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Regulation of anandamide tissue levels by N-arachidonylglycine
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Abstract

N-Arachidonylglycine (NAGly), the carboxylic analog of the endocannabinoid anandamide, occurs in rat and bovine brain as well as in
peripheral sites and shows activity against tonic, formalin-induced pain. It was also observed, using cell membrane preparations, that it
inhibits the hydrolytic activity of fatty acid amide hydrolase (FAAH) on anandamide (N-arachidonylethanolamide). These data suggested
that it may serve as an endogenous regulator of tissue anandamide concentrations. In this report, we show findings derived from mass
spectrometric analyses, indicating that blood levels of anandamide in rats given 10 mg/kg p.o. of NAGly were increased significantly by
more than 9-fold when compared with vehicle-treated controls. In vitro evidence in RAW 264.7 cells using a deuterium-labeled NAGly
demonstrated that it was not a precursor or source of arachidonic acid for the observed 50% rise in anandamide levels, suggesting that the
increase was due to some effect other than increased biosynthesis of anandamide. Moreover, the findings presented here suggest that

NAGly can serve as a model for the design of agents to provide pharmacological control of tissue anandamide concentrations.

© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

NAGly (Fig. 1), an endogenous substance found in rat
brain and other sites [1], occurs in amounts greater than the
closely related endocannabinoid anandamide (N-arachido-
nylethanolamide). Earlier reports [2] suggested that NAGly
may have analgesic properties similar to those of ananda-
mide [3,4] but is inactive in assays for psychotropic action
such as the “ring test” [5]. The latter finding was in
agreement with a report showing a lack of binding by
NAGly to the cannabinoid receptor CB1 [6]. This activity
profile is reminiscent of that observed for the naturally
occurring cannabinoid acids [7], which exhibit analgesic
effects but are inactive in the ring test. NAGly also showed
substantial potency (ECso = 4—7 pM) in reducing the in
vitro activity of FAAH [1,8], the enzyme primarily respon-
sible for the degradation of anandamide to arachidonic acid
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and ethanolamine under physiological conditions [9-11].
However, it has little effect on anandamide transport or on
the VR1 vanilloid receptor [1]. This suggests, as one of
several possibilities, that NAGly may act as an endogenous
regulator of tissue anandamide concentrations by virtue of
its ability to inhibit FAAH and its presence in a number of
tissue sites in vivo [1]. NAGly also showed in vivo anti-
inflammatory activity in the mouse paw edema assay (Bur-
stein SH and Pearson W, unpublished data).

The biological origin of NAGly is not well understood;
however, two possible biosynthetic pathways have been
investigated, and data supporting the existence of each
have been reported [1,12]. Burstein er al. [12], using
anandamide radiolabeled in the ethanolamine moiety,
showed that Chang hepatocytes incubated with this pre-
cursor produced a radiolabeled substance that chromato-
graphically co-migrated with NAGIly in several TLC
systems. This suggested the possibility that NAGly may,
under some conditions, be generated by an oxidative
metabolism of anandamide. A second pathway involving
the condensation of arachidonyl CoA with glycine was
proposed by Huang et al. [1] in which the process is
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Fig. 1. Structures of the endocannabinoid anandamide and its endogenous analog N-arachidonylglycine (NAGly).

mediated by a subcellular rat brain preparation. To support
this suggestion, they used deuterium-labeled precursors
and demonstrated the synthesis of deuterated NAGly by
mass spectrometric analysis. As is often the case in bio-
syntheses, each pathway may operate under a specific set
of physiological circumstances.

We sought to determine in this study whether the in vivo
administration of NAGly would increase circulating blood
levels of anandamide that would, in turn, reflect an eleva-
tion of cellular concentrations of anandamide. This might
help explain the analgesic [1] and anti-inflammatory
actions of NAGly (Burstein SH and Pearson W, unpub-
lished data) since anandamide is known to exhibit both
actions in experimental models [3,4,13]. The results
obtained from these studies are reported below.

2. Materials and methods
2.1. Materials

RAW 264.7 murine monocyte cells were prepared from
stocks supplied and maintained by the University tissue
culture facility. Minimum essential medium (MEM) was
purchased from ICN. Fetal bovine serum and penicillin—
streptomycin solution were obtained from GIBCO BRL.
Deuterated arachidonic acid (dg-arachidonic acid) was
obtained from the Cayman Chemical Co. Bovine serum
albumin was obtained from Sigma, and Sep-Pak Plus C18
cartridges were purchased from the Waters Corp. TLC
plates were obtained from EM Science.

