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Abstract

Aim: Alzheimer's disease (AD) is a neurodegenerative disorder characterized by cognitive decline, deposits of amyloid
beta and neurofibrillary tangles. Inflammation facilitated by microglia, the resident immune cells of the brain, contribute
to the pathogenesis of AD. Epidemiological data indicate that nonsteroidal anti-inflammatory drugs (NSAIDs), which
are cyclooxygenase (COX) inhibitors, reduce the risk of developing AD when administered over the course of two or
more years. The mechanisms underlying this protective effect are unknown. Acetaminophen (paracetamol), which is
not effective as an inhibitor of COX in peripheral tissues, may provide similar protection without the adverse effects
of chronic NSAID use. The beneficial effects of acetaminophen have been proposed to stem from its metabolites
p-aminophenol and N-arachidonoylaminophenol (AM404), of which, AM404 possesses analgesic and antipyretic
properties. The goal of this study was to compare the effects of acetaminophen and its metabolites on microglial
immune function and to elucidate the molecular mechanisms engaged by these compounds.

Methods: Lipopolysaccharide-stimulated BV-2 murine microglia were used as models. Microglial activation was
monitored by their secretion of nitric oxide.

Results: P-aminophenol and AM404 suppressed nitric oxide secretion from stimulated microglia more effectively than
acetaminophen through pathways that were independent of COX inhibition, cannabinoid receptor type two (CB2)
inhibition, and activation of transient receptor potential cation channel subfamily V. member 1 (TRPV1).

Conclusion: Since AM404 has been previously demonstrated to attenuate NF-kB activation, it is likely that
the protective effects of acetaminophen against adverse microglia activation are mediated by its metabolites
p-aminophenol and AM404 inhibiting this transcription factor.
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INTRODUCTION

Inflammation is believed to contribute to the pathogenesis of Alzheimer’s disease (AD)". Complement
protein cascades, cyclooxygenases (COX), oxygen free radical species, cytokines, chemokines, and other
inflammatory factors such as acute phase proteins have been linked to the development and progression of
AD™. Release of pro-inflammatory mediators by microglia, the main effector cells of inflammation within the
central nervous system (CNS), could be sufficient to cause AD pathology independently of other pathological
events, such as deposition of the amyloid f§ protein (Af) and neurofibrillary tangles (NFT)["’S]. Elevated
nitric oxide (NO) released by astrocytes and microglia during neurodegenerative disease is both necessary
and sufficient to induce primary microglial phagocytosis of neurons and leads to neurotoxic effects
resulting from perturbed mitochondrial respiration'**. Down-regulation of inducible nitric oxide synthase
(iNOS) in AD-model mice, and subsequent decrease in NO, has been associated with rescue of cognitive
function, reduction in Ap and NFT load, decreased glial activation, and attenuated neuronal loss”"". As
dysregulated activation of microglia resulting from inflammatory insult has been closely associated with
AD brain regions exhibiting extensive deterioration, A deposition, and markers of NO-mediated protein
damage™"", it has been suggested that reducing microglial activation may be an effective means of treating
neurodegenerative diseases. Epidemiological studies indicate that long-term use of non-steroidal anti-
inflammatory drugs (NSAIDs), which inhibit microglial COX and their select immune functions, reduces
the relative risk of developing AD[”’“]; however, several clinical trials have failed to identify protective
activity of NSAIDs in AD patients"*"”.

While not generally considered an anti-inflammatory drug, acetaminophen (paracetamol, N-acetyl-
para-aminophenol, APAP) has similar clinical indications to NSAIDs due to its analgesic and antipyretic
properties[ls]. Acetaminophen inhibits the synthesis of prostaglandin (PG) E2, PGF2, and thromboxane
B2 by lipopolysaccharide (LPS)-stimulated microglia, yet has no effect on the levels of pro-inflammatory
mediators such as tumor necrosis factor (TNF)-¢, and NO™* These effects are attributed to the inhibition
of COX enzymatic activity, as the expression of the enzymes involved in PG synthesis, including COX,
is not affected nor does the concentration of the PG precursor, arachidonic acid, significantly vary with
acetaminophen treatment™. Moreover, the inhibition of COX by acetaminophen has been shown to be
more efficacious in microglia than in peripheral macrophages®*"". It has been suggested that the low levels
of oxidants in the CNS potentiate the ability of acetaminophen to reduce the catalytically active oxidized
form of COX to its inactive state”™. It has, therefore, been proposed that acetaminophen may be a good

agent for treating neuroinflammation in the CNS, without compromising peripheral PG levels™”

