distinct
cytokine expression pattern from aCD28/PMA stimulation (Table 2).
aCD28/PMA induces significantly more TNF-a and GM-CSF but less
IL-3 and IL-8 than aCD3 (Table 2). These expression patterns were
obtained reproducibly in whole blood from different blood donors
(Table 2). Regarding the modulation of «CD28- and aCD3-stimulated
cytokine expression, all three alkylamides from Echinacea, and partially
also anandamide, showed a similar modulation pattern. Although
aCD28/PMA-stimulated cytokines (IL-3, IL-4, IL-5, and IL-10) were
either not modulated (IL-4 and IL-5) or super-induced (IL-3 and IL-10),
aCD3/PMA-stimulated cytokines were not modulated (IL-4-and IL-10)
or inhibited (IL-5 and IL-3) (Fig. 10, B—D). All compounds inhibited
aCD3- but not «CD28-induced IL-3 (produced by both TH, and TH,
cells) (Fig. 10B). This finding suggests that protein kinase C and protein-
tyrosine kinase signaling mediated by «CD28 stimulation of T-cells in
whole blood is either directly or indirectly co-stimulated by the alkyl-
amides and partially also by anandamide (Fig. 8). On the other hand,
aCD3-induced signaling via PLCy is not influenced or inhibited (IL-3,
IL-5, and IL-10) (Fig. 10, B-D).

The broad inhibitory effects by alkylamides and anandamide on LPS-
stimulated TNF-e, IL-1B, and IL12p70 (Fig. 9) was neither visible with
aCD3 nor aCD28 stimulation (Fig. 104). Nevertheless, A2, A3, anand-
amide, and SR144528 weakly but significantly inhibited TNF-« expres-
sion at 50 nMm by ~20% (Fig. 6, C and D, and Fig. 104).

DISCUSSION

The results presented in this study demonstrate for the first time that
certain isobutylamide-type alkylamides, which are the prominent lipid-
like compounds in Echinacea, bind to the human CB, receptor with
low nanomolar K, values. The alkylamides A1 and A2 also show some
affinity to the CB; receptor (Table 1) but at 30—100 times higher
concentrations (K; > 1500 nm). The total loss of binding to CB,
observed with A3 (Table 1) and the theoretical binding conforma-
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tion of A1 obtained in the CB, homology model (Fig. 4) suggest that
these compounds need to adopt an extended pseudo-helical confor-
mation for binding, as has been proposed for anandamide (43). In
contrast, the docking study by McAllister et al. (44) suggests that
anandamide needs to adopt a curved/U-shaped conformation to
interact with the CB, receptor.

Although alkylamides are structurally similar to the endogenous can-
nabinoid anandamide, the anandamide molecule, containing an acyl
chain with four nonconjugated double bonds, is more flexible than A1.
Our current docking simulation studies indicate that alkylamides A1
and A2 fit into the putative binding pocket of the CB, receptor (Fig. 4B)
with the alkyl tail located in the hydrophobic pocket formed by the
aromatic side chains of Trp-258, Phe-197, Phe-117, and Tyr-190. In this
binding arrangement, the double bond between C-2 and C-4 of the
hydrocarbon would be involved in a favorable -7 interaction with the
aromatic ring of Tyr-190. Such interactions are different from those
expected for anandamide, which lacks the C-2—C-4 double bond. Our
preliminary computer modeling studies reveal a possible CB, binding
conformation of alkylamides highlighting the importance of Tyr-190.
Currently, more systematic structure-activity relationship investiga-
tions of alkylamide analogs and CB, receptor ligand docking studies
with anandamide are underway, and the results will be reported
elsewhere.

Based on the observation that alkylamides exhibit surfactant behav-
ior® and the partial lack of a concentration dependence of the effects
observed in the displacement studies and biological assays, we believe
that alkylamides may form micellar structures. Measurements of the
critical micelle concentrations of alkylamides are in progress. A recently
published study on the affinity of alkylamides from E. angustifolia to
rodent cannabinoid receptors provided K; values in the lower micromo-
lar range (8), but in this study the displacement curve was not shown,
and the solubility of alkylamides, which appears to be of key importance,
was not discussed. Therefore, the discrepancy between the K; values
reported could either be due to structural differences between rodent
and human CB, receptors, experimental conditions used, or even the
interpretation of displacement curves.

