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Acetaminophen (paracetamol) is a popular domestic
analgesic and antipyretic agent with a weak anti-inflammatory action and a low incidence of adverse effects as
compared with aspirin and other non-steroidal anti-inflammatory drugs. Here we show that acetaminophen,
following deacetylation to its primary amine, is conjugated with arachidonic acid in the brain and the spinal
cord to form the potent TRPV1 agonist N-arachidonoylphenolamine (AM404). This conjugation is absent in
mice lacking the enzyme fatty acid amide hydrolase.
AM404 also inhibits purified cyclooxygenase (COX)-1
and COX-2 and prostaglandin synthesis in lipopolysaccharide-stimulated RAW264.7 macrophages. This novel
metabolite of acetaminophen also acts on the endogenous cannabinoid system, which, together with TRPV1
and COX, is present in the pain and thermoregulatory
pathways. These findings identify fatty acid conjugation
as a novel pathway for drug metabolism and provide a
molecular mechanism for the occurrence of the analgesic N-acylphenolamine AM404 in the nervous system following treatment with acetaminophen.

Acetaminophen was introduced into clinical medicine more
than a century ago, but its mechanism of action is still a matter
of debate. The analgesic, antipyretic, and anti-inflammatory
effects of non-steroidal anti-inflammatory drugs are believed to
depend on their ability to inhibit COX1 (1, 2). However, acetaminophen differs from most non-steroidal anti-inflammatory
drugs in that it is a weak anti-inflammatory agent with a low
incidence of COX-related adverse effects (2– 4).
Although this may seem incompatible with an action on
COX, studies in vitro clearly show that acetaminophen is able
to inhibit both COX-1 and COX-2, provided that the ambient
concentration of peroxides is kept low (5–7). Such a peroxidedependent inhibition of COX could explain why acetaminophen
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does not suppress inflammation and platelet activity (5–7).
However, final proof that the analgesic and antipyretic effects
of acetaminophen are dependent on COX is still lacking. There
are also indications that the analgesic effect of acetaminophen
is mediated by molecular targets distinct from COX (8 –10).
In this study we have explored the possibility that acetaminophen undergoes a two-step metabolic transformation to form
the bioactive N-acylphenolamine AM404. AM404 is a potent
activator of TRPV1, a ligand at cannabinoid CB1 receptors and
an inhibitor of cellular anandamide uptake, the inhibition of
which leads to increased levels of endogenous cannabinoids
(11–15). TRPV1 and cannabinoid CB1 receptors are both present in the pain and thermoregulatory pathways, and much
interest has been focused on these receptors as potential drug
targets for the treatment of pain and inflammation (11, 14,
16 –19).
AM404 belongs to a group of bioactive N-acylamines that
also includes the endogenous lipids anandamide (20), N-arachidonoyldopamine (21), and N-arachidonoylglycine (22) and the
synthetic compounds olvanil (23) and arvanil (24). These drugs
all display analgesic activity in a variety of animal tests, and
many of them share the ability of capsaicin and cannabinoids to
lower body temperature (23, 25, 26). In line with these studies,
AM404 produces analgesia in the mouse formalin and hot plate
tests (26, 27) and potentiates the analgesic effect of anandamide in the mouse hot plate test (13). Furthermore, AM404
decreases the expression of c-fos in the spinal cord of neuropathic rats, an effect inhibited by both TRPV1 and cannabinoid
receptor antagonists (28).
MATERIALS AND METHODS

In Vivo Experiments
Acetaminophen (30 –300 mg/kg), p-aminophenol (10 –100 mg/kg), or
vehicle (saline) at volumes of 2–3 ml (rat) or 0.25– 0.3 ml (mice) were
given to female Wistar-Hannover rats (female; 200 –300 g) or fatty acid
amide hydrolase (FAAH) gene knock-out mice (29) and their homozygous controls (female and male; 25–30 g) by intraperitoneal injections.
After 20 min, the animals were killed to collect brain, liver, spinal cord,
and arterial blood. The tissues were homogenized in Tris buffer (10 mM,
pH 7.6) containing EDTA (1 mM). Phenylmethylsulfonyl fluoride
(PMSF; 0.1 mM) and ascorbic acid (0.3 mM) were also present in the Tris
buffer and added to the blood samples to prevent degradation of fatty
acid amides and p-aminophenol, respectively. Aliquots (200 l) of blood
and homogenates were precipitated with 1 ml of ice-cold acetone containing 1 M 2H8-labeled anandamide as internal standard. The samples were kept on ice until the acetone phase was vacuum evaporated.

