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2-Linoleoylglycerol Is a Partial Agonist of the Human
Cannabinoid Type 1 Receptor that Can Suppress
2-Arachidonolyglycerol and Anandamide Activity
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Abstract

Introduction: The cannabinoid type 1 (CB1) receptor and cannabinoid type 2 (CB2) receptor are widely
expressed in the body and anandamide (AEA) and 2-arachidonoylglycerol (2-AG) are their best characterized en-
dogenous ligands. The diacylglycerol lipases (diacylglycerol lipase alpha and diacylglycerol lipase beta) not only
synthesize essentially all the 2-AG in the body but also generate other monoacylglycerols, including 2-
linoleoylglycerol (2-LG). This lipid has been proposed to modulate endocannabinoid (eCB) signaling by protect-
ing 2-AG from hydrolysis. However, more recently, 2-LG has been reported to be a CB1 antagonist.

Methods: The effect of 2-LG on the human CB1 receptor activity was evaluated in vitro using a cell-based
reporter assay that couples CB1 receptor activation to the expression of the f-lactamase enzyme. Receptor
activity can then be measured by a f-lactamase enzymatic assay.

Results: When benchmarked against 2-AG, AEA, and arachidonoyl-2’-chloroethylamide (a synthetic CB1 agonist),
2-LG functions as a partial agonist at the CB1 receptor. The 2-LG response was potentiated by JZL.195, a drug that
inhibits the hydrolysis of monoacylglycerols. The 2-LG response was also fully inhibited by the synthetic CB1 an-
tagonist AM251 and by the natural plant derived antagonist cannabidiol. 2-LG did not potentiate, and only
blunted, the activity of 2-AG and AEA.

Conclusions: These results support the hypothesis that 2-LG is a partial agonist at the human CB1 receptor and
capable of modulating the activity of the established eCBs.
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Introduction

The cannabinoid type 1 (CB1) receptor and cannabi-
noid type 2 (CB2) receptor are widely expressed
throughout the body with a plethora of functions.'™
For example, in the brain, CB1 receptors are expressed
by embryonic and mature neurons, playing a role in ax-
onal growth during development and in retrograde
synaptic transmission at excitatory and inhibitory syn-
apses in the adult.*> CB1 and CB2 receptors are also
expressed on neural stem cells and are involved in reg-
ulating several aspects of adult neurogenesis.®® While
inhibiting endocannabinoid (eCB) tone with CB1 an-
tagonists has therapeutic potential for conditions
such as obesity,” increasing tone with plant-derived

cannabinoids and/or inhibitors of eCB hydrolysis has
therapeutic potential for the treatment of many condi-
tions that include multiple sclerosis and pain.'>"!
Anandamide (AEA) was the first endogenous mole-
cule to be identified with agonist activity at the canna-
binoid receptors, with 2-arachidonoylglycerol (2-AG)
identified as a second putative eCB soon after.'*"
2-AG is now regarded as the “workhorse” eCB based
on experiments that show loss of all the major eCB re-
sponses in the brain when the enzymes responsible for
the synthesis of 2-AG, diacylglycerol lipase alpha, and
beta (DAGLx/DAGLJ) are knocked out.”'*
2-linoleoylglycerol (2-LG) is also synthesized by the
DAGLs" and has previously been reported to potentiate
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2-AG activation of CBI receptors in behavioral assays.'®
It was suggested that this might reflect an “entourage”
effect with 2-LG limiting 2-AG breakdown by competing
for binding to monoacylglycerol lipase (MAGL), the en-
zyme largely responsible for the hydrolysis of 2-AG."”
However, experiments with cultured autaptic mouse hip-
pocampal neurons show that 2-LG does not potentiate
the effect of 2-AG on CBl-dependent depolarization-
induced suppression of excitation (DSE). On the contrary,
2-LG displayed an antagonistic effect on the 2-AG re-
sponse in this study.'®

In this study, we evaluated the effect of 2-LG on the
human CB1 receptor activity using a sensitive and
quantitative cell-based reporter assay that couples re-
ceptor activation to the expression of the f-lactamase
enzyme.'” In this assay, the synthetic CBI agonist
arachidonoyl-2’-chloroethylamide (ACEA)* and the
natural eCBs AEA and 2-AG serve as positive controls
to benchmark 2-LG activity. The results clearly show
that 2-LG exhibits the properties of a partial agonist
at the CB1 receptor. Interestingly, the response was po-
tentiated by JZL195, an inhibitor of the hydrolytic en-
zymes that limit eCB activity.”! The 2-LG response was
also fully inhibited by the competitive CB1 antagonist
AM251** and by the noncompetitive allosteric antago-
nist cannabidiol (CBD).** 2-LG did not potentiate the
effect of any concentration of 2-AG or AEA; in con-
trast, it substantially flattened the concentration-
response curve of each of them. These results support
the hypothesis that 2-LG is a partial agonist at the
human CBI receptor capable of modulating the activity
of the established eCBs.