Our results show that the CB,-binding alkylamides A1 and A2 elevate
total [Ca®"], in CB,-positive but not in CB,-negative promyelocytic
HL60 cells (Fig. 5). Because this effect was clearly inhibited by the CB,
antagonist SR144528, the response might be directly induced via a CB,-
mediated G-protein-coupled mechanism, leading to stimulation of
PLC, a pathway known to be activated by CB, agonists (45). It has been

3S.Raduner and J. Gertsch, unpublished data.
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FIGURE 10. The effects of alkylamides, anandamide, and SR144528 on «CD3- and aCD28-stimulated cytokine expression in human whole blood. Only those cytokines are
shown for which significant effects could be observed. Drugs were incubated with stimulated (1.5 ug/ml PMA; 1.0 ug/ml aCD3; 0.5 ug/ml aCD28) whole blood for 18 h with 5 nm
(white bars) and 50 nm (light gray bars) of drugs. Cytokines were quantified by CBAs. Data from at least nine measurements derived from three different blood donors are shown (+S.E.).
* p = =0.05; **, p = =0.01; *** p = =0.001.
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shown recently that Ca*>* transients stimulated by 2-AG in CB, recep-
tor-transfected Chinese hamster ovary cells can be inhibited by the
PLCp inhibitor U73122 (46). The observation that 2-AG but not anan-
damide leads to a modulation of [Ca®" ], in CB,-positive HL60 cells is in
agreement with previous data (39). Based on these data it has been
suggested that 2-AG is the true CB, ligand. On the other hand, it has
been postulated that anandamide binds first to the lipid bilayer and then
moves into the receptor (47), implying a time-resolved diffusion.
Because release of [Ca®"], occurs rapidly (<100 ms) and is measured in
real time, it is possible that anandamide modulates [Ca®*], outside the
time window normally chosen for such measurements. Preliminary data
show that alkylamides from Echinacea also elevate total [Ca>*]; in Jur-
kat T-cells (data not shown). The fact that Jurkat T-cells produce CB,
mRNA (48), but exhibit only very low surface CB, protein expression,’
may also suggest that a second receptor is involved in Ca>* signaling for
alkylamides but also 2-AG. This is also indicated by the fact that
SR144528 is not able to fully inhibit [Ca®"], in HL60 cells induced by
2-AG and alkylamides (Fig. 5C).

It has been shown recently that A®-tetrahydrocannabinol induces a
Ca’* influx in resting T-cells in a cannabinoid receptor-dependent
manner (49). Together with the data presented in this study, the latter
finding indicates that the known inhibitory effect on cAMP production
mediated by CB, stimulation (50) is unlikely to represent the only mech-
anism underlying immune modulation by cannabinoids.

As cannabinoids (including the endogenous cannabinoids) have been
reported to exert anti-inflammatory and immunosuppressive effects
both in vitro and in vivo (18, 19), we also studied the actions of alkylam-
ides A1 to A3, anandamide, and SR144528 on untreated and stimulated
human whole blood. Overall, «CD3- and aCD28-stimulated whole
blood showed both TH;- and TH,-type cytokine expressions, whereas
LPS resulted in the characteristic expression of IL-1, IL-6, IL-8, and
TNF-« (Table 2). Interferon-vy expression was not measured. In our
system (18-h incubation of undiluted heparinized whole blood), only
IL-1B, IL-6, IL-7, and IL-8 were constitutively expressed (>20 pg/ml)
under nonstimulating conditions.

The CB,-binding compounds A1, A2, and anandamide significantly
up-regulated constitutive IL-6 expression (Fig. 7). As the up-regulation
of IL-6 in human whole blood cultures was strongly inhibited by
SR144528, and the non-CB,-binding compound A3 did not show an
effect on constitutive IL-6, it is likely that the up-regulation of IL-6
expression is mediated via the CB, receptor. Moreover, SR144528 at 5
nM completely inhibited the weak constitutive IL-6 expression (Fig. 7),
which may be the result of the inverse agonistic action. Anandamide has
been shown previously to potentiate IL-6 expression in infected astro-
cytes, possibly via a cannabinoid receptor-dependent pathway (51). In a
different study it was also shown that mice injected with 8 mg/kg A°-tet-
rahydrocannabinol produced high levels of IL-6 (52). IL-6 is a pro-in-
flammatory cytokine, which is produced by professional antigen-pre-
senting cells, such as B cells, M¢s, and dendritic cells (53), and plays
multiple pro-inflammatory but also anti-inflammatory roles in the cel-
lular immune system (54). IL-6 activity appears to be critical for the
effective management of acute inflammation and subsequent resolu-
tion, but it is also associated with chronic inflammatory diseases (54).