Tissue Homogenate Experiments
The brain, liver, spinal cord, and dorsal root ganglia from WistarHannover rats (female; 200 –300 g) or FAAH gene knock-out mice and

31405

31406

Fatty Acid Conjugation of Acetaminophen

their homozygous controls (female and male; 25–30 g) were homogenized in a Tris buffer (10 mM, pH 7.6) containing EDTA (1 mM) at
volumes of 5–10 ml/g tissue. We carried out experiments in aliquots of
200 l homogenate at 37 °C as further explained in the text. The
reactions were stopped by adding 1 ml of ice-cold acetone containing 1
M [2H8]anandamide. The samples were kept on ice until the acetone
phase was vacuum evaporated.

performance liquid chromatography was operated isocratically at 20%
water and 80% methanol. The electrospray ion source was operating in
the negative ion mode at 370 °C, the ion spray voltage was ⫺3000 volts,
and the declustering potential was ⫺120 volts. m/z 310.8/267.0 with a
collision energy of ⫺22 volts was used for the quantitative
determinations.

Rat Purified FAAH Enzyme Assay

COX-1 activity and COX-2 activity were determined in the presence
of 10 M arachidonic acid using a COX (ovine) inhibitor screening assay
(Cayman). Drugs were incubated with the enzyme preparation 8 min
before the application of arachidonic acid. Prostaglandin formation was
used as a measure of COX activity and quantified via enzyme
immunoassay.

The enzyme assay was performed in triplicate with rat purified
FAAH (⬎95% purity), containing an N-terminal His6 tag and a truncation of amino acid residues 1–29, which constitute a predicted transmembrane domain (30). The amount of FAAH protein in the assay was
100 nM. Reactions were conducted in 10 mM Tris buffer, pH 7.6, with 5
mM p-aminophenol and 100 M arachidonic acid. Both substrate stocks
were prepared in ethanol, which was not ⬎5% of the total volume of 300
l. The reaction was initiated by addition of FAAH or Tris buffer for
controls. At each time point (0, 5, 10, 15, 20, 30, 45, and 60 min), 50 l
of the reaction was removed and quenched by addition to 300 l of 0.1
M hydrochloric acid. It was extracted in 300 l of ethyl acetate, which
was removed and concentrated to dryness under a stream of nitrogen.
The initial rate of formation of AM404 was obtained from a linear fit of
time (0 –20 min) versus AM404 produced.

Quantitative Analyses
For in vivo and tissue homogenate experiments, the extraction residues were reconstituted in 100 l of methanol except for p-aminophenol, for which 100 l of 0.5% acetic acid was used. The quantitative
analyses were performed using a PerkinElmer Life Sciences 200 liquid
chromatography system with autosampler (Applied Biosystems) coupled to an API 3000 tandem mass spectrometer (Applied Biosystems/
MDS-SCIEX). All mobile phases were water-methanol gradients containing 0.5% acetic acid, and the flow rate was 200 l/min except for
arachidonic acid, where it was 400 l/min. In experiments with rat
purified FAAH, the residue was reconstituted in 50 l of ethanol. The
quantitative analyses were performed on a Hewlett-Packard series
1100 LC with a mass spectrometer detector.
AM404 and Anandamide—Sample aliquots of 5 l were injected on a
Genesis C8 column (20 ⫻ 2.1 mm; Jones Chromatography). Initially, the
mobile flow was 25% water for 5.5 min. Then a linear gradient to 100%
methanol was applied in 0.2 min, and the mobile phase was kept at 100%
methanol for 2.3 min, after which the column was reconditioned in 25%
water for 2 min. The electrospray interface was operating in the positive
ion mode at 370 °C, the ion spray voltage was 4500 volts, and the declustering potential was 40 volts. m/z 396.1/109.8 with a collision energy of 27
volts was used for the determination of AM404, whereas m/z 348.2/61.6
with a collision energy of 35 volts was used for the determination of
anandamide. m/z 356.4/62.2 with a collision energy of 35 volts was used
for the internal standard, 2H8-labeled anandamide. In experiments with
rat purified FAAH, sample aliquots of 40 l were injected on a Haisil C4
column (150 ⫻ 4.6 mm; Higgins Analytical, Inc.). A linear gradient elution
was applied from 100% buffer A (95:5 water/methanol with 0.1% formic
acid) to 100% buffer B (60:35:5 isopropanol/methanol/water with 0.1%
formic acid) in 30 min. The MH⫹ (396.6) and MNa⫹ (418.6) mass peaks
were extracted and integrated for quantification of AM404.
p-Aminophenol—Sample aliquots of 2 l were injected on a Genesis
phenyl column (150 ⫻ 2.1 mm; Jones Chromatography). The mobile
flow was initially 97% water for 2 min. Then a linear gradient to 100%
methanol was applied in 1 min and the mobile phase was kept at 100%
methanol for 2 min, after which the column was reconditioned in 97%
water for 3 min. The electrospray ion source was set at 450 °C and used
in the positive ion mode. The ion spray voltage and declustering potential were set to 4500 volts and 55 volts, respectively. m/z 109.9/64.6 with
a collision energy of 31 volts was used for the quantitative determinations of p-aminophenol.
Acetaminophen—Sample aliquots of 5 l were injected on a Genesis
C18 column (50 ⫻ 2.1 mm; Jones Chromatography). The mobile flow
was initially 90%, and a linear gradient to 80% methanol was immediately applied in 5 min. The mobile phase was kept at 80% methanol for
1 min, after which the column was reconditioned in 90% water for 3
min. The electrospray ion source was set at 370 °C and used in the
positive ion mode. The ion spray voltage and declustering potential
were set to 4500 volts and 55 volts, respectively. m/z 151.9/109.8 with a
collision energy of 25 volts was used for the quantitative determinations
of acetaminophen.
[2H8]Arachidonic Acid—Sample aliquots of 5 l were injected on a
Genesis C18 column (50 ⫻ 2.1 mm; Jones Chromatography). High