In addition to COX inhibition, the cannabinoid system has been suggested as the possible pharmacological
target of acetaminophen. Antagonists of cannabinoid receptors inhibited the analgesic activity of
acetaminophen by reducing the responsiveness of mice to nociceptive stimuli, attributable to the
modulation of cytokine and NO pathwaysm’“]. These studies suggest that the therapeutic activity of
acetaminophen could be mediated, at least in part, through the effects of the parent drug or its metabolites
on the cannabinoid system”". Studies on pharmacokinetics have indicated that acetaminophen undergoes
extensive phase I and phase II metabolism prior to excretion. Initially, it was postulated that acetaminophen
is metabolized by sulfotransferases (30%-44%) and uridine-5’-diphospho-glucuronosyltransferases
(52%-57%) in the liver to inactive secondary compounds[”]. In 2005, however, an alternative metabolic
pathway was described in which acetaminophen undergoes deacetylation to a lipid-soluble intermediate
p-aminophenol, catalyzed to some extent by liver acylamidase and N-deacetylase”***. Following
distribution to the CNS, p-aminophenol is conjugated to arachidonic acid via fatty acid amide hydrolase
(FAAH) to form the bioactive N-acylphenolamine, N-arachidonoylaminophenol (AM404)[2”9]. A single
dose of acetaminophen commonly used to induce analgesia in rats (300 mg/kg body weight) leads to
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Figure 1. Acetaminophen undergoes deacetylation in the liver (grey) by acylamidase and N-deacetylase to yield p-aminophenol.
P-aminophenol is distributed through the cardiovascular system (white/grey) to the central nervous system (CNS) (white). In the
CNS, p-aminophenol is conjugated to arachidonic acid by fatty acid amide hydrolase (FAAH) to yield AM404. FAAH also breaks
down anandamide to arachidonic acid and ethanolamine. The catabolic activity of FAAH on anandamide is counterbalanced by N-acyl
phosphatidylethanolamine phospholipase D (NAPE-PLD), which re-synthesizes anandamide from arachidonic acid and ethanolamine

approximately 7 umol/L p-aminophenol and 10 nmol/L AM404 in the brain®”. Figure 1 illustrates the
metabolic pathways of acetaminophen from its deacetylation in the liver, to the formation of the bioactive
N-acylphenolamine, AM404. The concomitant activity of FAAH in catabolizing the endocannabinoid
anandamide (also known as N-arachidonoylethanolamine, AEA) to its metabolites ethanolamine and
arachidonic acid is also presented.

