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Abstract

Background: Acetaminophen, an analgesicand antipyretic drug, has been used clinically for more than a century. Previous studies showed
that acetaminophen undergoes metabolic transformations to form an analgesic compound, N-(4-hydroxyphenyl) arachidonamide
(AM404), in the rodent brain. However, these studies were performed with higher concentrations of acetaminophen than are used in
humans.

Objectives:The aim of the present study was to examine the metabolism of AM404 from acetaminophen in the ratbrain ata concentration
of 20 mg/kg, which is used in therapeutic practice in humans, and to compare the pharmacokinetics between them.

Materials and Methods: We used rat brains to investigate the metabolism of AM404 from acetaminophen at concentrations (20 mg/kg)
used in humans. In addition, we determined the mean pharmacokinetic parameters for acetaminophen and its metabolites, including
AM404.

Results: The maximum plasma concentrations of acetaminophen and AM404 in the rat brain were 15.8 ng/g and 150 pg/g, respectively,
with corresponding AUC ,, values of 8.96 ug hour/g and 117 pg hour/g. The ¢, . for both acetaminophen and AM404 was 0.25 hour.
Conclusions: These data suggest that AM404’s concentration-time profile in the brain is similar to those of acetaminophen and its
other metabolites. Measurement of blood acetaminophen concentration seems to reflect the concentration of the prospective bioactive

substance, AM404.
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1. Background

Acetaminophen is one of the most commonly used
drugs worldwide for treatment of fever and pain (1, 2).
It was first synthesized in 1878 by Morse, and was intro-
duced for medical usage in 1887 by von Mering (1, 2). How-
ever, despite being in use for more than a century, the
mechanism underlying its therapeutic effects remains
unclear. At least one study has suggested the possibil-
ity that the site of action of acetaminophen’s analgesic
and antipyretic effects can be manipulated in the central
nervous system (3). It has recently been demonstrated
that, following deacetylation to p-aminophenol in the
liver, acetaminophen is metabolized by fatty acid amide
hydrolase (FAAH) to form N-(4-hydroxyphenyl) arachi-
donamide (AM404) in rat and mouse brains (1). AM404
acts as a potent activator of transient receptor potential

cation channel subfamily V member 1 (TRPV1), as a ligand
at cannabinoid CBI receptors (4), or as an inhibitor of
anandamide uptake, which is an endogenous agonist
for both TRPV1 and CB1 receptors, subsequently increas-
ing the concentrations of endogenous agonists (5-8). A
number of studies have shown that acetaminophen is
metabolized to AM404 in both rat and mouse brains by
FAAH; however, these results were based on the use of
acetaminophen concentrations higher than those used
clinically in humans (15 - 20 mg/kg for adults) (5, 9). In ad-
dition, the conversion rate of acetaminophen to AM404
at these clinical doses has not yet been determined. As-
suming that AM404 is the active substance of acetamino-
phen, estimation of AM404 concentrations in rat plasma
is important.
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2. Objectives

The aim of this study was to examine the metabolism of
AM404 from acetaminophen in the rat brain at a concen-
tration of 20 mg/kg, which is used in therapeutic practice
in humans, and to compare the pharmacokinetic param-
eters of acetaminophen and its metabolites, including
AM404.

3. Materials and Methods

3.1. Animals

The experiments were conducted in accordance with
the appropriate bylaws (IACUC No. 10050 and 10052) of
the Institutional Animal Care and Use Committee (IA-
CUC) of Shin Nippon Biomedical Laboratories, Ltd. Six-
week-old male Crl:CD(SD) rats (Charles River Laboratories
Japan, Yokohama, Japan) were acclimated in rooms with
controlled temperature (22 * 3°C) and humidity (50% +
20%) with a 12 hour light/dark cycle, for one week before
use. Rats were allowed ad libitum access to tap water and
rodent diet (CE-2, CLEA Japan, Inc.).

3.2. Chemicals

Acetaminophen and AM404 were obtained from Tyco
Health Care Japan (Tokyo, Japan) and Enzo Life Science,
Inc. (New York, USA), respectively. Acetaminophen-d4,
AM404-d4, 4-acetamidophenyl p-D-glucuronide sodium
salt, 4-acetaminophen sulfate potassium salt, 3-cysteinyl-
acetaminophen trifluoroacetic acid salt, 3-(N-acetyl-L-cys-
tein-S-yl) acetaminophen sodium salt, 4-acetamidophe-
nyl p-D-glucuronide-d3 sodium salt, 4-acetaminophen-d3
sulfate, 3-cysteinylacetaminophen-d5 (major) trifluoro-
acetic acid, and 3-(N-acetyl-L-cystein-S-yl) acetaminophen
sodium salt-d5 (major) were obtained from Toronto Re-
search Chemicals, Inc. (Ontario, Canada).