Materials and Methods
Materials
The Tango™ CNRI-bla U20S cell line (Invitrogen,
Life Technologies) was used in this study to measure
CBI1 receptor activation and has been extensively char-
acterized by others."” In brief, it is based on the expres-
sion of a transgenic human CBI receptor in the U20S
human osteosarcoma cell line. The CB1 receptor has
a protease-sensitive transcription factor tagged at
the C-terminus; the recruitment of a protease-tagged
p-arrestin upon receptor activation releases the tran-
scription factor which in turn stimulates expression
of a f-lactamase reporter gene. Levels of f-lactamase
are then detected in a standard enzyme activity assay
using a fluorescence resonance energy transfer substrate.
ACEA and AM251 were purchased from Sigma
Aldrich. 2-AG, 2-LG, and AEA were purchased from
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Cambridge Biosciences. CBD was purchased from
Tocris. JZL195 was from Sigma-Aldrich. Compounds
were reconstituted in dimethyl sulfoxide (DMSO) to
a stock concentration and diluted in cell culture
medium before use.

Cell culture

Tango CNRI-bla U20S (CB1-Tango) cells were cul-
tured as recommended by the supplier. In brief, they
were grown in McCoy’s 5A medium supplemented
with 10% dialyzed fetal bovine serum, 0.1 M minimum
essential medium nonessential amino acids, 25 mM
HEPES buffer (pH 7.3), 1mM sodium pyruvate,
100 ug/mL  penicillin/streptomycin, 200 ug/mL Zeo-
cin™, 50 ug/mL hygromycin, and 100 ug/mL geneticin,
all from Invitrogen, Life Technologies. Cells were pas-
saged according to manufacturer’s instructions using
typical aseptic culturing techniques and were incubated
at 37°C in a humid atmosphere with 5% CO, content.

CB1-Tango assay

CB1-Tango cells were seeded in a 96-well black assay
plate at a density of 30,000 cells per well in 100 uL of
assay media (Freestyle 293 expression media from Invi-
trogen, Life Technologies) and incubated overnight in a
37°C, 5% CO, incubator. Compounds in DMSO were
diluted in assay media to 6Xconcentrations, and
50 uL of total compound volume was added to appro-
priate wells (25 uL of agonist plus 25 uL of media, or
25 uL of agonist and 25 uL antagonist) and returned
to the incubator for 4 h. Approximately 6 X concentra-
tion of LiveBLAzer™-FRET B/G CCF4-AM Tango
substrate (Invitrogen) was prepared according to man-
ufacturer’s instructions and 30 ul. was added to each
well. The plate was left in the dark for 90 min at
room temperature and then read on the Flexstation
microplate reader (Molecular Devices). Fluorescence
emission was measured at 460 and 535 nm after exci-
tation at 409 nm; CB1 activation is measured as the
ratio of the signal at 460 and 535 nm, which was cal-
culated for each well of the assay plate using SoftMax
Pro software.

Data analysis

Data collected were analyzed using GraphPad Prism
5.0 or Microsoft Excel. Ratios obtained from CB1-
Tango assays were averaged across technical repeats
and normalized to control wells (control wells were ei-
ther in the absence of any pharmacological drug or in
the presence of AM251 only) as % of control in each
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experiment. Data were also normalized by subtracting
the averaged control well ratio and normalized to the
maximal eCB response (set to 100%) as % maximal
eCB response. Normalized data were then averaged
across independent experiments and plotted. Log
ECs, values were obtained from nonlinear regression
curve fitted to the data points generated by GraphPad
Prism and averaged across experiments. All data are
presented as mean*standard error of the mean and
were analyzed using Student’s t-test (two groups) or
one-way analysis of variance followed by Dunnett’s
post-test or Bonferroni Multiple Comparison post-
test (more than two groups). Statistical significance

between means was defined as follows: *p<0.05;
**p<0.01; and ***p<0.001.

Results

CB1-Tango cells detect CB1 activation by CBT1

agonist and eCBs

Several cell reporter assays have been developed to
characterize novel CB1 agonists and antagonists, in-
cluding the CB1-Tango assay for the human CBI re-
ceptor.’” To be able to benchmark any potential
2-LG activity, we initially tested 2-AG, AEA, and the se-
lective CB1 agonist ACEA in the assay. Representative
concentration-response curves for each are shown in
Figure 1. As expected, all three compounds stimulated

. "\ robust responses within the case of ACEA (Fig. 1A), a
A 300 statistically significant response obtained at 0.04 uM
e =l ACEA (185.5% £ 1.8% of control, p<0.001) and a max-
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Table 1. Log EC5, Values Obtained of Cannabinoid
Type 1 Agonists

Agonist Log ECso N
ACEA —7.735£0.37 5
2-AG —5.930+042 4
AEA —7.242+0.35 6
2-LG —4.781+£0.19 2-17

Log ECsq values of agonist concentration-response curves were calcu-
lated from each experiment and were pooled across experiments.