Originally reported as an endogenous cannabinoid reuptake inhibitor, AM404 has various roles in
nociceptive and thermoregulatory pathways including potentiating the activity of anandamide through
inhibition of FAAH, acting as an agonist of the transient receptor potential cation channel subfamily V member 1
(TRPV1), inhibiting enzymatic activity of the two COX isoforms (COX-1 and COX-2), and preventing NF-
«B activation”*”. Upon the discovery that AM404 is a bioactive metabolite of acetaminophen, it was
hypothesized that AM404 may be responsible for some of the pharmacological activities of acetaminophen
in vivo. Several studies have since confirmed that AM404 contributes to the analgesic, antinociceptive,
and anxiolytic activities of acetaminophen through its effects on cannabinoid receptor type 1 (CB1) and
FAAH™"*! In mice, acetaminophen exerts an AM404-mediated anxiolytic effect that is dependent on
CB1 signaling. Other studies have identified that the metabolites of acetaminophen, p-aminophenol or
AM404, can indirectly activate CB1 receptors by inhibiting cellular uptake of the endogenous CB1 receptor
agonist anandamide”***'. Additionally, FAAH inhibition has recently been described to initiate protective
responses in neurodegenerative diseases, alleviating oxidative damage in the hippocampus and frontal
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cortex™. In summary, some of the pharmacological activity of acetaminophen is mediated by its bioactive
metabolites p-aminophenol and AM404. It is currently unknown whether p-aminophenol and AM404
have protective effects beyond COX inhibition that may indicate the use of acetaminophen as an effective
means of treating neurodegenerative diseases. Due to resounding evidence that NO contributes directly
to the pathogenesis of AD, this study evaluated the possible beneficial effects of acetaminophen and its
metabolites in the neurodegenerative disease pathology as inhibitors of the release of NO from activated
microglia.

METHODS
BV-2 cell culture

BV-2 cells were suspended at 0.2 million cells/mL in Dulbecco’s Modified Eagle’s Medium/F12 containing
100 U/mL penicillin, 100 pg/mL streptomycin and 5% calf bovine serum (F5) (all from Fisher Scientific,
Ottawa, ON, Canada). Two mL of cell suspension were added to each well of a 24-well plate (Corning Inc.,
Corning, NY, USA) and incubated for 24 h at 37 °C in 5% CO, to allow for adherence. Cells were treated
with various concentrations of URB597 or 4-(3-chloro-2-pyridinyl)-N-[4-(1,1-dimethylethyl)phenyl]-
1-piperazinecarboxamide (BCTC) (0.02, 0.5, 2 umol/L, Cayman Chemical Company, Ann Arbor, MI,
USA), SR144528 (0.02, 0.5, 2 pmol/L, EMD Millipore, Etobicoke, ON, Canada), indomethacin (2, 20, 50
umol/L, Sigma-Aldrich, Oakville, ON, Canada), or vehicle solution (0.1% dimethyl sulfoxide, DMSO) and
incubated for 15 min at 37 °C in 5% CO,. BV-2 cells were subsequently treated with various concentrations
(2, 20, 50 umol/L) of acetaminophen (MP Biomedicals, Solon, OH, USA), p-aminophenol (Sigma-Aldrich),
AM404 (Cayman), or vehicle solution (0.1% DMSO) and incubated for a further 15 min period under the
same conditions. Subsequently, BV-2 cells were stimulated with LPS (0.5 pg/mL, Sigma-Aldrich) for 24 h to
induce NO secretion. In our experiments, the specific inhibitors URB597, BCTC, and SR144528 were used
at concentrations at least ten times higher than their reported IC50 values, thus ensuring inhibition of their
respective targets.

Griess assay for nitrite detection

Secretion of NO by murine BV-2 cells was quantified indirectly by measuring the accumulation of its stable
breakdown product, nitrite"**". Briefly, 50 pL of cell culture supernatant from each well of a 24-well plate
were transferred to a 96-well plate. 50 uL sodium nitrite solutions in F5 (0.1-40 umol/L) were also added to
the 96-well plate. An equal volume of Griess reagent, prepared immediately beforehand by combining 1%
sulfanilamide, 0.1% N-(1-naphthyl)ethylenediamine dihydrochloride, and 2.5% phosphoric acid (all from
Sigma-Aldrich) was then added to each well and absorbance at 570 nm was measured. Absorbance values
for test wells were normalized relative to control supernatants obtained from unstimulated BV-2 cells and
nitrite concentration was calculated from the standard curve obtained by using solutions of sodium nitrite
at different concentrations.

