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N-Arachidonoyl ethanolamide or anandamide is an endocannabinoid found in most tissues where it acts
as an important signaling mediator in a number of physiological and pathophysiological processes. Con-
sequently, intense effort has been focused on understanding all its biosynthetic and metabolic pathways.
Herein we report human alcohol dehydrogenase-catalyzed sequential oxidation of anandamide to N-
arachidonoyl glycine, a prototypical member of the class of long chain fatty acyl glycines, a new group
of lipid mediators with a wide array of physiological effects. We also present a straightforward synthesis
for a series of N-acyl glycinals including N-arachidonoyl glycinal, an intermediate in the alcohol dehydro-
genase-catalyzed oxidation of anandamide.

� 2008 Elsevier Ltd. All rights reserved.
The endocannabinoid system, consisting of cannabinoid recep- cule. Anandamide has a primary alcohol group which makes it a

tors, the endogenous ligands that bind these receptors (endocan-
nabinoids) and the enzymes that are involved in their biosynthesis
and metabolism, is known to play an important role in several
physiological and pathophysiological processes including pain,
inflammation, drug addiction, obesity, cancer and Alzheimer’s
disease.1 Included in the list of endocannabinoids, is the widely
studied N-arachidonoyl ethanolamide2 (anandamide or AEA) which
belongs to a growing class of endogenous N-acyl ethanolamides
(N-linoleoyl ethanolamide3 (LEA), N-oleoyl ethanolamide4 (OEA)
and N-palmitoyl ethanolamide5 (PEA) have also been found endog-
enously).

Due to the diverse array of biological effects of anandamide,
intensive research has focused on its biosynthetic6 and metabolic
pathways.7–10 Studies have been carried out on the metabolism
of anandamide by hydrolysis of the amide bond via the enzyme
fatty acid amide hydrolase7 (FAAH), acknowledged as the chief en-
zyme responsible for termination of anandamide signaling in vivo,
as well as oxidative metabolism with cyclooxygenases8 (COX), lip-
oxygenases9 (LOX) and cytochrome P450s10 (CYP 450) on the acyl
chain of anandamide. However relatively little attention has been
paid to the metabolism of the ethanolamine portion of the mole-
ll rights reserved.

).
potential substrate for several enzymes. Oxidation of anandamide
can result in the formation of N-arachidonoyl glycine which
belongs to another class of endogenous bioactive lipids, the long
chain fatty acyl glycines or N-acyl glycines. Of these, N-arach-
idonoyl glycine exerts antinociceptive and anti-inflammatory
effects,11 N-oleoyl glycine,12 produces hypothermia when adminis-
tered to rodents, and N-palmitoyl glycine is a potent inhibitor of
heat-evoked firing of nociceptive neurons in the rat dorsal horn,
and also causes transient calcium influx in rat dorsal root ganglion
cells and F11 cells.13 N-Arachidonoyl glycine has been recently
identified as an endogenous ligand for the orphan G-protein cou-
pled receptors GPR18 and GPR92, adding to the emerging evidence
that this class of lipids can function as intercellular messengers via
cell surface receptors.14,15

Despite considerable interest in the biology and pharmacology
of N-acyl glycines, not much is known about their biosynthetic
pathways. Previously we reported doubly labeled N-arachidonoyl
glycine formation following incubation of d8-arachidonic acid
and d5-glycine in the presence of rat brain membranes.11 Addition-
ally, N-arachidonoyl glycine formation was also observed after
incubation of anandamide with RAW 264.7 cells.16 Recently Muel-
ler et al. reported cytochrome c-catalyzed biosynthesis of N-oleoyl
glycine17 and N-arachidonoyl glycine18 by incubation of oleoyl CoA
and arachidonoyl CoA with glycine and hydrogen peroxide. Here
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we report the human alcohol dehydrogenase (ADH)-catalyzed
sequential oxidative metabolism of anandamide to N-arachidonoyl
glycine which proceeds with the formation of the intermediate
N-arachidonoyl glycinal.