2-AG, 2-arachidonoylglycerol; 2-LG, 2-linoleoylglycerol; ACEA,
arachidonoyl-2"-chloroethylamide; AEA, anandamide.

with a significant response present at 0.025uM
(119.4% £2.4% of control, p<0.001) and a maximal re-
sponse between 2.5 (227.7% + 1.8% of control) and 5 uM
(242.0% £ 3.0% of control) (Fig. 1C). Importantly, none
of the above compounds elicited a response when the se-
lective competitive CB1 antagonist AM251 was present
in the medium at 10 uM or at the lower concentration
of 2.5 uM, which was used subsequently (Fig. 1A-C).
AM251 on its own did not influence baseline CB1 acti-
vation, indicating that under the normal assay condi-
tions, there is no basal eCB tone (data not shown).
Based on a series of independent concentration-re-
sponse curves, the ECs, values for ACEA, 2-AG and
AEA were 0.018, 1.17, and 0.057 uM, respectively
(Table 1).
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2-LG shows partial agonism activity on CB1 receptor
on the CB1-Tango cells

When tested in the CB1-Tango assay, 2-LG stimulated
a significant CB1 response to 134.3% % 4.18% of control
value when used at 25 uM with no further increase at
50 uM (Fig. 2A). The CB1-Tango cells express eCB
degrading enzymes MAGL, fatty acid amide hydrolase
(FAAH), and ABHD6 (data not shown), and one or
more of these might limit the activity of 2-LG based
on their ability to hydrolyze monoacylglycerols. To
test this, we repeated the experiments in the presence
of 100 nM of JZL195—a potent and irreversible inhib-
itor of MAGL, FAAH, and ADBH6.>! When added on
its own, JZL195 stimulated a small response to
112.3% % 3.65% of the control, with no response evi-
dent in the presence of 2.5 uM AM251 (98.51+1.06%)
(n=17 independent experiments). This suggests that
one or more of the above hydrolases are limiting
the response to an endogenous ligand. In the pres-
ence of JZL195, 2-LG stimulated a more robust re-
sponse at 12.5 uM, which peaked at 25-50 uM at
around 170% of the JZL195 alone control response.
This response was completely inhibited by AM251
(2.5 uM), confirming CB1 dependency. By way of
comparison, Figure 2B shows the responses to the
maximally active concentrations of 2-LG (25 uM),

0 2-LG - JZL195

W 2-LG + JZL195

2 175) 0 2.0G + JzL195 + AM251
*

0 1 5 125 25 50
2-LG Concentration (uM)

FIG. 2. 2-LG is a partial agonist of the CB1 receptor. (A) Concentration-response graph of 2-LG in the
presence of 100 nM JZL195, 2-LG in the absence of JZL195, and 2-LG in the presence of both 100 nM JZL195
and 2.5 uM AM251. Data are presented as mean = SEM of pooled independent experiments (n=2-17
independent experiments) with eight replicates in each experiment. Statistical significance of 2-LG responses
in the absence of JZL195 compared to its control, and 2-LG responses in the presence of JZL195 compared to
JZ1L195 only control were established with one-way ANOVA and Dunnett’s post-test. (B) Comparison of the
maximal responses of 2LG (25 uM), ACEA (5 uM), 2-AG (25 M), and AEA (5 uM) in the presence and absence of
2.5 uM AM251. One hundred nanomolar JZL195 was included only in 2-LG wells and experiments. Data are
presented as mean £ SEM of pooled independent experiments (2-LG n=17; ACEA n=13; 2-AG n=4; and ACEA
n=7) with eight replicates in each experiment. Significance between groups was established with one-way
ANOVA and Bonferroni’s multiple comparison post-test. ***p <0.001. 2-LG, 2-linoleoylglycerol.
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ACEA (5uM), 2-AG (25 uM), and AEA (5uM) in
the absence and presence of AM251 (2.5 uM) from
several independent experiments and Table 1 com-
pares the ECs values. 2-LG clearly displays the prop-
erties of a relatively low-affinity partial agonist at the
CB1 receptor.

CBD shows antagonistic activity against 2-LG
and eCBs
When used at up to 5uM, CBD has been character-
ized as a noncompetitive allosteric CBI1 antago-
nist.”>** We have determined the effects of a similar
range of CBD concentrations on the maximal re-
sponses to 2-LG (25uM in presence of JZL195),
ACEA (5uM), AEA (5 uM), and 2-AG (5 uM), with
the results pooled from several independent experi-
ments shown in Figure 3.

