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2-Arachidonoylglycerol (2-AG), an endogenous cannabinoid receptor ligand, was shown
to induce rapid phosphorylation of p42/44 mitogen-activated protein kinase (MAP ki-
nase) in HL-60 cells. We confirmed that the enzyme activity of p42/44 MAP kinase in HL-
60 cells was augmented markedly when the cells were stimulated with 2-AG. The addi-
tion of SR144528, a cannabinoid CB2 receptor-specific antagonist, to the cells prior to
the addition of 2-AG abolished the response induced by 2-AG, indicating that the CB2 re-
ceptor is involved in the response. G protein G; or Go is also assumed to be involved, be-
cause pertussis toxin treatment of the cells nullified the response induced by 2-AG.
CP55940 and anandamide also induced the activation of p42/44 MAP kinase, although
the activation by anandamide was less pronounced than that by 2-AG or CP55940. These
results suggest that 2-AG may play an important physiological role in this type of cell
through the activation of the p42/44 MAP kinase cascade.
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A9-Tetrahydrocannabinol, a major psychoactive ingredient
of marijuana, is known to bind to specific binding sites, i.e.,
cannabinoid receptors, thereby eliciting diverse pharmaco-
logical responses in experimental animals and man (1).
Previously, we (2) and Mechoulam et al. (3) demonstrated
that 2-arachidonoylglycerol (2-AG), a unique molecular spe-
cies of monoacylglycerol, is a possible endogenous ligand for
the cannabinoid receptors. 2-AG binds to both central and
peripheral cannabinoid receptors (CB1 and CB2)(2, 3), and
induces a variety of biological responses including analge-
sia (3), hypothermia (3), reduced spontaneous activity (3),
hypotension (4, 5), induction of Ca2+ transients in NG108-
15 cells and HL-60 cells (6-9), inhibition of adenylyl cyclase
(3), inhibition of vas deferens constriction (3), modulation of
lymphocyte proliferation (10, 11), inhibition of long-term
potentiation in hippocampal slices (12), and inhibition of
depolarization-induced elevation of the intracellular free
Ca2+ concentration in neural cells (13). Nonetheless, avail-
able information concerning 2-AG is limited compared with
that on anandamide, another endogenous cannabinoid re-
ceptor ligand. Details of the physiological significance and
biological activities of 2-AG remain obscure.

Recently, we examined in detail the structure-activity
relationship of various cannabinoid receptor agonists by
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measuring their capacities to induce Ca2+ transients in
NG108-15 cells, which express the CB1 receptor (6-8), and
in HL-60 cells, which express the CB2 receptor (9). We
found that anandamide is a weak partial agonist toward
either the CB1 receptor or the CB2 receptor (6-9). In con-
trast, 2-AG was found to act as a potent full agonist at both
types of cannabinoid receptors (6-9). Based on these re-
sults, we proposed that 2-AG, but not anandamide, is the
natural ligand for both the CB1 and CB2 receptors, and
that these cannabinoid receptors are primarily 2-AG recep-
tors (7-9). Further intensive studies on 2-AG are therefore
essential to clarify the physiological and pathophysiological
roles of the cannabinoid receptor system in mammalian tis-
sues.

In this study, we examined whether or not 2-AG induces
the activation of p42/44 mitogen-activated protein kinase
(MAP kinase), which is known to play essential roles in the
intracellular signal transduction of stimulated cells.

Arachidonic acid and essentially fatty acid-free bovine
serum albumin (BSA) were purchased from Sigma (St.
Louis, MO, USA). 2-Aminoethanol (ethanolamine) was ob-
tained from Tokyo Kasei (Tokyo). 2-AG and anandamide
were chemically synthesized from arachidonic acid and
glycerol, and arachidonic acid and 2-aminoethanol, respec-
tively, as described previously (8). CP55940 was purchased
from Tocris (Bristol, UK). SR144528 was a generous gift
from Sanofi (Montpellier, France). Pertussis toxin (PTX)
was obtained from List Biological Laboratories (Campbell,
CA, USA). PD98059 was purchased from Calbiochem (San
Diego, CA, USA). A mouse antibody specific to phosphory-
lated p42/44 MAP kinase (Thr202/Tyr204) was obtained
from RBI (Natic, MA, USA). A biotinylated rat anti-mouse
IgG antibody was from Funakoshi (Tokyo). ABC (avidin:
biotinylated enzyme complex) reagent was from Vector
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Laboratories, Inc. (Burlingame, CA, USA). A rabbit anti-
body specific to MAP kinase was obtained from Zymed Lab-
oratories (So. San Francisco, CA, USA). A goat anti-rabbit
IgG antibody was purchased from MBL (Nagoya). ECL
reagent was obtained from Amersham Pharmacia Biotech.
(Piscataway, NJ, USA). A p42/44 MAP kinase assay kit was
acquired from Cell Signaling Technology (Beverly, MA,
USA).