All human alcohol dehydrogenase isoenzymes are NAD+-depen-
dent, zinc metalloenzymes that are known to catalyze reversible
oxidation of alcohols, including beverage ethanol and biologically
important long chain alcohols like retinol; x-hydroxy fatty acids;
and 3b-hydroxysteroids.19–21 Each ADH isoenzyme is a dimer,
comprised of two subunits and each subunit is comprised of two
domains, a catalytic domain and the coenzyme NAD+ binding do-
main. Although seven ADH genes (ADH1–ADH7) have been identi-
fied in humans, the protein product of ADH6 gene has not been
identified in vivo.19,22 Based on their amino acid sequences as well
as their enzymatic and electrophoretic properties, ADH isoen-
zymes have been assigned to five distinct classes.23 All human
ADH isoenzymes are primarily expressed in liver except for ADH7
which is mainly localized in epithelial tissue of the gastrointestinal
tract like stomach mucosa.24,25 While the present findings show
anandamide as a new substrate for human ADH7, its oxidation to
N-arachidonoyl glycine may implicate ADH as one of the possible
pathways in the generation of fatty acyl glycines from fatty acyl
ethanolamides in vivo. In addition, a high yielding and straightfor-
ward synthesis of a series of N-acyl glycinals, intermediates in the
alcohol dehydrogenase-catalyzed metabolism of fatty acyl ethan-
olamides has also been developed.

In an effort to explore ADH-catalyzed metabolism of ananda-
mide, we first attempted chemical synthesis of N-arachidonoyl
glycinal, the potential intermediate in the oxidation of anandamide
to N-arachidonoyl glycine. Our initial efforts focused upon the di-
rect oxidation of anandamide. A literature report, on the pyridini-
umchlorochromate26 (PCC) oxidation of arachidonoyl alcohol to
arachidonal was confirmed, however attempted oxidation of
anandamide with this reagent led to complex mixtures that did
not contain the product. Similarly, other conventional oxidants,
DMSO27 based and tetrapropylammonium perruthenate28 (TPAP)
among others failed to give the aldehyde. A more indirect two step
route was adopted utilizing sodium periodate oxidation of the diol
1a according to Scheme 1. The diol 1a was synthesized by conjuga-
tion of arachidonic acid with 1,2-dihydroxy-3-aminopropane using
combination of 1-ethyl-3-(3-dimethyllaminopropyl)carbodiimide
hydrochloride (EDC�HCl), N-hydroxybenzotriazole (HOBT) and tri-
ethylamine (Et3N) in dichloromethane at room temperature. Addi-
tion of arachidonic acid and amine in one portion gave a mixture of
N-acylated (�30%) and O-acylated products, however a good yield
of required N-acylated product 1a was obtained by slow addition
of arachidonic acid to a mixture of 1,2-dihydroxy-3-aminopropane,
EDC�HCl, HOBT and Et3N in dichloromethane over a period of 8 h
under high dilution.29 The diol 1a was cleanly oxidized to aldehyde
2a in �70% yield using sodium periodate in THF/H2O mixture.29
R OH

O
+ R

O

EDC.HCl 1.3 eq.
HOBT 1.3 eq.
Et3N 5 eq.

CH2Cl2
H2N

OH
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Scheme 1. Synthesis of N-acyl-(1,2-dihydroxypropy
The analogous compounds 2b–2d were synthesized from their
respective diols 1b–1d using the above methodology in 70–75%
yields. The structures of all the compounds were confirmed by
1H and 13C NMR analysis.29

Purified recombinant human ADH7 isoenzyme was used to
determine if anandamide was a substrate for human alcohol dehy-
drogenases.29 Initial attempts to monitor this reaction by following
the production of NADH on a spectrophotometer at 340 nm were
complicated by the apparent sequential oxidation of the alcohol
to the acid and the apparent dismutation of the aldehyde to the
corresponding alcohol and acid.30 Consequently, we chose to mon-
itor the progress of the reactions by the multiple reaction monitor-
ing method (MRM) using liquid chromatography-tandem mass
spectrometry (LC/MS/MS). N-Arachidonoyl glycinal is the potential
product in the ADH-catalyzed oxidation of anandamide. Figure 1A
shows the MRM LC/MS/MS chromatogram of N-arachidonoyl glyc-
inal standard in the positive ion mode where the mass of the par-
ent ion (m/z 346) was paired with the mass of glycinal (m/z 60) and
arachidonoyl (m/z 287) ions. Analysis of the assays containing
anandamide, NAD+ and ADH7 using the above MRM method gave
chromatograms with identical retention times as the synthetic
sample (Fig. 1B). This peak was not observed in the absence of en-
zyme indicating that the product was formed by ADH7-catalyzed
reaction. The identity of the product from the enzymatic assays
was further confirmed by complete mass spectral fragmentation
analysis using ESI MS/MS. Figure 1C presents the product ion spec-
trum for N-arachidonoyl glycinal standard in the positive ion
mode. The signature ions in the spectrum include the parent ion
(m/z 346), the arachidonoyl (m/z 287) and the glycinal (m/z 60)
fragments. Figure 1D shows the product ion spectrum for the
ADH7-synthesized N-arachidonoyl glycinal and this spectrum
shows all the major fragments and is qualitatively identical to that
of synthetic standard confirming ADH7-catalyzed synthesis of
N-arachidonoyl glycinal from anandamide.