COX-1 and COX-2 Assays

COX-2 Activity in RAW264.7 Macrophages
RAW264.7 cells, obtained from American Type Culture Collection,
were cultured in Dulbecco’s modified Eagle’s medium containing 1 mM
sodium pyruvate, 1 mM non-essential amino acids, 2 mM glutamine,
penicillin (100 units/ml), streptomycin (100 g/ml), and 10% fetal calf
serum (all from Sigma). Experiments were performed on confluent cells
grown in 6-well Falcon plates (passages 3– 6) and then exposed to
lipopolysaccharide (LPS) (1 g/ml) for 18 h (37 °C, 5% CO2) to induce
COX-2. The medium was replaced with fresh medium, and test substances or vehicles (0.1% Me2SO for AM404 and NS-398; distilled water
for indomethacin) were added 1 h before the cells were further exposed
to arachidonic acid (1 M) or its vehicle (0.1% Me2SO) for 1 h. Aliquots
of the medium were removed, and the prostaglandin E2 content was
determined using a monoclonal enzyme immunoassay kit (Cayman).

Recording of Tension
Experiments were performed on mesenteric arteries from female
Wistar-Hannover rats (250 g) as described (31). Briefly, the arteries
were cut into ring segments and mounted in tissue baths containing
aerated physiological salt solution (5% CO2 and 95% O2 at 37 °C, pH
7.4). Experiments were carried out in the presence of NG-nitro-L-arginine (0.3 mM) and indomethacin (10 M) to eliminate any contribution
of nitric oxide and cyclooxygenase products, respectively. We studied
relaxant responses in preparations contracted with phenylephrine.
When stable contractions were obtained, substances were added cumulatively to determine concentration-response relationships.

Calculations and Statistics
Data are presented as means ⫾ S.E. (vertical lines in Figs. 2– 6), and
n indicates the number of animals unless stated otherwise. GraphPad
Prism 3.0 software was used for curve fitting (non-linear regressions)
and calculations of pEC50 values. A Mann-Whitney U test or Student’s
t test on log-transformed values was used for statistical analysis. Statistical significance was accepted when p ⬍ 0.05.