In this set of experiments, 2-LG on its own elicited a
response of 145.2%+3.1% of control. The 2-LG re-
sponse is clearly inhibited by CBD with a small, but sig-

nificant, inhibition at 02uM (138.5%16.3% of
control) (Fig. 3A). In the presence of 5uM CBD, the
2-LG response was not significantly different from
the control value (104.5% £2.8%). In the case of the
ACEA response, CBD had little effect when tested at
up to 1uM, but substantially inhibited the response
by ~70% when used at 5uM (Fig. 3B). Likewise, the
response to AEA was also substantially inhibited (by
~72%) by 5uM CBD (Fig. 3C). Surprisingly, the re-
sponse to 2-AG was less sensitive to CBD with an
~34% inhibition seen at 5uM. Nonetheless, others
have also reported only a partial inhibition of the
2-AG response in a similar assay at this concentration
of 2-AG and CBD.”

Collectively, these data show that when used at
5uM, CBD fully antagonizes the 2-LG response and
substantially (~70%) inhibits the ACEA and AEA re-
sponses, further supporting the hypothesis that 2-LG is
a relatively low-affinity partial agonist at the CBl1
receptor.
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FIG. 3. (CB1 agonist-elicited responses are antagonized by CBD. CBD response graphs in the absence and
presence of CB1 agonists: (A) 25 uM 2-LG, (B) 5 uM ACEA, (C) 5 uM AEA, and (D) 5 uM 2-AG. Data are presented
as mean = SEM of pooled independent experiments (2-LG n=6; ACEA n=7; 2-AG n=9; and ACEA n=28) with
eight replicates in each experiment. Statistical significance of agonist responses in the presence of increasing
CBD compared to agonist alone were established with one-way ANOVA and Dunnett’s post-test. *p <0.05;
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FIG. 4. 2-LG modulates CB1 activation by eCBs. Concentration-response curves of (A) 2-AG and (B) AEA in
the absence and presence of 20 M 2-LG. These experiments were conducted in the absence of JZL195. Data
are presented as mean = SEM of two independent experiments, six replicates from each experiment.
Significance between the responses at the highest concentrations was established with unpaired Student’s
t-test, two tailed. *p <0.05; **p < 0.01.
. J

2-LG can modulate CB1 activation by eCBs 2-AG

and AEA

To further test if 2-LG acts like a partial agonist at the
CBI receptor, we evaluated its effect on 2-AG and AEA
responses. For reasons that will be addressed in the dis-
cussion, these experiments were done in the absence of
JZ1.195. Figure 4A shows the full dose-response curve
to 2-AG conducted in the presence and absence of
20 uM 2-LG. An eCB tone of ~30% of the response
of the full agonist has been generated by 2-LG on its
own. The results also clearly show that the dose-
response curve to 2-AG has been “flattened” by 2-LG.
More specifically, there was no indication that the re-
sponse to low doses of 2-AG were potentiated by
2-LG, nor are 2-AG and 2-LG responses ever additive.
Indeed, it is apparent that the response to all active
concentrations of 2-AG is suppressed by 2-LG. A
very similar picture is seen with the dose-response
curve to AEA; again, there is no evidence for 2-LG po-
tentiating the response to low levels of AEA or for the
2-LG and AEA responses to be additive at any concen-
tration. As with 2-AG, the response to active concen-
tration of AEA is muted in the presence of 2-LG.

Discussion

The importance of the eCB system for the regulation of
many complex behaviors, including appetite, pain, and
anxiety, is well documented.>”” For example, gene de-
letion studies have shown that DAGLu is required for
CB1-dependent DSE throughout the nervous sys-
tem”'* and that DAGLa and DAGLf are required

for CB1-/CB2-dependent adult neurogenesis.”®*

These studies point to 2-AG as the “workhorse” eCB
in the brain regulating both synaptic and cellular plas-
ticity. However, in addition to 2-AG, the DAGLs can
synthesize other monoacylglycerols, including 2-LG."?
This led us to consider if 2-LG might have a direct
function at the cannabinoid receptors.

Conflicting reports have emerged regarding 2-LG
effects on CB1 receptors. It was previously reported
that 2-LG is unable to directly activate cannabinoid re-
ceptors, but instead can potentiate their activation by
2-AG in behavioral assays.'®** The mechanism for
this potentiation is not clear, but it was suggested that
2-LG may limit 2-AG hydrolysis by competing at the
substrate binding site on MAGL."” However, rather
than enhancing 2-AG-/CB1-dependent synaptic plasticity
in cultures of hippocampal neurons, 2-LG (at 5 uM) was
reported by Murataeva et al. to inhibit the response.'®
Although elegant and of physiological relevance, the com-
plexity of these models makes it difficult to dissect out the
precise molecular basis of the action of 2-LG.