To explore if ADH7 also oxidized N-arachidonoyl glycinal to
N-arachidonoyl glycine, we analyzed enzymatic assays for the
presence of N-arachidonoyl glycine. Figure 2A shows the MRM
LC/MS/MS chromatogram for N-arachidonoyl glycine standard in
the negative ion mode where the mass of the parent ion (m/z
360) is paired with the mass of glycine ion (m/z 74). Analysis of
the enzymatic assays containing anandamide, NAD+ and ADH7
using the above MRM method gave chromatograms with identical
retention times as the synthetic N-arachidonoyl glycine standard
(Fig. 2B). This peak was not present in the absence of enzyme indi-
cating that the product was formed by ADH7-catalyzed reaction.
The identity of N-arachidonoyl glycine from the ADH7-catalyzed
reaction mixtures was further confirmed by complete mass spec-
tral fragmentation analysis using ESI MS/MS. Figure 2C represents
the product ion spectrum of N-arachidonoyl glycine standard in
the negative ion mode and the characteristic fragments in the
N
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Figure 1. Chromatographic and mass spectral fragmentation analysis of standard and ADH7-synthesized N-arachidonoyl glycinal. LC/MS/MS MRM chromatograms of
standard and ADH7-synthesized N-arachidonoyl glycinal (A and B). MS/MS spectra of standard and ADH7-synthesized N-arachidonoyl glycinal (C and D).
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Figure 2. Chromatographic and mass spectral fragmentation analysis of standard and ADH7-synthesized N-arachidonoyl glycine. LC/MS/MS MRM chromatograms of
standard and ADH7-synthesized N-arachidonoyl glycine (A and B). MS/MS spectra of standard and ADH7-synthesized N-arachidonoyl glycine (C and D).
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spectrum include arachidonoyl glycine parent ion (m/z 360), the
glycine ion (m/z 74) and the fragments due to loss of water (m/z
342) and CO2 (m/z 316). Figure 2D shows the product ion spectrum
for the ADH7-synthesized N-arachidonoyl glycine and this spec-
trum is qualitatively identical to that of the synthetic standard.
These results show that ADH7 oxidizes anandamide to N-arachido-
noyl glycinal which is further metabolized in a sequential oxida-
tion reaction to N-arachidonoyl glycine.

To further confirm the results, we carried out experiments with
deuterated anandamide. Substitution of anandamide with d8-
anandamide (8 olefinic hydrogens on the acyl chain are replaced
by 8 deuteriums) or d4-anandamide (4 methylene hydrogens on
the ethanolamine portion of anandamide are replaced by 4 deute-
riums) in the reaction mixtures produced d8-arachidonoyl glycine
and d2-arachidonoyl glycine, respectively, that are eight and two
mass units heavier than the unlabeled N-arachidonoyl glycine con-
firming unequivocally that ADH7 metabolizes anandamide to
N-arachidonoyl glycine.