Lactate dehydrogenase cytotoxicity assay

Cellular death results in the loss of cell membrane integrity and an uncontrolled release of intracellular
components into the extracellular space, including the release of cytoplasmic lactate dehydrogenase
(LDH). Activity of this enzyme can be quantified to measure the extent of cell death™. Briefly, 100 L
of cell-free supernatant from each well of a 24-well plate were transferred to a 96-well plate and 20 pL
of iodonitrotetrazolium chloride (4 mg/mL, Sigma-Aldrich) were added to each well. Absorbance was
measured at 490 nm. Next, a solution was prepared consisting of lactate (750 ug/mL), B-nicotinamide
adenine dinucleotide (60 ug/mL), and diaphorase (55 pg/mL) (all from Sigma-Aldrich) in phosphate-buffered
saline (PBS); 30 uL of the solution were added to each well and absorbance was measured at 490 nm following
a 30-min incubation at 37 °C. Cell death was calculated as a percent relative to total LDH level measured in
cultures of untreated cells lysed with 1% Triton X-100 (100% lysed cells).
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MTT cell viability assay

MTT is a water-soluble tetrozolium dye that is converted by the mitochondrial enzyme succinate
dehydrogenase to an insoluble purple formazan in live cells. Spectrophotometric quantification of
formazan dye present in the cells allows for determination of cell viability*’. The MTT assay is more
sensitive in detecting cytotoxicity when compared with the LDH assay; however, it may also incorrectly
report mitochondrial dysfunction as cell death**!, Therefore, the MTT and the LDH assays were used in
parallel in this study. The MTT cell viability assay was conducted by, first, adding MTT (Sigma-Aldrich)
to the cell cultures in a 24-well plate to reach a final concentration of 500 pug/mL. Plates were incubated
for 1 h at 37 °C in 5% CO, to allow for cellular metabolism of the tetrozolium dye. Then 20% sodium
dodecyl sulfate/50% N,N-dimethylformamide (both from Fisher Scientific) solution in milliQ water
(EMD Millipore) was added 1:1 to the cell culture in each well to lyse the cells and solubilize the formazan
crystals. Plates were incubated overnight at 37 °C until the crystals dissolved and absorbance of each
sample was measured at 570 nm. Cellular viability was calculated as a percent relative to fully viable cells
incubated in fresh cell culture media only.

Statistical analysis

Data were analyzed with Prism V7.0c (Graphpad Software, Inc., USA). One-way and two-way analyses of
variance (ANOVA) were performed, followed by Dunnett’s post hoc test and Tukey’s honestly-significant
difference (HSD) test, respectively. Data are presented as means + standard error of the mean (SEM).
P-values less than 0.05 were considered statistically significant.

RESULTS

The aim of this study was to determine whether the inhibitory effects of acetaminophen on microglia-
driven inflammation are mediated by the parent acetaminophen molecule or its metabolites, p-aminophenol
and AM404. BV-2 microglial cells were used, which is a widely-accepted model of primary microglia[“].
Their activation was induced by LPS, which, similar to several endogenous pro-inflammatory
molecules, triggers expression of inducible nitric oxide synthase (iNOS), leading to release of neurotoxic

concentrations of NO by microglia***.

Clinically, acetaminophen is indicated for treatment of fever and pain. It has been reported to affect several
microglial functions in vitro. In LPS-stimulated microglia, acetaminophen suppressed the synthesis of the
inflammatory mediators PGE2, PGF2, and thromboxane B2 by inhibiting the activity of COX; however,
it had no effect on the levels of the pro-inflammatory mediators TNF-¢, and NO"™*. Data in Figure 2A
confirm these observations by showing that at therapeutic as well as supratherapeutic concentrations
acetaminophen had no significant effect on NO released by LPS-stimulated BV-2 microglia. Both
metabolites of acetaminophen studied, p-aminophenol and AM404, at 20 and 50 umol/L significantly
inhibited this parameter of microglial activation [Figure 2B and C]. It is important to note that at the
concentrations studied none of the three compounds reduced the viability of BV-2 cells, relative to vehicle-
treated control cells, measured by the LDH [Figure 3] and MTT assays [Figure 4]. Stimulation of BV-2 cells
by LPS causes significant increase in cell death (30%-40% cell death, Figure 3) and reduction in cell viability
(50%-80% cell viability, Figure 4) in the absence of any of the compounds studied. Adding acetaminophen,
p-aminophenol or AM404 did not lead to further enhancement of the LPS-induced cell death. Because
nontoxic concentrations of inhibitors were used, it was concluded that the observed decreases in NO
secretion by stimulated BV-2 microglia were caused by inhibition of specific signaling pathways.