3.3. Treatment

Acetaminophen was dissolved in H,0 (10 mg/mL) and
orally administered to rats at a dosage of 20 mg/kg with
a disposable syringe. Following the administration of ac-
etaminophen, the rats were exsanguinated from the ab-
dominal aorta under isoflurane anesthesia at 5,15, 30, 60,
and 120 minutes. Blood samples were collected at these
time-points and centrifuged at 1800 g for 15 minutes at
4°C to prepare plasma. The brains were immediately
removed and weighed after blood sampling. The whole
brain was homogenized (POLYTRON® PT3100, KINEMATI-
CA, Littau, Switzerland) with an equivalent weight of wa-
ter in an ice bath, and stored at-70°C until analysis.

3.4. Determination of AM404 Concentration in
Brain Homogenate Samples

Ten microliters of methanol and 1 mL of internal stan-
dard solution containing 50 pg/mL AM404-d4 were

added to 300 pL of brain homogenate samples. The mix-
tures were centrifuged at 2000 g for 5 minutes at 4°C,
and the supernatant was transferred to another tube
and mixed with 1 mL of H,O. The supernatant was then
loaded onto an Oasis MAX (60 mg, 3 cc) extraction car-
tridge (Waters, MA, USA), which was pre-activated with
3 mL of methanol, acetonitrile, and H,0. The cartridges
were subsequently washed with 3 mL of 0.2% (v/|v) acetic
acid, 70% (v[v) methanol, and 50% (v/v) acetonitrile. Af-
ter the compound was eluted with methanol, the eluent
was evaporated under a stream of nitrogen. The residue
was dissolved in 100 pL of 75% (v/[v) methanol, then cen-
trifuged at 20000 g for 10 minutes at 4°C. Next, 20 uL
of the supernatant was analyzed by liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS). Chroma-
tography was performed using a Luna 3 ym PFP(2) 100
A (100 mm, 2 mm, 3 pm; Phenomenex, CA, USA) and an
HPLC system consisting of a Shimadzu 20A series in-
strument (Shimadzu, Kyoto, Japan). All runs were per-
formed with the column thermostat set to 40°C at an
elution flow rate of 0.3 mL/minutes, using 0.1% acetic
acid (solvent A) and 0.1% acetic acid methanol (solvent
B) as mobile phases. The analytes were separated us-
ing the following gradients: 0.0 - 5.0 minutes, 80% to
100% solvent B; 5.0 - 7.5 minutes, 100% solvent B; 7.5 - 7.6
minutes, 100% to 80% solvent B; and 7.6 - 10.0 minutes,
80% solvent B. The analyte and internal standard were
detected with a Sciex API 5000 mass spectrometer (Ap-
plied Biosystems, Foster City, CA, USA) in negative ion
mode, using a TurbolonSpray source at 450°C. The col-
lision gas was set at level 4. Mass-to-charge ratios (m/z)
were monitored from 394.4 to 134.0 for AM404 and from
398.4 t0138.0 for the internal standard, at a collision en-
ergy of —45 eV. The lower limit of quantification was 2
pg/mL for AM404. The standard curve was linear from 2
to 1000 pg/mL for AM404 (data not shown).