In an effort to determine the kinetic parameters for the reaction,
we carried out timecourse experiments by varying the concentrations
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Figure 3. Time course for the formation of N-arachidonoyl glycinal (A) and N-arachidonoyl glycine (B) by human ADH7. Anandamide (8 lM) and NAD+ (2.4 mM) were
incubated with human ADH7 (56 nM) in 100 mM sodium phosphate buffer, pH 7.4 (3 ml) at 37 �C for the times indicated. Aliquots (100 ll) were withdrawn, diluted with
acetonitrile (100 ll) and analyzed by LC/MS/MS using MRM methods.
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of anandamide. A representative time course data for the forma-
tion and decay of N-arachidonoyl glycinal is shown in Figure 3A
while Figure 3B shows the time course for the formation of
N-arachidonoyl glycine using 8 lM anandamide concentration.
Initially there is a linear and time-dependent rise in the formation
of N-arachidonoyl glycinal which reaches to a maximum at 20 min
followed by a slow exponential decay to a steady concentration.
The fall in the concentration is due to its sequential oxidation to
N-arachidonoyl glycine in a time- and concentration-dependent
manner that is linear for at least 30 min of the reaction progress.
The peak due to N-arachidonoyl glycine is observed even at
2 min following the addition of enzyme, suggesting that there is
a very short lag time before the formation of N-arachidonoyl gly-
cine begins. This confirms that ADH7 metabolizes anandamide in
two sequential oxidation reactions, implying that the system can-
not be analyzed using simple Michaelis–Menton assumptions. Our
preliminary results showed that the concentrations of N-arachido-
noyl glycinal and N-arachidonoyl glycine increased with increase
in anandamide concentrations (1–8 lM) but substrate inhibition
was observed at higher concentrations (>9 lM) and concentrations
lower than 1 lM were difficult to analyze using the MRM ap-
proach. Thus, a Km value could not be estimated with the present
approach but appears to be below 1 lM. The initial velocity for
the formation of N-arachidonoyl glycinal is 0.35 lM/min/lM pro-
tein at 8 lM anandamide concentration. This initial velocity
(0.35 min�1) is about 275-fold lower than that determined for ret-
inol oxidation by ADH7 suggesting anandamide to be a high affin-
ity, but slow substrate.21 The slow rate is probably due to the
ability of the product to remain bound to the substrate binding
tunnel in ADH as the enzyme exchanges coenzyme for the next cat-
alytic cycle, making product glycinal release the most probable
rate-limiting step. This is consistent with other ADH enzyme:sub-
strate combinations that show sequential oxidation and dismuta-
tion of aldehyde substrates.30 As mentioned above, ADH7 also
catalyzed the reduction of N-arachidonoyl glycinal to anandamide,
but this reaction was prone to dismutation which complicates its
analysis and requires considerably more detailed kinetic studies
to determine the kinetic parameters and compare them with the
kinetic parameters of other anandamide metabolizing enzymes
to gain insights into possibilities of ADH pathway of anandamide
metabolism occurring in vivo.

We investigated the affinity of anandamide for another human
alcohol dehydrogenase, ADH5. The ADH5 isoenzyme, which is ubiq-
uitously expressed, was essentially inactive. Our preliminary
experiments also showed that the ADH7 isoenzyme metabolized
other N-acyl ethanolamides like N-linoleoyl ethanolamide to N-lin-
oleoyl glycinal and N-linoleoyl glycine. Although these results
show that ADH7 can metabolize fatty acyl ethanolamides in vitro,
the biological significance of this pathway of metabolism remains
to be fully determined and the studies presented here represent
an effort in that direction. Cannabinoid receptors and anandamide
are present in the gastrointestinal tract and play a major role in
several physiological and pathophysiological processes including
obesity, feeding behavior, liver disease and alcoholism.1 Indeed
the levels of anandamide are reported to be elevated in the gastro-
intestinal tract during pathological conditions31; therefore the
presence of alcohol dehydrogenase isoenzymes in the same tissue
may contribute to the regulation of local anandamide concentra-
tions. Additionally the role of ADHs may not be limited to the
metabolism of anandamide or N-acyl ethanolamides in general,
they may also be important for the biosynthesis of a wide range
of fatty acyl glycines from fatty acyl ethanolamides in these tissues.

In summary, we have successfully developed a simple and high
yielding method for the synthesis of a series of long chain fatty N-
acyl glycinals which can be potential intermediates in enzymatic
oxidation reactions of N-acyl ethanolamides to N-acyl glycines in
vivo. Although aldehydes bearing a-nitrogen are known to be
inhibitors of hydrolytic enzyme like leucine aminopeptidase,32

the biological effects of these compounds remain to be explored.
We have also shown that anandamide is a substrate for human
ADH7 and is metabolized to N-arachidonoyl glycinal, a new inter-
mediate which is then sequentially metabolized by ADH7 to N-
arachidonoyl glycine, which is emerging as an important lipid
mediator and is an endogenous ligand for GPR18 and GPR92. This
ADH7-catalyzed conversion of anandamide to N-arachidonyl gly-
cine is analogous to other ADH-catalyzed oxidations of alcohols
to acids like the ADH7-catalyzed oxidation of all trans-retinol to
all trans-retinoic acid in human gastric mucosa.33 As our studies
suggest that anandamide is a high affinity substrate for ADH
in vitro, the presence of both anandamide and alcohol dehydrogen-
ases in the gastrointestinal tract may make anandamide a potential
substrate for alcohol dehydrogenases and one of the plausible
pathways for deactivation of anandamide in vivo.
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