Previous reports have suggested that at least some of the clinical effects of acetaminophen could be due
to its metabolism to AM404 or the deacetylated intermediate, p-aminophenol”. Following distribution
to the CNS, p-aminophenol is conjugated to arachidonic acid through the catalytic activity of FAAH,
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Figure 2. Effects of acetaminophen (A), p-aminophenol (B), and AM404 (C) on lipopolysaccharide (LPS)-induced nitric oxide
release. BV-2 cells were treated with various concentrations of drugs (2, 20, 50 umol/L) for 15 min, then stimulated with LPS. Nitrite
concentrations in BV-2 cell-free supernatants were measured after 24 h using the Griess assay. Data (means = SEM) from 3-5
independent experiments are presented. The effects of the treatments were assessed by the one-way analyses of variance (ANOVA),
followed by Dunnett's post hoc test. **P < 0.01, significantly different from stimulated control cells incubated in the absence of drugs.
F and P values for the main effects of one-way ANOVA are: (A) £ =1.09, P = 0.41; (B) F = 29.33, P < 0.0001; (C) £ =50.28, P < 0.0001.
Insert in (C) is a phase-contrast image of LPS-stimulated BV-2 microglia (scale bar = 200 pm)
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Figure 3. Effects of acetaminophen (A), p-aminophenol (B), and AM404 (C) on lipopolysaccharide (LPS)-induced cell death. BV-2 cells
were treated with various concentrations of drugs (2, 20, 50 umol/L) for 15 min, then stimulated with LPS. Following 24 h incubation,
cell death was measured using the LDH assay. Data (mean + SEM) from 3-5 independent experiments are presented. The effects of the
treatments were assessed by the one-way analyses of variance (ANOVA), followed by Dunnett's post Aoc test. No significant differences
were observed. £ and P values for the main effects of one-way ANOVA are: (A) £=0.31,£=0.82; (B) F=0.17,£,=0.92; (C) F=0.84,£=0.48
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Figure 4. Effects of acetaminophen (A), p-aminophenol (B), and AM404 (C) on lipopolysaccharide (LPS)-induced cell viability. BV-2 cells
were treated with various concentrations of drugs (2, 20, 50 umol/L) for 15 min, then stimulated with LPS. Following 24 h incubation, cell
viability was measured using the MTT assay. Data (mean + SEM) from 3-5 independent experiments are presented. The effects of the
treatments were assessed by the one-way analyses of variance (ANOVA), followed by Dunnett's post hoc test. **P < 0.01, significantly
different from stimulated control cells incubated in the absence of drugs. £ and P values for the main effects of one-way ANOVA are: (A)
F=6.09,P=0.018; (B) F=2.51,P=0.066; (C) £=9.39, P = 0.0001
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Figure 5. Effects of p-aminophenol alone, or in combination with the fatty acid amide hydrolase inhibitor URB597, on the lipopolysaccharide
(LPS)-induced nitric oxide release. BV-2 cells were treated for 15 min with various concentrations of URB597 (0.02, 0.5, 2 umol/L), then
incubated with different concentrations (2, 20, 50 pmol/L) of p-aminophenol for a further 15 min period, before being stimulated with LPS.
After 24 h, nitrite concentrations in the BV-2 cell-free supernatants were measured using the Griess assay. Data from nine independent
experiments are normalized against nitrite concentration in samples stimulated in the absence of inhibitors. Nitrite concentration in these
samples was 13.2 + 1.0 pmol/L. The effect of treatments was assessed by the two-way analyses of variance (ANOVA), followed by Tukey's
post hoc test. *P < 0.05 and **P < 0.01, significantly different from stimulated cells incubated in the absence of URB597 (ANOVA F = 7.87,
P < 0.0001); “P < 0.05 and “P < 0.07, significantly different from stimulated cells incubated in the absence of p-aminophenol (ANOVA F =
216.2, P < 0.0001). ANOVA interaction £ =1.83, P = 0.068