Drugs
Acetaminophen, p-aminophenol, NG-nitro-L-arginine, ascorbic
acid, phenylephrine, PMSF, and ruthenium red were from Sigma.
[2H4]Acetaminophen (CDN Isotopes) and indomethacin (Confortid,
Dumex) were dissolved in and diluted with distilled water. AM404,
capsaicin, and capsazepine were from Tocris. [2H8]Anandamide,
[2H8]arachidonic acid, and NS-398 were from Cayman. Anandamide
(Biomol) and arachidonic acid (Sigma) were all dissolved in and
diluted with ethanol. Me2SO was substituted for ethanol as a solvent
in studies with RAW264.7 macrophages. The batch of acetaminophen
contained either no or ⬍0.001% (w/w) of p-aminophenol, as determined by liquid chromatography coupled with tandem mass
spectrometry.
RESULTS

Deuterium-labeled AM404 and p-aminophenol were detected
in rat brain 20 min after an intraperitoneal injection of deuterium-labeled acetaminophen (Fig. 1). We could not, however,
detect the corresponding non-deuterium-labeled compounds in
these animals (data not shown). The formation of AM404 and
p-aminophenol from acetaminophen was dose-dependent (Table I). After the injection of 300 mg/kg acetaminophen, AM404
could be detected in the spinal cord in two of five animals but
was absent in liver and blood (Fig. 2A). p-Aminophenol was
present in all tissues, of which the liver contained the highest
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TABLE I
Dose-dependent formation of AM404 and p-aminophenol in
rat brain following administration (intraperitoneally) of
acetaminophen or p-aminophenol
n

AM404a

n

pmol/g

Acetaminophen
30 mg/kg
100 mg/kg
300 mg/kg
p-Aminophenol
10 mg/kg
30 mg/kg
100 mg/kg

p-Aminophenola
nmol/g

9
8
10

0.14 ⫾ 0.07
1.6 ⫾ 0.1
10.3 ⫾ 1.9

7
6
10

0.30 ⫾ 0.16
1.8 ⫾ 0.2
6.7 ⫾ 0.9

5
5
5

3.2 ⫾ 1.3
44 ⫾ 13
667 ⫾ 114

5
5
5

2.1 ⫾ 0.7
36 ⫾ 7
531 ⫾ 82

a
The levels of AM404 and p-aminophenol were determined 20 min
after administration of acetaminophen or p-aminophenol. AM404 and
p-aminophenol were not detected in vehicle-treated animals (n ⫽ 4).

FIG. 1. Acetaminophen is metabolized to the primary amine
p-aminophenol, which is further conjugated with arachidonic
acid to form the bioactive fatty acid amide N-arachidonoyl phenolamine (AM404). Representative chromatograms of samples obtained from rat brain showing the presence of [2H4]AM404 and [2H4]paminophenol in animals treated with 300 mg/kg [2H4]acetaminophen
for 20 min (n ⫽ 3). The tandem mass spectrometer was operated to
select the protonated molecular ion of AM404 at m/z 400.1 and paminophenol at m/z 113.8 in the first quadrupole mass separator,
whereas the mass fragments at m/z 113.8 and m/z 68.6 after fragmentation of AM404 and p-aminophenol, respectively, in the collision cell
were selected by the second quadrupole.