Anandamide and alkylamides Al and A2 also showed modulatory
effects on constitutive IL-8 expression (Fig. 6A4). That cannabinoids
modulate IL-8 expression has been reported previously (55, 56). The
potent synthetic cannabinoid receptor agonist CP-55940 and the endo-
cannabinoid 2-AG were shown to up-regulate IL-8 expression in HL60
cells at nanomolar (55) and micromolar (56) concentrations, respec-
tively. In our experiments, alkylamides A1—-A3, as well as anandamide,
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significantly up-regulated IL-8 expression (150 —225%) in human whole
blood at low nanomolar concentrations. In CB,-negative HL60 cells
constitutive IL-8 expression was inhibited or not influenced, whereas in
CB,-positive cells IL-8 was up-regulated by A2 and anandamide (see the
supplemental material). The antagonist clearly inhibited constitutive
IL-8 expression at 50 nMm in both cell lines but not in whole blood (sup-
plemental material). Because A3, which does not bind to CB,, also
showed a modulation of IL-8 (Fig. 64 and see the supplemental mate-
rial), it seems likely that CB, interaction is not the primary underlying
mechanism.

Overall, the compounds investigated in our study exert their most
potent effects on the LPS-induced expression of monocyte/Md¢ cytokines
TNF-a, IL-1B, and IL-12p70 (Figs. 6 and 9) and only weakly modulated the
levels of «CD3/PMA- and aCD28/PMA -stimulated cytokines from T-cells
(Fig. 10). The potent inhibitory action of anandamide on LPS-induced
TNEF-a (IC;, <5 nw) is likely to be independent of its reported inhibitory
effect on NF-kB (57), because the latter was only observed at 1000 times
higher concentrations. «CD3/PMA- and «CD28/PMA-stimulated TNF-«
was inhibited less effectively (IC;, >50 nm), and IL-1B and IL-12p70
expression was not inhibited at all (Fig. 6). Moreover, the moderate
inhibition (~20%) of TNF-« is likely to reflect inhibition of the PMA
stimulus only (Table 2) and not inhibition of the CD3 and CD28 recep-
tor-mediated signals. This clearly shows that anandamide and the alky-
lamides from Echinacea specifically inhibit the LPS-stimulated release
of TNF-q, IL-18, and IL-12p70 but not IL-6 and IL-8. The molecular
mechanisms underlying these effects are currently investigated in our
laboratory.

Alkylamides co-stimulate cytokines from aCD28/PMA- but not
aCD3/PMA-stimulated whole blood, and they promote [Ca®*],, which
suggests involvement of PLC (Fig. 8). In «CD28/PMA -stimulated cyto-
kine release PLC is not involved, and its likely stimulation by alkylam-
ides may thus lead to a weak co-stimulation, resulting in super-expres-
sion of cytokines like IL-3, IL-4, and IL-10. Activation of PLC through
the CB, receptor by anandamide has been shown in calf pulmonary
endothelial cells (58). Further experiments will have to determine
whether alkylamides but also endocannabinoids can activate PLC iso-
types in immune cells.

It was recently shown that alkylamides from Echinacea are resorbed
in vivo and can be detected in nanomolar concentrations (0.5-50 nMm) in
human blood plasma upon ingestion (26, 27).

Our study shows for the first time that alkylamides from Echinacea, as
well as anandamide, influence the cytokine milieu in human whole
blood at low nanomolar concentrations (Figs. 5—8). Moreover, alkylam-
ides can exert both anti- but also pro-inflammatory effects in human
blood, depending on the stimulus applied, drug concentration used, and
degree of unsaturation of the lipophilic tail of the specific alkylamide.
The latter is shown by the fact that A1 exerts significantly distinct effects
from A2, as exemplified in the experiments with LPS-stimulated human
whole blood (Fig. 9). Although 5 nMm of A1 super-stimulated LPS-in-
duced IL-8 (~140%) and IL-10 (~125%) expression, 5 nM of A2 had no
effect on IL-8, and only weakly up-regulated IL-10 (~110%).