3.5. Determination of Concentrations of Acetamin-
ophen and Its Metabolites in Rat Pplasma Samples

Twenty microliters of methanol and 100 pL of the
internal standard solution, containing 200 ng/mL
acetaminophen-d4, acetaminophen glucuronide-ds3,
acetaminophen sulfate-d3, cysteinylacetaminophen-
ds, and acetaminophen mercapturate-ds, were added
to 20 pL aliquots of the plasma samples, then mixed.
After centrifugation at 15000 g for 5 minutes at 4°C,
10 pL of the supernatant was added to 200 pL of H,0,
and the aliquot of the mixture was analyzed with LC-
MS/MS. Chromatography was performed using a Cap-
cell Pak MGII column (particle size, 5 um; 2.0 mm I.D.
x 100 mm; Shiseido, Tokyo, Japan) and a Shimadzu 20A
HPLC system (Shimadzu, Kyoto, Japan). All runs were
performed with the column thermostat set to 40°C and
an elution flow rate of 0.3 mL/min, using 0.1% acetic
acid and methanol as mobile phases. The initial mobile
phase was 5% methanol, which was increased by linear
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gradient to 20% starting at 3 minutes. Detection of the
analyte and internal standard was performed using a
Sciex API 4000 mass spectrometer (Applied Biosystems,
Foster City, CA, USA) in positive ion mode with a Tur-
bolonSpray source at 400°C. The collision gas was set
at level 4. Mass-to-charge (m/z) values were monitored
from 152.0 to 110.1 for acetaminophen, from 328.1 to 152.1
for acetaminophen glucuronide, from 232.2 to 152.2 for
acetaminophen sulfate, from 271.1 to 140.1 for cysteinyl-
acetaminophen, from 313.1 to 208.2 for acetaminophen
mercapturate, from 331.2 to 155.1 for acetaminophen
glucuronide-d3, from 235.2 to 155.2 for acetaminophen
sulfate-d3, from 152.0 to 110.1 for acetaminophen, from
276.1 to 143.1 for cysteinylacetaminophen-d5, and from
318.1 to 212.2 for acetaminophen mercapturate-ds, at
collision energies of 22, 16, 22, 32, 25, 22, 16, 22, 32, and
25 eV, respectively. The lower limit of quantification was
0.05 pg/mL for all analytes. The standard curves were
linear from 0.05 to 50 pg/mL for all analytes (data not
shown).

4.Results

In the present study, the mean plasma concentration-
time profiles and pharmacokinetic parameters of ac-
etaminophen in rats were calculated following oral
administration of 20 mg/kg doses (Figure 1 and Table
1). The mean plasma concentration-time profiles and
pharmacokinetic parameters for the two major me-
tabolites of acetaminophen-acetaminophen sulfate
(Sul) and acetaminophen glucuronide (Glu) are shown
in Figure 2A and Table 1. Acetaminophen cysteine (Sys)
and acetaminophen mercapturate acid (Mer), which
were metabolized from N-acetyl-p-benzoquinone-im-
ine (NAPQI) after conjugation with glutathione, are
also shown in Figure 2B and Table 1. The plasma con-
centration curves of acetaminophen, Sul, Glu, Sys, and
Mer indicated rapid, monophasic decline, with t1/2
values of 0.298, 0.361, 0.416, 0.483, and 0.779, respec-

tively. The maximum plasma concentration (C,,,) and

the peak time to reach C,, (T,,.,) of acetaminophen
were 15.8 pg/g and 0.25 hour, respectively (Table 1). The
T,ax Value was the same for Sul and Glu (0.25 hour) and
for Sys and Mer (0.5 hour). The value of the area under
the plasma concentration-time curve (AUC,; ) of ac-
etaminophen was 8.96 pug hour/g. Figure 3 shows the
mean brain concentration-time profiles and pharma-
cokinetic parameters of AM404 following oral admin-
istration of acetaminophen to rats at 20 mg/kg. The
curve representing the brain concentrations of AM404
declined rapidly in a monophasic manner, with t1/2 of
0.305 hour (Table 2). The C, ., T;,.x» and AUC, ,;, values
of AM404 were 150 pg/g, 0.25 hour, and 117 pg hour/g,
respectively (Table 2). Although efforts were made to
measure the concentration of AM404 in plasma, these
levels were undetectable under the experimental con-
ditions applied (data not shown).

Figure 1. Plasma Concentration-Time Profile of Acetaminophen in Rats
After Oral Administration at a Concentration of 20 mg/kg
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Each point represents the mean + SD of data obtained from three rats.