level (Fig. 2A). AM404 and p-aminophenol could not be detected in vehicle-treated animals (n ⫽ 4).
Intraperitoneal injection of p-aminophenol also led to a dosedependent formation of AM404 in rat brain (Table I). At a dose
of 100 mg/kg p-aminophenol, both AM404 (165 ⫾ 39 pmol/g)
and p-aminophenol (60 ⫾ 8 nmol/g) were detected in the spinal
cord (n ⫽ 5).
Incubation with p-aminophenol (10 M) produces a time-dependent formation of AM404 in brain homogenates, whereas
incubation with acetaminophen (100 M) did not result in any
detectable level of AM404 (Fig. 2B). p-Aminophenol cannot be
detected in brain homogenates incubated with 100 M acetaminophen (Fig. 2C). However, significant amounts of AM404
(14 ⫾ 2.6 pmol/g, n ⫽ 4) were measured in brain homogenates
incubated with a 10 times higher concentration of acetaminophen (1 mM). In liver homogenates, substantial amounts of
p-aminophenol were detected following incubation with 100 M
acetaminophen (Fig. 2C).
Formation of AM404 was demonstrated in homogenates of
rat spinal cord (24 ⫾ 2.2 pmol/g, n ⫽ 4) and dorsal root ganglia
(10 ⫾ 1.8 pmol/g, n ⫽ 4) incubated with p-aminophenol (10 M)
for 1 h. The level of AM404 was enhanced 6-fold when the
homogenates were supplemented with arachidonic acid (100
M), and the p-aminophenol concentration was increased to 100
M (161 ⫾ 20 pmol/g, n ⫽ 4 for the spinal chord; 62 ⫾ 1.5
pmol/g, duplicate measurements of pooled homogenates from
four animals for dorsal root ganglia).
AM404 could not be detected in rat brain homogenates boiled
for 10 min before incubation with p-aminophenol (100 M) and
arachidonic acid (100 M) for 1 h (n ⫽ 4). PMSF, a broadspectrum protease, esterase and amidase inhibitor (32), concentration-dependently inhibited the formation of AM404 with
a pEC50 value of 5.41 ⫾ 0.03 (n ⫽ 4; Fig. 3A). Under identical
experimental conditions, this compound completely inhibited
the hydrolysis of [2H8]anandamide (10 M), measured as a
[2H8]arachidonic acid formation, with a similar pEC50 value
(5.28 ⫾ 0.07, n ⫽ 4; Fig. 3B). We next examined whether
FAAH, the enzyme catalyzing the hydrolysis of anandamide
(32), is responsible for the conjugation of p-aminophenol with
arachidonic acid. Indeed, incubation of rat isolated FAAH with
p-aminophenol (5 mM) and arachidonic acid (100 M) led to a
time-dependent formation of AM404 (Fig. 3C). Under these
conditions, the initial rate of the formation of AM404 was
estimated as 0.12 ⫾ 0.02 nmol/min (n ⫽ 3). Furthermore,
AM404 could not be detected in brain homogenates from
FAAH⫺/⫺ mice incubated with p-aminophenol (Fig. 3D). In line
with this finding, an injection of acetaminophen did not produce AM404 in the brains of rats treated with PMSF (subcutaneously) or FAAH⫺/⫺ mice (Fig. 3, E and F). In addition,
PMSF partially inhibited the in vivo formation of p-aminophe-
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FIG. 2. The formation of AM404 is
dependent on p-aminophenol. A,
AM404, p-aminophenol (p-AP), and acetaminophen (AcAP) were determined in
various tissues obtained from rats after
exposure to acetaminophen (300 mg/kg)
or vehicle for 20 min in vivo (n ⫽ 4 –5; p ⬍
0.016 compared with vehicle). The highest amounts of AM404 and p-aminophenol were found in the brain and liver,
respectively. B, p-aminophenol (10 M;
filled circles), but neither acetaminophen
(100 M; open circles) nor vehicle (not
shown), causes a production of AM404 in
brain homogenates (n ⫽ 4). C, formation
of p-aminophenol (p-AP) from acetaminophen (100 M) was detected in liver (filled
squares) but not in brain (open squares)
homogenates (n ⫽ 4). No p-aminophenol
could be detected in homogenates incubated with vehicle (n ⫽ 4).

nol in rat brain after the injection of acetaminophen (Fig. 3G).
The amounts of p-aminophenol formed from acetaminophen in
liver homogenates are, however, not significantly different
from those in FAAH⫺/⫺ mice and control littermates (Fig. 3H).
In contrast to the in vivo experiments, formation of AM404
was observed in vitro in rat and mouse liver homogenates
exposed to acetaminophen or p-aminophenol (Fig. 4). This formation of AM404 was almost abolished in rat homogenates
incubated with PMSF (Fig. 4, B and C) and in homogenates
from FAAH⫺/⫺ mice (Fig. 4, D and E).
AM404 concentration-dependently inhibited the activity of
isolated COX-1 and COX-2 as well as LPS-induced prostaglandin E2 formation in RAW264.7 macrophages (Fig. 5). At
the highest concentration tested, AM404 was almost as effective as the selective COX-2 inhibitor NS-398 and the nonselective COX inhibitor indomethacin (Fig. 5B). Furthermore,
acetaminophen and p-aminophenol were lacking agonist and
antagonist actions on TRPV1, whereas the metabolite AM404
(pEC50 ⫽ 7.80 ⫾ 0.01, n ⫽ 11) was almost as potent as capsaicin (pEC50 ⫽ 8.36 ⫾ 0.05, n ⫽ 5) as an activator of this receptor
(Fig. 6).
DISCUSSION