forming AM404"”. In the CNS, AM404 activates TRPV1 but inhibits COX-1 and COX-2 enzymatic activity,
anandamide reuptake and metabolism, as well as the transcription factors NF-kB and nuclear factor of
activated T-cells (NFAT)"**". Due to these various pharmacological activities, AM404 has been implicated
as the active substance responsible for the clinically beneficial effects of acetaminophen on nociception,
mechanical allodynia, thermal hyperalgesia, as well as inflammatory processes resulting from the gene
activation induced by the transcription factors NF-kB and NFAT. Specifically, the ability of AM404
to alleviate neuropathic pain in rodent models has been attributed to a reduction in NO and cytokine
production™’. In this study, we report that AM404 suppresses NO secretion by LPS-stimulated BV-2 cells
[Figure 2C].

Since both p-aminophenol and AM404 effectively reduced NO release by stimulated BV-2 microglia, we
hypothesized that FAAH present in BV-2 cells may allow p-aminophenol to exert its effect on microglial
activation through its metabolism to AM404™. To test this hypothesis, BV-2 cells were incubated with
various concentrations (0.02, 0.5, 2 umol/L) of the specific FAAH inhibitor URB597 for 15 min prior to
treatment with p-aminophenol. We rationalized that the inhibitory effect of p-aminophenol would be
eliminated in the presence of URB597, if this metabolite were working through its conversion to AM404.
As illustrated in Figure 5, p-aminophenol attenuated NO secretion from stimulated microglia in the
presence of all concentrations of URB597 tested. Interestingly, URB597 itself showed an inhibitory effect
on NO release in the absence of p-aminophenol and in the presence of 2 pmol/L p-aminophenol. These
results indicate that, contrary to the initial hypothesis, p-aminophenol inhibits NO secretion through a
pathway independent of its conversion to AM404 by FAAH. Moreover, p-aminophenol and URB597 may
act synergistically to abate microglial activation.

It has been suggested that URB597 may function to attenuate microglial activation through the inhibition
of FAAH™. In addition to catalyzing the conjugation of p-aminophenol and arachidonic acid, FAAH
functions in the degradation of fatty acid amides such as the endocannabinoid anandamide”™. In this
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Figure 6. Effects of p-aminophenol alone or in combination with the selective CB2 receptor antagonist SR144528 on lipopolysaccharide
(LPS)-induced nitric oxide release. BV-2 cells were treated for 15 min with various concentrations of SR144528 (0.02, 0.5, 2 umol/L),
then incubated with different concentrations (2, 20, 50 umol/L) of p-aminophenol for a 15 min period, before being stimulated with LPS.
After 24 h, nitrite concentrations in the BV-2 cell-free supernatants were measured using the Griess assay. Data from four independent
experiments are normalized against nitrite concentration in samples stimulated in the absence of inhibitors. Nitrite concentration in
these samples was 19.6 + 1.8 umol/L. The effect of treatments was assessed by the two-way analyses of variance (ANOVA)), followed by
Tukey's post hoc test. *P < 0.05 and **P < 0.01, significantly different from stimulated cells incubated in the absence of SR144528 (ANOVA
F =417 P=0.011); *P < 0.01, significantly different from stimulated cells incubated in the absence of p aminophenol (ANOVA F = 232.2,
P < 0.0001). ANOVA interaction £ = 0.79, P = 0.62

capacity, URB597 indirectly activates cannabinoid receptors by potentiating the effect of bioavailable
anandamide. Similarly, it has been identified that AM404 inhibits anandamide reuptake and degradation
through mechanisms which are currently unknown""**. Accordingly, it has been reported that URB597
and AM404 have similar effects on LPS-induced inflammation in rats that are CB1 and CB2 receptor
dependent™’. These observations are consistent with our data showing that URB597 on its own [Figure 5],
similar to AM404 [Figure 2C], inhibits nitrite secretion by BV-2 microglia.