Over recent years, several CB1 reporter cell lines
been developed to identify new receptor ligands. The
Tango cell platform has been developed based on
the introduction of key reporter transgenes into the
human U20S sarcoma cell line (see section “Materials
and Methods” for details) and utilizes the physiologi-
cally important recruitment of S-arrestin to activated
human CB1 receptors as the basis of the assay.'>*’
We have used this line to better understand the phar-
macological properties of 2-LG at the human CBl1
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receptor. To benchmark the activity of 2-LG, we first
determined the effects of the well-characterized CB1
agonists ACEA, 2-AG, and AEA in the assay. They
all stimulated robust responses that did not apprecia-
bly differ in magnitude, and the ECs, values for each
were all within the published values obtained from
[*°>S]GTPyS binding assays.”*****

2-LG stimulated a response in the assay, but this was
only robustly seen at ~25-50 uM, and was highly vari-
able. Transcriptional profiling detected MAGL, FAAH,
and ABHG6 in the reporter cell line (Doherty Laboratory
unpublished results) and these enzymes can hydrolyze
and thereby limit the activity of 2-AG and/or AEA in
other cells.*"*® When applied on its own, JZL195 stim-
ulated a small, but significant, CB1-dependent response
that most likely represents the unmasking of low-level
eCB synthesis. This points to a “gate-keeper” function
for one or more of the hydrolases in the U20S sarcoma
cells and interestingly, MAGL has a similar “gate-
keeper” role in neurons where its exclusion from the
growth cone facilitates 2-AG autocrine signaling to pro-
mote CB1-dependent axonal growth.”® The response to
2-LG was much more robust and doubled in magnitude
in the presence of JZL195, suggesting that hydrolysis is
limiting its activity and perhaps explains, in part, the
lack of agonist activity in other assays. Interestingly,
studies on the genetic deletion of MAGL, FAAH or
ABHD12 point to MAGL being the primary hydro-
lytic enzyme regulating 2-LG levels.”>** The possibil-
ity that the 2-LG response reflects an enhancement of
the activity of an established eCB based on competi-
tion for binding to a hydrolase enzyme, along the
lines of a previously postulated entourage effect, can
be discounted as activity is seen in the presence of
JZL195.

It is important to note that the 2-LG response was
not seen when the selective CB1 antagonist AM251
was present. We were keen to confirm this with an in-
dependent antagonist. Hemopressin is a peptide that
has been reported to be an inverse agonist at the CB1
recept0r34; however, when tested at up to 20 uM, we
failed to detect any effect on the response to low or
high concentrations of ACEA, AEA, 2-AG, or 2-LG
(Doherty laboratory unpublished observations). Others
have also failed to find evidence for hemopressin activ-
ity at the CBI receptor.”> >’ We therefore turned our
attention to the natural plant-derived CBD. CBD has
a low affinity for the CB1 receptor and functions as a
noncompetitive allosteric antagonist.”****°  When
used at up to 5uM, CBD fully inhibited the 2-LG re-

sponse and substantially inhibited (~70%) the ACEA
and AEA responses. However, its effect on 2-AG at
this concentration was less pronounced, but others
have also showed that it does not fully inhibit maximal
2-AG responses at this concentration in a similar
p-arrestin recruitment assay.>’ Nonetheless, the key re-
sult here was the full inhibition of the 2-LG response as
this provides independent evidence that it is a CB1-
dependent response.

To further test if 2-LG is functioning as a partial ag-
onist at the CB1 receptor, we tested it together with
2-AG and AEA. Importantly, when competing with a
full agonist at the same receptor, a partial agonist will
act like an antagonist. We conducted these experiments
in the absence of JZL195 as we did not want to mask
any potential entourage property that 2-LG might dis-
play toward 2-AG or AEA. In these experiments, on its
own, 2-LG created an eCB tone that was around 25-
30% of the 2-AG/AEA responses. The first important
observation is that low concentrations of 2-AG/AEA
that stimulate responses on their own fail to increase
the tone in the presence of 2-LG—thus, we see no evi-
dence for an entourage effect. Indeed, the opposite is
clearly the case with all 2-AG/AEA responses being
suppressed in the presence of 2-LG. Thus, 2-LG again
exhibits the properties of a partial agonist.

The above experiments speak to the pharmacological
properties of 2-LG and do not provide evidence for a phys-
iological function. In general, 2-LG is present in the mam-
malian brain at around 10Xlower concentration than
2-AG, but perhaps 20 x higher than AEA.***' However,
2-LG concentrations are higher in the hypothalamus,*
and in some tissues, greatly exceed the level of 2-AG.
For example, 2-LG is around 12 Xxhigher than 2-AG in
the spleen.'® Thus, it is not unreasonable to suggest that
in some instances, 2-LG might play a role in modulating
2-AG and/or AEA responses in a physiological context.