2.2. Synthesis of deuterated N-arachidonylglycine
(ds-NAGly)

To a solution of N-hydroxysuccinimide (4 mg) in 5 mL
of ethyl acetate, a solution of 10 mg dg-arachidonic acid
(52,8Z,11Z,14Z-eicosatetraenoic-5,6,8,9,11,12,14,15-dg
acid) (>98 atom% D) was added followed by 9 mg of
dicyclohexylcarbodiimide. The mixture was allowed to
react for 24 hr at room temperature at which time 10 mg
of glycine in a mixture of dioxane—-KOH-NaHCO; (2 mL)
was added and reacted for a further 48 hr at 4°. The mixture
was then acidified to pH 3 with HCI, extracted with ethyl
acetate, and the product isolated by TLC (acetonitrile:-
water, 96:4). The identity and deuterium content of the
product were confirmed by mass spectral analysis as
previously described [1].

2.3. Measurement of anandamide levels in cell culture
and in blood

Anandamide and NAGly levels were measured in
plasma extracts by HPLC-MS/MS with dg-anandamide
added as an internal standard. Reverse-phase HPLC was
performed on a 100x 1 mm i.d. column packed with ODS
Hypersil (3 pm, 120 A pore size; Keystone Scientific,
Inc.). A Rheos 2000 micro HPLC pumping system was
used to pump the mobile phase (90% methanol, 10% of
0.05% aqueous ammonium acetate buffer, pH 5.7) at
50 pL/min. The outlet from the column was connected
directly to the electrospray ion source of a Finnigan LCQ
quadrupole ion trap mass spectrometry system. Positive
ion electrospray ionization was used with the source at
4500 V, the capillary at 200°, and the nitrogen sheath gas at
a relative setting of 60. NAGly eluted at 1.4 min and was
detected by MS? of its MH" ion (m/z 362.2) with an
isolation window of 2.5 Th and relative collision energy
(CID) of 29%. Full product ion spectra were collected from
m/z 95-370, and peak areas from ion plots of m/z 287.2
were used for quantitation. Anandamide and dg-ananda-
mide were similarly detected using their MH" ions (m/z
348.2 and 356.2) as precursors with isolation windows of
2.5 Th and CID at 30%. Full product ion spectra were
collected from m/z 200-370, and peak areas from ion plots
of m/z 286.2 and 292.2 were used for anandamide and dg-
anandamide, respectively. Concentrations of NAGly and
anandamide were calculated from their peak area ratios to
the internal standard with reference to an external calibra-
tion curve.

2.4. Statistical analysis

Values are the means + SD for 4 replicates unless
indicated otherwise. A one-factor ANOVA evaluation
was used followed by a Fisher PLSD post hoc test to
compare the different sets of experimental data for statis-
tical significance. The sets were considered to be signifi-
cantly different at P < 0.05.

3. Results and discussion

3.1. Elevation of anandamide levels in RAW cells

In this study, evidence was sought to determine whether
NAGly would cause a rise in anandamide levels in a
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physiologically relevant system, namely, an intact cell
model such as the cultured macrophage RAW 264.7 cell
line. In addition, experiments were also done in RAW cells
to rule out the possibility that NAGly might serve as a
metabolic precursor for anandamide, an effect that would
result in an increase in anandamide concentration [1].
Treatment of RAW cells with 10 pM NAGly caused a
50% elevation of basal concentrations of anandamide, as
determined by mass spectral analysis (Fig. 2A). To exclude
the possibility that NAGly was a precursor for the
increased anandamide, the experiment was repeated except
that only deuterium-labeled NAGly (dg-NAGly) was used
in the treatment. The label was contained entirely in the
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Fig. 2. Effect of NAGly on anandamide levels in intact cultured RAW
264.7 cells. (A) Treatment with unlabeled NAGly. Cells were grown as
described previously [14] and treated for 60 min as described in Section 2.
Values shown for anandamide were obtained by mass spectrometric
analysis and are means £ SD (N =4). Data were obtained using non-
deuterated NAGly [10 pM]. (B) Comparison with deuterium-labeled
NAGly. Cells were grown and treated exactly as in (A) except that
treatment was done only with deuterated NAGly [10 uM]. Mass spectro-
metric analyses were performed for both deuterated and non-deuterated
anandamide as described in Section 2. The value shown for dg-anandamide
in the control was essentially due to background noise. Numbers in
parentheses are the number of samples analyzed.

arachidonyl portion of the molecule (see Section 2). Fig. 2B
shows the data obtained, indicating that virtually all of the
50% increase (~3 ng/mL) in anandamide consists of unla-
beled material. Only an insignificant increase (<0.5 ng/
mL) in dg-anandamide was found to occur when the cells
were treated with dg-NAGly.