Next, we investigated the role of cannabinoid receptor signaling in mediating the effect of p-aminophenol
and AM404 on NO secretion by LPS-stimulated microglia. Controversy exists surrounding the ability of
AMA404 to directly bind and activate CB1 receptors; however, it is widely agreed that AM404 attenuates
the reuptake and degradation of the endogenous cannabinoid, anandamide, thereby potentiating its
agonistic effect at CB1 and CB2 receptors™. Moreover, it has been suggested that AM404-mediated
activation of TRPV1 is sufficient to induce the synthesis of additional anandamide, further increasing
signaling through both CB1 and CB2 receptors””. It has been previously reported that signaling through
CB1 receptors has neurotoxic and psychoactive effects, while signaling through CB2 receptors reduces
the toxicity of the LPS-stimulated microglia®™'. As BV-2 cells express functionally active CB2 receptors,
we determined whether the effect of p-aminophenol and AM404 on microglial activation was mediated
by CB2 receptor signaling”*". Microglia were incubated with various concentrations of the selective CB2
receptor antagonist SR144528 (0.02, 0.5, 2 pmol/L) for 15 min prior to treatment with p-aminophenol or
AMa404. Figures 6 and 7 indicate that CB2 receptor blockade did not reduce the secretion of NO from LPS-
stimulated BV-2 cells in the absence of p-aminophenol and AM404. SR144528 also did not attenuate the
inhibitory effects of p-aminophenol [Figure 6] or AM404 [Figure 7]; however, treatment with SR144528
did inhibit NO secretion in the presence of 2 umol/L p-aminophenol [Figure 6]. These data indicate that
neither AM404 nor p-aminophenol exert their effect on NO production by BV-2 cells through engaging
the CB2 receptor and that CB2 receptor blockade may enhance the inhibitory effects of p-aminophenol on
microglial activation.
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Figure 7. Effects of AM404 alone or in combination with the selective CB2 receptor antagonist SR144528 on lipopolysaccharide (LPS)-
induced nitric oxide release. BV-2 cells were treated for 15 min with various concentrations of SR144528 (0.02, 0.5, 2 umol/L), then
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experiments are normalized against nitrite concentration in samples stimulated in the absence of inhibitors. Nitrite concentration in
these samples was 18.9 + 1.4 umol/L. The effect of treatments was assessed by the two-way analyses of variance (ANOVA), followed by
Tukey's post hoc test. No significant differences were observed for stimulated cells incubated in the absence of SR144528 (ANOVA F = 1.56,
P =0.21)."P < 0.05 and **P < 0.01, significantly different from stimulated cells incubated in the absence of AM404 (ANOVA F = 22.23, P
< 0.0001). ANOVA interaction £ = 0.45, 7= 0.90

Subsequently, we studied whether p-aminophenol and AM404 suppress NO release from activated
microglia through inhibition of COX-1 and COX-2. Involvement of COX was investigated because
previous studies have demonstrated that AM404 modulates NO release as well as inhibits purified COX
isoforms 1 and 2***”, Furthermore, BV-2 cells express both isoforms of COX and these enzymes participate
in inflammatory processes involving the AM404 precursor, arachidonic acid””. BV-2 cells were exposed
for 15 min to various concentrations (2, 20, 50 pmol/L) of the nonselective COX inhibitor indomethacin
prior to treatment with p-aminophenol or AM404 [Figures 8 and 9]. Previous reports have indicated
that indomethacin is effective at inhibiting NO production by LPS-stimulated microglia in vitro'®. We
hypothesized that if p-aminophenol or AM404 lost their ability to inhibit NO release by stimulated
microglia in the presence of indomethacin, it could be concluded that they exert their effect through
COX inhibition. Consistent with the previous studies, indomethacin on its own significantly reduced
NO production by stimulated BV-2 cells'*”. Both p-aminophenol and AM404 were able to attenuate NO
secretion by stimulated microglia in the presence of indomethacin at all concentrations used. Notably,
p-aminophenol and AM404 caused a greater reduction in NO secretion than indomethacin. While we
cannot completely exclude COX inhibition as one of the mechanisms of p-aminophenol or AM404 inhibitory
activity, it appears not to be the primary mechanism by which these compounds reduce microglial activation.
It is important to note that, unlike other inhibitors used, indomethacin at 50 pmol/L was significantly toxic
to BV-2 cells according to the LDH and MTT cell viability assays (data not shown), which could also be
partially responsible for its inhibitory effect on NO production at this high concentration.