Pharmacological manipulation of the eCB system has
been shown to have therapeutic benefits.***> However,
pharmacological intervention is not without risk as has
been demonstrated by the adverse psychiatric side ef-
fects of Rimonabant, a synthetic CB1 antagonist that
was developed to treat obesity,***> and the very serious
adverse psychotic effects of the highly potent synthetic
cannabinoid agonists colloquially termed “Spice”.*® It
is perhaps worth noting that some of the most promis-
ing medicines targeting eCB signaling are based on using
the natural cannabinoids from plants, including A9-
tetrahydrocannabinol and/or CBD,*”*® or based on
small molecule drugs that increase the levels of AEA*>*



Downloaded by 184.68.180.46 from www.liebertpub.com at 10/11/19. For personal use only.

or 2-AG.”"** In this context, strategies that increase
2-LG levels could have therapeutic potential as in
some instances, they could introduce or maintain a
moderate tone and/or mitigate against overactivation
of the system.

Finally, while we have focused on the role of 2-LG at
the CB1 receptor, additional roles at the CB2 receptor
are likely and perhaps other receptors should be consid-
ered much like the case of AEA, which was considered
a partial agonist of the CB1 receptor and a full agonist
at the CB2 receptor, and subsequently shown to an active
ligand at other receptors, including TRPV1.>">?

In conclusion, this study provides evidence to sup-
port the hypothesis that 2-LG is a partial agonist at
the human CB1 receptor, is antagonized by CB1 antag-
onists AM251 and CBD, and can modulate the activity
of the established eCBs in vitro.

Acknowledgment
We thank Dr. Emily Clarke for her comments on the
article.

Author Disclosure Statement
No competing financial interests exist.

Funding Information
No funding was received for this article.

References

1. Sierra S, Luquin N, Navarro-Otano J. The endocannabinoid system in
cardiovascular function: novel insights and clinical implications. Clin
Auton Res 2018;28:35-52.

2. lannotti FA, Di Marzo V, Petrosino S. Endocannabinoids and
endocannabinoid-related mediators: targets, metabolism and role in
neurological disorders. Prog Lipid Res. 2016;62:107-128.

3. Zou S, Kumar U. Cannabinoid receptors and the endocannabinoid sys-
tem: signaling and function in the central nervous system. Int J Mol Sci.
2018;19:pii:E833.

4. Kano M. Control of synaptic function by endocannabinoid-mediated retro-
grade signaling. Proc Japan Acad Ser B Phys Biol Sci. 2014;90:235-250.

5. Oudin MJ, Hobbs C, Doherty P. DAGL-dependent endocannabinoid
signalling: roles in axonal pathfinding, synaptic plasticity and adult
neurogenesis. Eur J Neurosci. 2011;34:1634-1646.

6. Goncalves MB, Suetterlin P, Yip P, et al. A diacylglycerol lipase-CB2
cannabinoid pathway regulates adult subventricular zone neurogenesis
in an age-dependent manner. Mol Cell Neurosci. 2008;38:526-536.

7. Gao Y, Vasilyev DV, Goncalves MB, et al. Loss of retrograde endocanna-
binoid signaling and reduced adult neurogenesis in diacylglycerol lipase
knock-out mice. J Neurosci. 2010;30:2017-2024.

8. Zhou Y, Oudin MJ, Gajendra S, et al. Regional effects of endocannabinoid,
BDNF and FGF receptor signalling on neuroblast motility and guidance
along the rostral migratory stream. Mol Cell Neurosci. 2015;64:32-43.

9. Salamone JD, McLaughlin PJ, Sink K, et al. Cannabinoid CB1 receptor inverse
agonists and neutral antagonists: effects on food intake, food-reinforced
behavior and food aversions. Physiol Behav. 2007;91:383-388.

10. Davis MP. Cannabinoids in pain management: CB1, CB2 and non-classic
receptor ligands. Expert Opin Investig Drugs. 2014;23:1123-1140.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

LU ET AL.

. Centonze D, Finazzi-Agro A, Bernardi G, et al. The endocannabinoid

system in targeting inflammatory neurodegenerative diseases. Trends
Pharmacol Sci. 2007;28:180-187.

. Devane WA, Hanus L, Breuer A, et al. Isolation and structure of a brain

constituent that binds to the cannabinoid receptor. Science. 1992;258:
1946-1949.

. Mechoulam R, Benshabat S, Hanus L, et al. Identification of an endoge-

nous 2-monoglyceride, present in canine gut, that binds to cannabinoid
receptors. Biochem Pharmacol. 1995;50:83-90.

. Tanimura A, Yamazaki M, Hashimotodani Y, et al. The endocannabinoid 2-

arachidonoylglycerol produced by diacylglycerol lipase alpha mediates
retrograde suppression of synaptic transmission. Neuron. 2010;65:320-
327.

. Bisogno T, Howell F, Williams G, et al. Cloning of the first sn1-DAG lipases

points to the spatial and temporal regulation of endocannabinoid sig-
naling in the brain. J Cell Biol. 2003;163:463-468.

. Ben-Shabat S, Fride E, Sheskin T, et al. An entourage effect: inactive

endogenous fatty acid glycerol esters enhance 2-arachidonoyl-glycerol
cannabinoid activity. Eur J Pharmacol. 1998;353:23-31.