HL-60 cells were grown at 37°C in RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS) under an
atmosphere of 95% air and 5% CO2. Western blot analysis
of phosphorylated p42/44 MAP kinase was carried out as
follows. Subconfluent cells were incubated in fresh medium
without FBS for 24 h. The cells were then spun down and
resuspended in RPMI 1640 containing 0.1% BSA at 8 x 106

cells/ml. 2-AG dissolved in 1 u.1 of dimethyl sulfoxide
(DMSO) was added to 500 |xl of the prewarmed cell suspen-
sion. The incubation was carried out at 37°C for 0.5-5 min.
Then the cell suspension was centrifuged at 15,000 Xg for 1
min. The sedimented cells were lysed with 150 JJLI of lysis
buffer composed of 20 mM Hepes-NaOH (pH 7.3), 1% Tri-
ton X-100, 10% glycerol, 1 mM EDTA, 50 mM sodium fluo-
ride, 2.5 mM p-nitrophenyl phosphate, 0.05 mM phenyl-
methyisuifonyi fluoride, 1 mM sodium orthovanadate and
10 |xg/ml of leupeptin. The cell lysate was centrifuged at
15,000 Xg for 20 min. The supernatant was aspirated into
another tube, and then 60 p,l of sample buffer containing
230 mM Tris-HCl (pH 6.8), 10% SDS, 25% glycerol, 25% 2-
mercaptoethanol, and 0.1% bromophenol blue was added
and the tube was heated at 100°C for 5 min. The sample
was fractionated by SDS/PAGE on 8% gels. The separated
fractions were electrotransferred to a nitrocellulose mem-
brane, and then blocked by incubation in a blocking solu-
tion composed of 0.1% Tween 20 in 40 mM Tris-HCl buffer-
ed saline (TBST) (pH 7. 5) containing 5% BSA for 1 h. The
blots were treated with the anti-p42/44 phosphorylated
MAP kinase antibody (at 1:2,500 dilution) overnight at 4°C.
The membranes were washed with TBST and then treated
with the biotinylated anti-mouse IgG secondary antibody
(at 1:4,000 dilution) in TBST containing 5% BSA at 4°C for
3 h. After further washing with TBST, the membranes were
treated with the ABC reagent at room temperature for 0.5
h. The membranes were then washed, treated with the
ECL reagent and exposed to X-ray films.

Western blot analysis of p42/44 MAP kinase was carried
out as follows. Membranes were incubated in stripping
buffer composed of 20 mM Tris-HCl (pH 7.4), 8 M guani-
dine hydrochloride, and 10 mM 2-mercaptoethanol at room
temperature for 30 min to strip the used antibody off the
membranes. After incubation, the membranes were blocked
with the blocking solution, and then an immunoblot reac-
tion was performed with the primary antibody, anti-p42/44
MAP kinase antibody (at 1:2,000 dilution), followed by the
secondary antibody, anti-rabbit IgG antibody (at 1:2,000
dilution). The membranes were washed, treated with the
ECL reagent and exposed to X-ray films.

p42/44 MAP kinase activity was measured with the p42/
44 MAP kinase assay kit using a transcription factor Elk-1
fusion protein as a substrate. Briefly, 200 u.1 of a cell lysate
prepared as described above was mixed with beads coated
with the mouse antibody to phosphorylated p42/44 MAP
kinase (Thr202/Tyr204), and the gently agitated at 4°C for
4 h. The mixture was centrifuged at 15,000 Xg for 1 min.

The pellet was washed four times and then suspended in
50 |xl of 25 mM Tris-HCl buffer (pH 7.5) containing 10 mM
MgClj, 5 mM p-glycerophosphate, 2 mM dithiothreitol, 0.1
mM sodium orthovanadate, 200 mM ATP, and 2 |ig of Elk-1
fusion protein. The enzyme reaction was carried out at
30°C for 30 min. The incubation was stopped by the addi-
tion of 12.5 |xl of sample buffer composed of 125 mM Tris-
HCl (pH 6.8), 10% SDS, 25% glycerol, 25% 2-mercaptoetha-
nol, and 0.1% bromophenol blue. The mixture was then
heated at 100°C for 5 min. The sample was fractionated by
SDS/PAGE on 10% gels. The separated fractions were elec-
trotransferred to a nitrocellulose membrane, and then
blocked with the blocking solution. The blots were treated
with the rabbit anti-phosphorylated Elk-1 protein antibody
(at 1:1,000 dilution) overnight at 4°C. The membranes were
washed with TBST and then treated with the horseradish
peroxidase-conjugated anti-rabbit IgG antibody (at 1:2,000
dilution) in the blocking solution at 4°C for 3 h. After wash-
ing with TBST, the membranes were treated with Lumi
GLO reagent at room temperature for 1 min. The mem-
branes were then washed and exposed to X-ray films. The
intensity of bands was quantified using NIH Image.