Interestingly, the non-CB,-binding alkylamide A3 also inhibited the
expression of LPS-induced cytokines (Fig. 9), which must occur through
a cannabinoid receptor-independent mechanism. Therefore, the prom-
inent anti-inflammatory action of alkylamides and anandamide (see
below) at concentrations below the CB, receptor K; values probably
involves a cannabinoid receptor-independent high affinity target, which
is likely to be common to alkylamides and possibly also to endogenous
cannabinoids.

Anandamide is known to exert differential effects on cytokine expres-
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sion in leukocytes (18), but many of the corresponding studies were
carried out with concentrations in the micromolar range. Our data
demonstrate that even low nanomolar concentrations suffice to pro-
duce significant effects on cytokine expression in human whole blood
(Figs. 5—8). At 5 nm anandamide potently inhibits LPS-induced TNF-a
expression (IC;, <5 nM) (Fig. 9) but has no effect on IL-10 and IL-8 (not
shown). However, the concentrations at which these effects were
observed with anandamide are clearly below its CB, receptor K; value
(218 = 149) (Table 1), and it is difficult to rationalize these effects solely
on the basis of a CB,-dependent mechanism. These findings re-empha-
size previous reports, which have suggested that (endo)cannabinoids
possess immuno-modulatory properties, which are independent of
their interaction with the cannabinoid receptors (59, 60). Nonetheless,
preliminary data show that the CB, antagonist AM630 can reverse the
inhibition on LPS-induced TNF-« expression in M¢-enriched cell cul-
tures (see the supplemental material). Thus, more detailed studies on
the differential effects of different CB, antagonists would be useful.

Although this was not the focus of our study, it is nonetheless note-
worthy that the CB, antagonist SR144528 (5-50 nm) showed potent
inhibitory effects on cytokine expression, which are difficult to explain
by its antagonistic action on the CB, receptor. SR144528 weakly but
significantly inhibited constitutive IL-1B8 expression (supplemental
material). Moreover, its inhibitory action on LPS-stimulated TNF-a,
IL-1B, IL12p70, IL-6, and IL-8 and also aCD3/aCD28-stimulated IL-5
and IL-10 shows that both pro-inflammatory TH; and also TH, cyto-
kines are inhibited. At 5 nM SR144528 potently inhibits LPS-induced
TNF-«a (IC,, <5 nm) (Fig. 9) but has no effect on IL-10 expression (not
shown), which is also strongly induced by LPS. On the contrary, AM630
did not show an inhibitory effect on LPS-induced TNF-« expression at
concentrations below 1 uM (Fig. 9). The compound SR144528 has been
described as an inverse CB, agonist (61), but it remains to be elucidated
whether all of its immunomodulatory effects are related to CB, interac-
tions. Independent of this, our data are in line with recently reported
studies on the anti-inflammatory action of the CB,-specific inverse ago-
nist triaryl bis-sulfone Sch.336, which was shown to exert potent anti-
inflammatory effects in a disease model for allergic asthma (62).

Our data demonstrate that alkylamides from Echinacea are a new
class of CB,-specific cannabinomimetics, which share the anti-inflam-
matory properties of anandamide and the cannabinoids from Cannabis
sativa (19). With respect to the intracellular responses triggered via the
CB, receptor, alkylamides from Echinacea resemble the endogenous
cannabinoid 2-AG, which also stimulates Ca?" transients in a CB,
receptor-dependent manner (39, 46). The fact, however, that the anti-
inflammatory effects exerted by cannabinomimetics are not strictly CB,-
dependent, as shown in this and previous studies (59, 60), raises the
question about a possible common second target.

Echinacea preparations have been claimed to exert both stimulatory
and inhibitory effects on immune cells (20-21). The evaluation of the
immunomodulatory actions of alkylamides, which represent one of the
most important constituent classes of Echinacea, thus constitutes an
important step on the way to a better understanding of the molecular
and pharmacological nature of these herbal remedies.

The finding that alkylamides from Echinacea bind to CB, with K;
values in a concentration range that is also achievable in vivo provides a
first insight into a possible molecular mechanism of action of alkylam-
ide-containing Echinacea preparations. With regard to the medical use
of Echinacea preparations for the common cold, there is currently no
evidence that alkylamides may have beneficial effects other than their
likely anti-inflammatory action during acute inflammation as suggested
by this study. Additional studies are required to investigate whether
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alkylamides and cannabinoids can modulate the immune response trig-
gered during viral infections.
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