Table 1. Plasma Pharmacokinetic Parameters of Acetaminophen (APAP), Acetaminophen Sulfate (Sul), Acetaminophen Glucuronide
(Glu), Acetaminophen Cysteine (Sys), and Acetaminophen Mercapturate Acid (Mer) Following Oral Administration of 20 mg/kg

Acetaminophen to Rats®

Conax (1/8) Enax (h7) ty» (hr) AUCq ,p, (ng hrfg) Kel (1/hr)
APAP 15.8 0.250 0.298 8.96 232
Glu 9.30 0.250 0.361 7.99 1.92
Sul 21.7 0.250 0.416 22.2 1.67
Sys 0.258 0.500 0.483 0.251 1.44
Mer 0.154 0.500 0.779 0.167 0.890

dAbbreviations: APAP, plasma pharmacokinetic parameters of acetaminophen; Glu, acetaminophen glucuronide; Mer acetaminophen mercapturate

acid; Sul, acetaminophen sulfate; Sys, acetaminophen cysteine.
Note: Each value represents the mean concentration in rat plasma.
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Figure 2. Plasma concentration-time profiles of acetaminophen sulfate
(sul) (open square) (A), acetaminophen glucuronide (glu) (closed square)
(A), acetaminophen cysteine (sys) (open triangle) (B), and acetamino-
phen mercapturate acid (mer) (closed triangle) (B) in rats following oral
administration of 20 mg/kg acetaminophen. Each Point Represents the
Mean + SD of data obtained from three rats.

Figure 3. Brain Concentration-Time Profile of AM404 Following Oral
Administration of 20 mg/kg Acetaminophen to Rats
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Each Point Represents the Mean + SD of Data Obtained From Three Rats.

Table 2. Pharmacokinetic Parameters of AM404 Following Oral
Administration of 20 mg/kg Acetaminophen to Rats. Each Value
Represents the Mean Concentration in Rat Brains

Chax  Emax (hr) tp (hr) AUCy,, Kel(1/hr)
(pglg) (pg hr/g)
AM404 150 0.250 0.305 17 2.27
5. Discussion

In the present study, we report the pharmacokinetics of
AM404 in the rat brain following oral administration of
acetaminophen at 20 mg/kg, which corresponds to the
clinical doses used in humans. Hogestatt et al. showed
that acetaminophen is metabolized into p-aminophe-
nol, which can be further transformed into AM404 in
the brain following FAAH-dependent conjugation with
arachidonic acid at dosages ranging from 30 to 300 mg/
kg (5). Acetaminophen dosages greater than those used
clinically in humans (15 - 20 mg/kg for adults) may cause
severe liver damage (10); therefore, accurate determina-
tion of the AM404 concentration-time profile at a clinical
dosage is important for clinical use. To this end, we inves-
tigated the pharmacokinetics of AM404 at an acetamino-
phen concentration of 20 mg/kg, which is equivalent
to the clinical dose used in humans (1). The mean peak
brain concentration of AM404 (C_,,150 pg/g) was lower
than the previously reported concentration of N-ara-
chidonoylethanolamine (anandamide) in the rat brain
(1494.4 pg/g) at physiological levels (11). Since acetamino-
phen does not exhibit strong analgesic effects and is ef-
fective only at high concentrations, it seems reasonable
to conclude that this low concentration of AM404 (150
pg/g)playsanimportantrole in analgesic signaling in the
brain. The conversion rate of acetaminophen to AM404
was 0.0013%, based on the calculations performed using
AUC, ,;,. Even with this small concentration, analgesic
effects may be observed with AM404 metabolized from
acetaminophen at clinical dosages. The elimination half-
life (t,,) value of AM404 is similar to those of acetamino-
phen and its metabolites. These results support the idea
that AM404 maintains a significant concentration in the
brain while acetaminophen continues to exhibit effec-
tive plasma levels. The similarity in pharmacokinetics be-
tween AM404 and acetaminophen suggests that AM404
may be one of the important metabolites involved in the
analgesic mechanism in the brain. However, we were un-
able to detect AM404 in the rat plasma (data not shown),
as was reported by Hogestatt et al. (5). These results also
suggest that the site of action of acetaminophen could be
in the central nervous system. This is further supported
by previous reports that suggest that TRPV1 in the brain,
co-expressed with FAAH, is involved in the antinocicep-
tive action of acetaminophen (9). The Cmax value of acet-
aminophen (15.8 pg/g) in the rat plasma was almost equal
to that reported by Shinoda et al. after oral administra-
tion of a 1 g dose to healthy adult volunteers (17.7 pg/mL)
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(12). Therefore, the administration of acetaminophen ata
dose of 1g for an adult human, which is within the range
of clinical concentrations used, is expected to produce
AM404 concentrations in the human brain similar to
those observed in rats in the present study.

Acknowledgments

The authors would like to thank all members of the Di-
vision of Cancer Pathophysiology of the National Cancer
Center Research Institute (NCCRI).