First, we examined the effect of 2-AG on p42/44 MAP
kinasc in HL-60 cells by Western blot analysis using the
anti-phosphorylated p42/44 MAP kinase antibody. Figure 1
shows a representative result of such analysis. We found
that the addition of 1 u.M 2-AG to the cells triggers rapid
phosphorylation of p42/44 MAP kinase. We confirmed that
pretreatment of the cells with 20 uM PD98059, a MEK
(MAP kinase kinase) inhibitor, abolished the 2-AG-induced
phosphorylation of p42/44 MAP kinase (data not shown).
The observation that 2-AG induces rapid phosphorylation
of p42/44 MAP kinase strongly suggested that the enzyme
activity of p42/44 MAP kinase is elevated in 2-AG-stimu-
lated cells. Next, we examined this in detail using Elk-1
fusion protein as an enzyme substrate. We confirmed that
p42/44 MAP kinase activity was rapidly augmented in 2-
AG-stimulated cells. The activation of p42/44 MAP kinase
in 2-AG-stimulated cells proceeded in a time-dependent
manner (Fig. 2). The highest enzyme activity was noted in
cells stimulated with 2-AG for 2 min. The enzyme activity
was augmented dose-dependently (Fig. 3); the highest ac-
tivity was observed with 1-10 u.M 2-AG.

Next, we examined the effect of SR144528, a CB2 recep-
tor-specific antagonist, on 2-AG—induced activation of p42/
44 MAP kinase. We found that pretreatment of cells with
SR144528 abolished the 2-AG-induced rapid activation of
p42/44 MAP kinase (Fig. 4). This observation clearly indi-
cates that the response induced by 2-AG is mediated

-Phosphorylated p44 MAP kinase
-Phosphorylated p42 MAP kinase

-p44 MAP kinase
-p42 MAP kinase

Fig. 1. 2-AG-induced phosphorylation of p42/44 MAP kinase
in HL-60 cells. HL-60 cells were incubated in the presence (+) or
absence (-) of 2-AG (1 jiM) for 3 min. Western blot analysis was per-
formed as described in the text. The result is representative of four
sets of independent experiments.
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through the cannabinoid CB2 receptor. The effect of pertus-
sis toxin (PTX)-treatment of the cells on 2-AG-induced ac-
tivation of p42/44 MAP kinase was next examined. As
shown in Fig. 5, PTX-treatment blocked the response in-
duced by 2-AG (Fig. 5), indicating that G protein G/Go is
involved in 2-AG-induced activation of p42/44 MAP kinase.

Finally, we examined whether other cannabimimetic
molecules exert a similar effect on p42/44 MAP kinase in
this cell line. We found that CP55940, a synthetic cannab-
inoid, is capable of inducing the activation of p42/44 MAP
kinase, like 2-AG (Fig. 6). We also found that anandamide
induces the activation of p42/44 MAP kinase to some ex-
tent, although the magnitude of the stimulation was less
pronounced than in the cases of 2-AG and CP55940 (Fig. 6).

It is clear from the above results that 2-AG, an endoge-
nous cannabinoid receptor ligand, induces rapid phosphory-
lation and activation of p42/44 MAP kinase in HL-60 cells.
To our knowledge, this is the first report of 2-AG-induced
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Fig. 2. Time-course of 2-AG-induced activation of p42/44 MAP
kinase in HL-60 cells. HL-60 cells were stimulated with 2-AG (1
\M) for the indicated periods. The enzyme activity was determined
using Elk-1 fusion protein as a substrate as described in the text.
The value for the unstimulated control is set at 1.0. The data are the
means ± SD for three separate experiments, each performed in du-
plicate.

activation of p42/44 MAP kinase in mammalian cells. Pre-
viously, several investigators demonstrated that synthetic
cannabinoids such as CP55940 and HU-210, and ananda-
mide induce the activation of p42/44 MAP kinase {14-23).
However, the effect of 2-AG was not examined in those pre-
vious studies. We have already demonstrated that 2-AG is
the intrinsic natural ligand for the cannabinoid receptors
(6-9); the finding in the present investigation is, therefore,
of great interest.