The structures of acetaminophen and AM404 differ only with
regard to the length of the hydrocarbon chain. This striking
structural similarity prompted us to investigate whether acetaminophen, following deacetylation to its metabolite p-aminophenol (33), is conjugated with arachidonic acid to form AM404
(Fig. 1). In support of this proposal, we detected deuteriumlabeled AM404 and p-aminophenol in rat brain after the administration of deuterium-labeled acetaminophen. The formation of AM404 and p-aminophenol is dose-dependent and
occurs at commonly used acetaminophen doses producing analgesia in rodents (8, 34, 35). Whereas AM404 was absent in

liver and blood, p-aminophenol was present in all examined
tissues, of which the liver contained the highest level. These
findings suggest a formation of AM404 from p-aminophenol in
brain of rats treated systemically with acetaminophen. In line
with this, in vivo administration of p-aminophenol also leads to
a dose-dependent formation of AM404 in rat brain.
To further characterize the formation of AM404 and
p-aminophenol, homogenates of rat brain and liver were incubated with p-aminophenol and acetaminophen for various time
periods. Exposure of brain homogenates to p-aminophenol produced a time-dependent formation of AM404, whereas incubation with acetaminophen at a concentration that causes a timedependent production of AM404 in liver homogenates produced
no detectable levels of AM404 in this tissue. However, incubation with a 10 times higher concentration of acetaminophen
resulted in small but significant levels of AM404 in brain
homogenates. This amount of AM404 would correspond to a
concentration of p-aminophenol below the detection limit of the
assay, which can explain why p-aminophenol could not be
measured in brain homogenates despite the occurrence of
AM404. Substantial amounts of p-aminophenol could, however,
be detected in liver homogenates incubated with a 10 times
lower concentration of acetaminophen. Based on these results,
it is likely that deacetylation of acetaminophen takes place
mainly in the liver and that p-aminophenol is converted to
AM404 in the brain.
Because primary sensory nerves of dorsal root ganglia and
connecting neurones in the spinal cord are potential cellular
targets for analgesic drugs acting directly or indirectly on
TRPV1 and cannabinoid receptors (36), it was considered of
interest to see if AM404 could be formed in these tissues.
Indeed, AM404 can be detected in the spinal cord in two of five
rats given acetaminophen and in all animals given p-amino-
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FIG. 3. The formation of AM404 is
dependent on the enzyme fatty acid
amide hydrolase (FAAH). A and B, rat
brain homogenates were incubated for 1 h
with p-aminophenol plus arachidonic acid
(each 100 M) to generate AM404 (n ⫽ 4)
(A) or [2H8]-anandamide (10 M) to study
its hydrolysis (B). Prior incubation for 1 h
with the FAAH inhibitor PMSF (100 M)
prevents the production of AM404 (n ⫽ 4)
and the formation of [2H8]arachidonic
acid ([2H8]AA), the breakdown product of
anandamide (n ⫽ 4). C, time-dependent
formation of AM404 when p-aminophenol
(5 mM) and arachidonic acid (100 M) are
incubated with rat purified FAAH (filled
circles) but not with its vehicle (open
circles; n ⫽ 3– 6). D, in brain homogenates
from FAAH⫺/⫺ mice or their control
littermates (FAAH⫹/⫹) incubated with paminophenol (100 M) for 1 h (n ⫽ 5),
AM404 could only be detected in
FAAH⫹/⫹ mice. E, treatment of rats with
PMSF (10 mg/kg subcutaneously) but not
vehicle (control) for 20 min before exposure to acetaminophen (300 mg/kg intraperitoneally) for 20 min abolishes the
AM404 production as measured in brain
(n ⫽ 5). F, no AM404 could be detected in
brains from FAAH⫺/⫺ mice exposed to acetaminophen (300 mg/kg intraperitoneally) for 20 min (n ⫽ 5). G, the formation
of p-aminophenol from acetaminophen
(300 mg/kg intraperitoneally; 20 min) is
partially inhibited in brain of rats pretreated with PMSF (10 mg/kg subcutaneously) for 20 min (n ⫽ 5). H, p-aminophenol levels were determined in liver homogenates from FAAH⫹/⫹ and FAAH⫺/⫺
mice after incubation with acetaminophen (1 mM) for 1 h (n ⫽ 5). *, p ⬍ 0.05
compared with control.