. Ghafouri N, Tiger G, Razdan RK, et al. Inhibition of monoacylglycerol lipase

and fatty acid amide hydrolase by analogues of 2-arachidonoylglycerol.
Br J Pharmacol. 2004;143:774-784.

Murataeva N, Dhopeshwarkar A, Yin D, et al. Where’s my entourage?
The curious case of 2-oleoylglycerol, 2-linolenoylglycerol, and
2-palmitoylglycerol. Pharmacol Res. 2016;110:173-180.

. van der Lee MM, Blomenrohr M, van der Doelen AA, et al. Pharmaco-

logical characterization of receptor redistribution and beta-arrestin re-
cruitment assays for the cannabinoid receptor 1. J Biomol Screen. 2009;
14:811-823.

Hillard CJ, Manna S, Greenberg MJ, et al. Synthesis and characterization
of potent and selective agonists of the neuronal cannabinoid receptor
(CB1). J Pharmacol Exp Ther. 1999;289:1427-1433.

Long JZ, Nomura DK, Vann RE, et al. Dual blockade of FAAH and MAGL
identifies behavioral processes regulated by endocannabinoid crosstalk
in vivo. Proc Natl Acad Sci U S A. 2009;106:20270-20275.

Lan RX, Liu Q, Fan PS, et al. Structure-activity relationships of pyrazole
derivatives as cannabinoid receptor antagonists. J Med Chem. 1999;42:
769-776.

Laprairie RB, Bagher AM, Kelly ME, et al. Cannabidiol is a negative allo-
steric modulator of the cannabinoid CB1 receptor. Br J Pharmacol. 2015;
172:4790-4805.

Straiker A, Dvorakova M, Zimmowitch A, et al. Cannabidiol inhibits
endocannabinoid signaling in autaptic hippocampal neurons. Mol
Pharmacol. 2018;94:743-748.

Aguado T, Monory K, Palazuelos J, et al. The endocannabinoid system
drives neural progenitor proliferation. FASEB J. 2005;19:1704-1706.
Gallily R, Breuer A, Mechoulam R. 2-Arachidonylglycerol, an endogenous
cannabinoid, inhibits tumor necrosis factor-alpha production in murine
macrophages, and in mice. Eur J Pharmacol. 2000;406:R5-R7.

Barnea G, Strapps W, Herrada G, et al. The genetic design of signaling
cascades to record receptor activation. Proc Natl Acad Sci U S A. 2008;105:
64-69.

Ryberg E, Larsson N, Sjogren S, et al. The orphan receptor GPR55 is a
novel cannabinoid receptor. Br J Pharmacol. 2007;152:1092-1101.
Pertwee RG. Endocannabinoids and their pharmacological actions.
Handb Exp Pharmacol. 2015;231:1-37.

Blankman JL, Simon GM, Cravatt BF. A comprehensive profile of brain
enzymes that hydrolyze the endocannabinoid 2-arachidonoylglycerol.
Chem Biol. 2007;14:1347-1356.

Keimpema E, Tortoriello G, Alpar A, et al. Nerve growth factor scales
endocannabinoid signaling by regulating monoacylglycerol lipase turn-
over in developing cholinergic neurons. Proc Natl Acad Sci U S A. 2013;
110:1935-1940.

Leishman E, Cornett B, Spork K, et al. Broad impact of deleting endoge-
nous cannabinoid hydrolyzing enzymes and the CB1 cannabinoid
receptor on the endogenous cannabinoid-related lipidome in eight
regions of the mouse brain. Pharmacol Res. 2016;110:159-172.
Leishman E, Mackie K, Bradshaw HB. Elevated levels of arachidonic acid-
derived lipids including prostaglandins and endocannabinoids are
present throughout ABHD12 knockout brains: Novel insights into the
neurodegenerative phenotype. Front Mol Neurosci. 2019;12:142.



Downloaded by 184.68.180.46 from www.liebertpub.com at 10/11/19. For personal use only.

2-LG IS A PARTIAL AGONIST OF THE CB1 RECEPTOR

34. Heimann AS, Gomes |, Dale CS, et al. Hemopressin is an inverse agonist of

CB1 cannabinoid receptors. Proc Natl Acad Sci U S A. 2007;104:20588-
20593.
35. Straiker A, Mitjavila J, Yin D, et al. Aiming for allosterism: evaluation of

allosteric modulators of CB1 in a neuronal model. Pharmacol Res. 2015;

99:370-376.
36. Hama A, Sagen J. Activation of spinal and supraspinal cannabinoid-1

receptors leads to antinociception in a rat model of neuropathic spinal

cord injury pain. Brain Res. 2011;1412:44-54.
37. Dvoracsko S, Tomboly C, Berkecz R, et al. Investigation of receptor

binding and functional characteristics of hemopressin(1-7). Neuropepti-

des. 2016;58:15-22.