The activation of p42/44 MAP kinase in HL-60 cells by 2-
AG takes place in a cannabinoid CB2 receptor-dependent
and G/Go-dependent manner (Figs. 4 and 5). Previously, we
found that 2-AG induces Ca2+ transients in HL-60 cells
through a cannabinoid CB2 receptor-dependent and G/Go-

f l

Fig. 4. Effect of SR144528 on 2-AG-induced activation of p42/
44 MAP kinase in HL-60 cells. HL-60 cells were treated with
SR144528 (1 JJIM) or DMSO for 1 min. Then, the cells were chal-
lenged with 2-AG (1 (i.M) for 2 min. The enzyme activity was deter-
mined as described in the text. The value for the control (DMSO
alone) is set at 1.0. The data are the means ± SD for three separate
experiments, each performed in duplicate.
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Fig. 3. Dose dependency of 2-AG-induced activation of p42/44
MAP kinase in HL-60 cells. HL-60 cells were stimulated with var-
ious concentrations of 2-AG for 2 min. The enzyme activity was de-
termined as described in the text. The value for the control (DMSO
alone) is set at 1.0. The data are the means ± SD for three separate
experiments, each performed in duplicate.

10

Fig. 5. Effect of PTX-treatment on 2-AG-induced activation of
p42/44 MAP kinase in HL-60 cells. HL-60 cells were treated with
PTX (100 ng/ml) for 16 h. Then, the cells were challenged with 2-AG
(1 (JLM) for 2 min. The enzyme activity was determined as described
in the text. The value for the control (DMSO alone) is set at 1.0. The
data are the means ± SD for three separate experiments, each per-
formed in duplicate.
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Pig. 6. Comparison of the effects of several cannabimimetic
molecules on the activity of p42/44 MAP kinase in HL-60
cells. HL-60 cells were stimulated with 2-AG (1 (xM), CP55940 (1
|xM), or anandamide (1 (iM) for 2 min. The enzyme activity was de-
termined as described in the text. The value for the control (DMSO
alone) is set at 1.0. The data are the means ± SD for three separate
experiments, each performed in duplicate.

dependent mechanism (9). Thus, the signal transduction
mechanisms of these two types of cellular responses in-
duced by 2-AG are partly common. Interestingly, the capac-
ity of anandamide to induce the activation of p42/44 MAP
kinase was considerably lower than that of 2-AG (Fig. 6).
Similar weak agonistic activity of anandamide, compared
with that of 2-AG, was also observed in our Ca2+-transient
experiments (9). The observation that anandamide pos-
sesses only weak agonistic activity, in this study and in the
previous study (9), is consistent with the idea that ananda-
mide is not the natural ligand for the cannabinoid recep-
tors (24).

What is the physiological meaning of 2-AG-induced acti-
vation of p42/44 MAP kinase? p42/44 MAP kinase is one of
the key enzymes in intracellular signal transduction in
diverse cell types. p42/44 MAP kinase phosphorylates tran-
scription factors in the nucleus, thereby regulating gene
transcription (25). The major nuclear target of p42/44 MAP
kinase is Elk-1 protein (26-28). The reaction product, phos-
phorylated Elk-1, then activates transcription of the c-fos
promoter through a ternary complex assembled on the c-fos
serum response element (26-28). Such activation of imme-
diate response genes is known to be essential for various
cellular responses. In this study, we showed that 2-AG
induces rapid activation of p42/44 MAP kinase using Elk-1
fusion protein as a substrate of the kinase reaction; it is
possible that 2-AG, like various growth factors, induces the
activation of gene transcription, through sequential phos-
phorylation and activation of p42/44 MAP kinase and tran-
scription factors such as Elk-1, to elicit some cellular re-
sponse. The nature of the cellular response linked to 2-AG-
induced activation of the p42/44 MAP kinase cascade is
under investigation in our laboratory.

Five years have passed since the identification of 2-AG as
an endogenous cannabinoid receptor ligand. Evidence is
gradually accumulating, through previous studies (1-13,
24,29,30) and the present study (Figs. 1-6), that 2-AG pos-
sesses a variety of potent biological activities. It may act as
an important mediator molecule in various mammalian tis-

sues where the cannabinoid receptors are expressed. How-
ever, the available information concerning 2-AG is still
limited compared with that on other structurally related
lipid mediators such as lysophosphatidic acids (24). Further
detailed studies are essential for a full understanding of
the physiological and pathophysiological roles of 2-AG in
mammalian tissues under various conditions.

During the preparation of this manuscript, Rueda et al.
(31) reported that 2-AG induces the activation of c-Jun N-
terminal kinase in CHO cells stably transfected with the
CB1 receptor cDNA.
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