phenol. Formation of AM404 is also demonstrated in homogenates of rat spinal cord and dorsal root ganglia incubated with
p-aminophenol.
Because FAAH, the enzyme responsible for hydrolysis of
anandamide, may also act in the reverse direction and catalyze
the synthesis of anandamide from ethanolamine and arachidonic acid (32), we examined whether this enzyme is involved

in the formation of AM404. We found that the FAAH inhibitor
PMSF (37) concentration-dependently prevents the formation
of AM404 as well as the hydrolysis of [2H8]anandamide in vitro
with similar pEC50 values and that PMSF inhibits the in vivo
formation of AM404 in rat. Furthermore, rat purified FAAH
was able to synthesize AM404 from p-aminophenol and arachidonic acid. Finally, we did not observe any formation of AM404
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FIG. 4. Acetaminophen and p-aminophenol are metabolized to
AM404 by fatty acid amide hydrolase (FAAH) in the liver. A,
time-dependent formation of AM404 in rat liver homogenates incubated
with acetaminophen (100 M; triangles; n ⫽ 4) or p-aminophenol (10 M;
circles; n ⫽ 8) but not in homogenates incubated with vehicle (n ⫽ 4). B
and C, in rat liver homogenates, the formation of AM404 from acetaminophen (100 M) (B) and p-aminophenol (10 M) (C) after 1 h is
inhibited by 1 h of pre-treatment with PMSF (100 M) (n ⫽ 4). D and E,
the formation of AM404 in mouse liver homogenates after 1 h exposure
to acetaminophen (1 mM) (D) and p-aminophenol (100 M) (E) is dependent on FAAH (n ⫽ 5).

in vitro or in vivo in brain tissue from FAAH⫺/⫺ mice. Thus, the
present investigation shows for the first time that FAAH can
act as a synthase in vivo and identifies a new role for FAAH in
the metabolism of xenobiotics.
It is possible that FAAH also participates in the deacetylation of acetaminophen, because PMSF partially inhibits the in
vivo formation of p-aminophenol as measured in rat brain, and
there is a tendency toward lower levels of p-aminophenol in
liver homogenates from FAAH⫺/⫺ mice compared with that
from control littermates. However, other enzymes clearly participate in the deacetylation of acetaminophen, and additional
studies are required to clarify the role of FAAH in this reaction.

FIG. 5. AM404 inhibits the production of prostaglandins. A,
AM404 causes concentration-dependent inhibition of COX-1 (open circles) and COX-2 (filled circles) activity in isolated enzyme preparations
(n ⫽ 4 –5). Indomethacin (10 M) and the COX-2 selective inhibitor
NS-398 (10 M) also abolished COX-1 (6 ⫾ 0.4%, n ⫽ 4) and COX-2
(11 ⫾ 2%, n ⫽ 6) activity, respectively (not shown). COX activity was
measured as prostaglandin (PG) formation in the presence of 10 M
arachidonic acid. B, AM404 reduces the formation of prostaglandin E2
(PGE2) in RAW264.7 macrophages. Cells were exposed to LPS for 18 h
to induce COX-2 activity. The medium was replaced with fresh medium,
and cells were incubated with different concentrations of AM404, the
selective COX-2 inhibitor NS-398, or the non-selective COX-inhibitor
indomethacin (Indo) for 1 h. Arachidonic acid (AA) was then added to
the medium for another 1 h, after which the prostaglandin E2 content
was determined. The data are obtained from six to eight independent
experiments performed in duplicate or triplicate and expressed as a
percentage of the maximal prostaglandin E2 formation in LPS-stimulated cells. *, p ⬍ 0.001 compared with maximal prostaglandin E2
production.

Considering the presence of FAAH in rat liver (38), it is
surprising that we cannot detect any in vivo formation of
AM404 in this tissue, especially because AM404 is formed by
FAAH in rat and mouse liver homogenates exposed to acetaminophen or p-aminophenol. The reason for this difference is
unclear, but one possibility is that AM404 undergoes a rapid
further metabolism in this tissue under in vivo conditions.
Already in 1972, Flower and Vane demonstrated that acetaminophen inhibits prostaglandin production in the brain
(40). The important role of prostaglandins as mediators of
pain and fever prompted us to explore the possibility that
AM404 is an inhibitor of COX-mediated prostaglandin pro-