38. Tham M, Yilmaz O, Alaverdashvili M, et al. Allosteric and orthosteric
pharmacology of cannabidiol and cannabidiol-dimethylheptyl at the
type 1 and type 2 cannabinoid receptors. Br J Pharmacol. 2019;176:
1455-1469.

51.

synthesis, quantitative structure-activity relationships, and molecular
modeling studies. J Med Chem. 2004;47:4998-5008.

Pan B, Wang W, Long JZ, et al. Blockade of 2-arachidonoylglycerol
hydrolysis by selective monoacylglycerol lipase inhibitor 4-nitrophenyl
4-(dibenzol[d][1,3]dioxol-5-yl(hydroxy)methyl)piperidine-1-carboxylate
(JZL184) enhances retrograde endocannabinoid signaling. J Pharmacol
Exp Ther. 2009;331:591-597.

52. Choi SH, Arai AL, Mou Y, et al. Neuroprotective effects of MAGL (mono-

acylglycerol lipase) inhibitors in experimental ischemic stroke. Stroke.
2018;49:718-726.

53. Smart D, Gunthorpe MJ, Jerman JC, et al. The endogenous lipid anan-

damide is a full agonist at the human vanilloid receptor (hVR1). Br J
Pharmacol. 2000;129:227-230.

54. Sugiura T, Kondo S, Kishimoto S, et al. Evidence that 2-arachidonoylglycerol

but not N-palmitoylethanolamine or anandamide is the physiological ligand
for the cannabinoid CB2 receptor. Comparison of the agonistic activities of

39.

40.

41,

42,

43.

44,

45.

46.

47.
48.

49.

50.

McPartland JM, Duncan M, Di Marzo V, et al. Are cannabidiol and delta(9)-
tetrahydrocannabivarin negative modulators of the endocannabinoid
system? A systematic review. Br J Pharmacol. 2015;172:737-753.
Richardson D, Ortori CA, Chapman V, et al. Quantitative profiling of
endocannabinoids and related compounds in rat brain using liquid
chromatography-tandem electrospray ionization mass spectrometry.
Anal Biochem. 2007;360:216-226.

Williams J, Wood J, Pandarinathan L, et al. Quantitative method for the
profiling of the endocannabinoid metabolome by LC-atmospheric
pressure chemical ionization-MS. Anal Chem. 2007;79:5582-5593.

Di Marzo V. New approaches and challenges to targeting the endocan-
nabinoid system. Nat Rev Drug Discov. 2018;17:623-639.

Toczek M, Malinowska B. Enhanced endocannabinoid tone as a potential
target of pharmacotherapy. Life Sci. 2018;204:20-45.

Christensen R, Kristensen PK, Bartels EM, et al. Efficacy and safety of the
weight-loss drug rimonabant: a meta-analysis of randomised trials. Lan-
cet. 2007;370:1706-1713.

Moreira FA, Crippa JA. The psychiatric side-effects of rimonabant. Braz J
Psychiatry. 2009;31:145-153.

Chye Y, Christensen E, Solowij N, et al. The endocannabinoid system and
cannabidiol’s promise for the treatment of substance use disorder. Front
Psychiatry. 2019;10:63.

Wise J. FDA approves its first cannabis based medicine. BMJ. 2018;361:k2827.
Mucke M, Phillips T, Radbruch L, et al. Cannabis-based medicines for
chronic neuropathic pain in adults. Cochrane Database Syst Rev. 2018;3:
CD012182.

Bhuniya D, Kharul RK, Hajare A, et al. Discovery and evaluation of novel
FAAH inhibitors in neuropathic pain model. Bioorg Med Chem Lett. 2019;
29:238-243.

Mor M, Rivara S, Lodola A, et al. Cyclohexylcarbamic acid 3’- or 4-
substituted biphenyl-3-yl esters as fatty acid amide hydrolase inhibitors:

various cannabinoid receptor ligands in HL-60 cells. J Biol Chem. 2000;275:
605-612.

Cite this article as: Lu L, Williams G, Doherty P (2019) 2-Linoleoylglycerol
is a partial agonist of the human cannabinoid type 1 receptor that can
suppress 2-arachidonolyglycerol and anandamide activity, Cannabis and
Cannabinoid Research X:X, 1-9, DOI: 10.1089/can.2019.0030.

Abbreviations Used

2-AG = 2-arachidonoylglycerol
2-LG = 2-linoleoylglycerol
ACEA = arachidonoyl-2’-chloroethylamide
AEA = anandamide
ANOVA = analysis of variance
CB1 = cannabinoid type 1
CB2 = cannabinoid type 2
CBD = cannabidiol
DAGLax = diacylglycerol lipase alpha
DAGLf; = diacylglycerol lipase beta
DMSO = dimethyl sulfoxide
DSE = depolarization-induced suppression of excitation
eCB = endocannabinoid
FAAH = fatty acid amide hydrolase
MAGL = monoacylglycerol lipase
SEM = standard error of the mean