Footnotes

Authors’ Contribution:Shun Muramatsu performed
all of the experiments. Seiji Shiraishi, Kanako Miyano, and
Yuka Sudo designed the experiments and advised on the
experimental protocols. Akiko Toda, Masauyki Mogi, and
Mayumi Hara measured the concentrations of AM404
in the rat brains. Akinobu Yokoyama helped with some
experiments. Yoshihiko Kawasaki and Mikio Taniguchi
advised in the preparation process of the manuscript.
Yasuhito Uezono supported the total experimental plan
and wrote the manuscript.

Funding/Support:The study was supported in part by
funding from Showa Yakuhin Kako Co., Ltd.

References

1. Bertolini A, Ferrari A, Ottani A, Guerzoni S, Tacchi R, Leone S.
Paracetamol: new vistas of an old drug. CNS Drug Rev. 2006;12(3-
4):250-75. doi:  10.1111/j.1527-3458.2006.00250.x.  [PubMed:
17227290

2. Prescott LFE. Paracetamol: past, present, and future. Am J Ther.
2000;7(2):143-7. [PubMed: 11319582]

3. Anderson BJ. Paracetamol (Acetaminophen): mechanisms of

Anesth Pain Med. 2016;6(1):e32873

10.

12.

action. Paediatr Anaesth. 2008;18(10):915-21. doi: 10.1111/j.1460-
9592.2008.02764.X. [PubMed: 18811827]

De Petrocellis L, Bisogno T, Davis ]B, Pertwee RG, Di Marzo V.
Overlap between the ligand recognition properties of the anan-
damide transporter and the VR1 vanilloid receptor: inhibitors of
anandamide uptake with negligible capsaicin-like activity. . FEBS
Lett..2000;483(1):52-6. [PubMed: 11033355]

Hogestatt ED, Jonsson BA, Ermund A, Andersson DA, Bjork H,
Alexander JP, et al. Conversion of acetaminophen to the bioac-
tive N-acylphenolamine AM404 via fatty acid amide hydrolase-
dependent arachidonic acid conjugation in the nervous system.
] Biol Chem. 2005;280(36):31405-12. doi: 10.1074/jbc.M501489200.
[PubMed: 15987694]

Zygmunt PM, Chuang H, Movahed P, Julius D, Hogestatt ED. The
anandamide transport inhibitor AM404 activates vanilloid re-
ceptors. Eur | Pharmacol. 2000;396(1):39-42.

Beltramo M, Stella N, Calignano A, Lin SY, Makriyannis A, Piomelli
D. Functional role of high-affinity anandamide transport, as
revealed by selective inhibition. Science. 1997;277(5329):1094-7.
[PubMed: 9262477|

Fegley D, Kathuria S, Mercier R, Li C, Goutopoulos A, Makriyannis
A, et al. Anandamide transport is independent of fatty-acid am-
ide hydrolase activity and is blocked by the hydrolysis-resistant
inhibitor AM1172. Proc Natl Acad Sci U S A. 2004;101(23):8756-61.
doi:10.1073/pnas.0400997101. [PubMed: 15138300]

Mallet C, Barriere DA, Ermund A, Jonsson BA, Eschalier A, Zyg-
munt PM, et al. TRPV1 in brain is involved in acetaminophen-in-
duced antinociception. PLoS One. 2010;5(9). doi: 10.1371/journal.
pone.0012748. [PubMed: 20862299

Dart RC, Bailey E. Does therapeutic use of acetaminophen cause
acute liver failure? Pharmacotherapy. 2007;27(9):1219-30. doi:
10.1592[phco.27.9.1219. [PubMed: 17723075|

SugiuraT,Kondo S, Sukagawa A, Tonegawa T, Nakane S, Yamashita
A, etal. Transacylase-mediated and phosphodiesterase-mediated
synthesis of N-arachidonoylethanolamine, an endogenous can-
nabinoid-receptor ligand, in rat brain microsomes. Comparison
with synthesis from free arachidonic acid and ethanolamine. Eur
J Biochem.1996;240(1):53-62. [PubMed: 8797835]

Shinoda S, Aoyama T, Aoyama Y, Tomioka S, Matsumoto Y. Phar-
macokinetics/pharmacodynamics of acetaminophen anal-
gesia in Japanese patients with chronic pain. Biol Pharm Bull.
2007;30(1):157-61.[ PubMed: 17202677]