Fatty Acid Conjugation of Acetaminophen

FIG. 6. AM404 but neither acetaminophen nor p-aminophenol
acts on native TRPV1 receptors in rat-isolated mesenteric arteries. A, AM404 is a potent vasodilator (open circles) of arterial segments
contracted with phenylephrine (n ⫽ 11). The action of AM404 is inhibited by the competitive TRPV1 receptor antagonist capsazepine (3 M;
filled circles; n ⫽ 5) and the non-competitive TRPV1 receptor antagonist
ruthenium red (1 M; diamonds; n ⫽ 4). AM404 was unable to relax
arteries pre-treated with capsaicin (1 M) for 30 min (n ⫽ 4; not shown),
causing desensitization and/or depletion of sensory neuropeptides (31).
The broken line with triangles shows the relaxant effect of “endogenous”
AM404 from rat homogenates incubated with p-aminophenol (mean of
four arterial segments from the same rat). Endogenous AM404 was
purified using liquid chromatography and quantified by liquid chromatography along with tandem mass spectrometry as described. Tension
traces show relaxant responses to increasing concentrations of exogenous (upper trace) and endogenous (lower trace) AM404. B, concentration-response curves for capsaicin in arterial segments contracted with
phenylephrine after treatment with 1 mM acetaminophen (triangles),
100 M p-aminophenol (squares), or vehicle (circles) for 30 min (n ⫽ 5).
The experiments with p-aminophenol were performed in the presence of
ascorbic acid to prevent its decomposition. Representative traces showing no response to acetaminophen (AcAP) or p-aminophenol (p-AP) in
arterial segments contracted with phenylephrine (n ⫽ 5). Capsaicin
(CAP) always relaxed these arteries. Dashed line indicates the basal
tension level before the addition of drugs.

duction. We found that AM404 concentration-dependently
inhibits isolated COX-1 and COX-2 as well as LPS-induced
prostaglandin E2 formation in RAW264.7 macrophages, a
commonly used test system for studying drug effects on
COX-2 activity (39). At the highest concentration tested,
AM404 was almost as effective as the selective COX-2 inhibitor NS-398 and the non-selective COX inhibitor indomethacin. The formation of AM404 from p-aminophenol may also
reduce the production of prostaglandins because of the consumption of arachidonic acid.
Both TRPV1 agonists and antagonists may be used to
achieve analgesia (16, 18, 23, 43– 46). Whereas acetaminophen
and p-aminophenol lacked agonist and antagonist actions on
TRPV1, the metabolite AM404 was almost as potent as capsaicin as an activator of this receptor. Acetaminophen also does
not affect the binding of WIN55212-2, a synthetic cannabinoid
receptor ligand, or the degradation of anandamide in rat cerebral membranes (47). Furthermore, acetaminophen is lacking a
long polyunsaturated acyl chain, which is critical for activity at
the anandamide transporter (48). Thus, acetaminophen does
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not seem to act directly on TRPV1 or on the various proteins of
the endocannabinoid system.
Levels of AM404 above 10 pmol/g tissue wet weight were
detected in whole rat brain after the administration of acetaminophen at a commonly used dose to induce analgesia in rodents
(300 mg/kg). Assuming an even distribution of AM404 in brain,
this would correspond to tissue concentrations above 10 nM, at
which AM404 activates both rat (12) (present study) and human
(11) TRPV1. It is likely that considerably higher concentrations of
AM404 are formed in those brain regions and in cells expressing
high levels of FAAH, also leading to a local inhibition of COX and
activation of the endocannabinoid system. Interestingly, both
TRPV1 and the cannabinoid CB1 receptor are found in brain
regions with high expression of FAAH (49). One such region is
the mesencephalic trigeminal nucleus that also contains TRPV1positive cell bodies of primary afferents (49 –51). Moreover, there
is evidence of cellular colocalization of FAAH and TRPV1 in
primary sensory neurons (52). In this context, it is of interest that
we find AM404 production in homogenates of dorsal root ganglia
when incubated with p-aminophenol. This would be consistent
with acetaminophen also having effects outside the central nervous system (53, 54). p-Aminophenol may also undergo conjugation with other fatty acids in the nervous system. Indeed, our
preliminary results suggest that several C18 N-acylphenolamines are formed along with AM404 in brain homogenates
incubated with p-aminophenol.
In the present study, we have identified AM404 as a novel
metabolite of acetaminophen in the nervous system. This metabolite interferes with several important molecular targets
that are present in the pain and thermoregulatory pathways
and provides a link between acetaminophen and the cannabinoid/vanilloid receptor system. Although it can only be hypothesized that AM404 is formed in man and contributes to the
pharmacological effects of acetaminophen, our findings clearly
show a key role for FAAH in the formation of AM404 and
highlight fatty acid conjugation as a novel pathway in drug
metabolism.
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