The increase in anandamide levels in the RAW cells
following NAGly exposure (Fig. 2) is in agreement with
its previously reported inhibitory action on FAAH activity
in cell membranes [1]. However, evidence was not
obtained that would conclusively establish a role for
FAAH in the effects observed in the present study. FAAH
catalyzes the hydrolysis of fatty acid amide bonds such as
that found in anandamide and, therefore, is considered to
be a physiological control point in maintaining cellular
anandamide concentrations [10,13]. In any case, the data
presented here, using an intact cell culture model, add
support to the hypothesis that NAGly may function as a
pharmacological regulator of in vivo anandamide levels.
The possibility that the increased anandamide might be
due to free arachidonic acid resulting from the hydrolysis
of NAGly is precluded by the lack of labeled anandamide
found when deuterated NAGly was used as the agonist
(Fig. 2B).

3.2. In vivo NAGly-induced elevation of circulating
levels of anandamide in rats

An extension of the cell culture experiments to an in
vivo model was carried out to determine whether the oral
administration of NAGly to rats would result in an
increase in blood levels of anandamide. /n vivo pharma-
cological support for the hypothesis was obtained by
demonstrating increased circulating blood levels of ana-
ndamide in rats following the oral administration of
NAGly (Fig. 3). A preliminary experiment showed that
the administration of 10 mg/kg of NAGly to rats resulted
in a rapid rise in blood levels of NAGly (60—80 pmol/mL),
suggesting that a significant fraction of an orally admi-
nistered dose would reach potential tissue target sites.
Using a protocol similar to that reported for a study on the
anandamide transport inhibitor AM404 [15], experiments
using 10 mg/kg of NAGly p.o. were performed in the
study reported here. Mass spectroscopic analyses showed
a more than 9-fold rise in blood levels of anandamide
45 min after NAGly administration when compared with
vehicle-treated animals (Fig. 3). The result shown is
representative of that obtained in two separate experi-
ments. At this time it is not known how tissue levels of
endogenous NAGly are regulated; however, when these
factors are understood better, it may be possible to
determine whether it has a role as a physiological reg-
ulator of anandamide levels. In any event, the findings
reported here suggest that NAGly is a useful template
molecule for the design of pharmacological agents to
control anandamide levels.
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Fig. 3. Effect of orally administered NAGly on blood levels of anandamide in
rats. Male Sprague-Dawley rats (150 g, N = 3) were given NAGly (10 mg/
kg) p.o. and compared with a control group (N = 3) given 50 pL of safflower
oil. Blood samples were drawn 45 min later, and their anandamide
concentrations determined by mass spectroscopic analysis as described in
Section 2. The values shown are means of the peak areas & SD of 2-3
determinations per sample. The equivalent concentrations in pmol/mL of
blood are shown in brackets. An ANOVA comparison gave a P value of 0.039.

3.3. Conclusions

To summarize, data have been presented that further
characterize the actions of NAGly, a member of a family of
naturally occurring long chain acyl amino acid conjugates.
The results obtained here with both in vitro and in vivo
pharmacological models demonstrate that NAGly is an
effective agent for increasing tissue anandamide concen-
trations. Furthermore, studies with analogs of NAGly could
lead to novel analgesic and anti-inflammatory agents
whose actions may involve modulation of endocannabi-
noid tissue concentrations. The mechanism underlying our
observations might arise from one or more of several
possible actions of NAGlIy that could affect anandamide
concentrations either in vitro or in vivo. For example, in
addition to reducing the activity of FAAH, NAGIy (a)
could inhibit anandamide transport, (b) could act on the
vanilloid receptor to modulate calcium ion concentrations,
or (¢) might down-regulate the expression level of FAAH.
Di Marzo et al. [16] recently reported that the endogenous
substance palmitoylethanolamide at 1-10 pM reduces ana-
ndamide hydrolysis by the reduction of FAAH expression.
Based on our previous report [1], the first possibility seems
the most likely for NAGly; however, further experimenta-
tion will be needed to conclusively establish this point.
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