After determining that p-aminophenol and AM404 attenuate microglial activation independently of
COX inhibition, we explored the effects of these compounds on TRPV1 signaling. TRPV1 has been
previously identified as a molecular target of AM404. Signaling through this receptor may contribute to
the antiallodynic and antihyperalgesic effects of AM404, which are mediated by the NO pathway™. As
such, we hypothesized that p-aminophenol and AM404 may reduce NO secretion from stimulated BV-2
microglia by interacting with TRPV1'®". BV-2 cells were treated for 15 min with various concentrations
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Figure 8. Effects of p-aminophenol alone or in combination with the non-selective cyclooxygenase inhibitor indomethacin on
lipopolysaccharide (LPS)-induced nitric oxide release. BV-2 cells were treated for 15 min with various concentrations of indomethacin
(2, 20, 50 umol/L), then incubated with different concentrations (2, 20, 50 umol/L) of p-aminophenol for a further 15 min period,
before being stimulated with LPS. After 24 h, nitrite concentrations in the BV-2 cell-free supernatants were measured using the Griess
assay. Data from four independent experiments are normalized against nitrite concentration in samples stimulated in the absence of
inhibitors. Nitrite concentration in these samples was 27.1 + 2.6 umol/L. The effect of treatments was assessed by the two-way analyses
of variance (ANOVA), followed by Tukey's post hoc test. **P < 0.01, significantly different from stimulated cells incubated in the absence
of indomethacin (ANOVA £ = 8.05, £ = 0.0002); **P < 0.01, significantly different from stimulated cells incubated in the absence of
p-aminophenol (ANOVA £ = 95.51, £ < 0.00017). ANOVA interaction £ =1.34, P = 0.24

r T iI#i##
- T 1
150 T d T - 1
I T 1 ##

5

= 100 = ol

8

°

g

S 504

£

0

0 2 20 50
AM404 (umol/L)

3 0 umol/L indomethacin ] 20 pmol/L indomethacin
1 2 umol/L indomethacin -~ [Jl] 50 pmol/L indomethacin

Figure 9. Effects of AM404 alone or in combination with the non-selective cyclooxygenase inhibitor indomethacin on lipopolysaccharide
(LPS)-induced nitric oxide release. BV-2 cells were treated for 15 min with various concentrations of indomethacin (2, 20, 50 umol/L), then
incubated with different concentrations (2, 20, 50 umol/L) of AM404 for a further 15 min period, before being stimulated with LPS.
After 24 h, nitrite concentrations in the BV-2 cell-free supernatants were measured using the Griess assay. Data from four independent
experiments are normalized against nitrite concentration in samples stimulated in the absence of inhibitors. Nitrite concentration in
these samples was 26.6 + 0.7 umol/L. The effect of treatments was assessed by the two-way analyses of variance (ANOVA), followed by
Tukey's post hoc test. **P < 0.01, significantly different from stimulated cells incubated in the absence of indomethacin (ANOVA £ =102.3,
P < 0.0001); “P < 0.05 and **P < 0.01, significantly different from stimulated cells incubated in the absence of AM404 (ANOVA £ =179,
P <0.0001). ANOVA interaction £ =179, 7 = 0.10

(0.02, 0.5, 2 pmol/L) of the selective TRPV1 antagonist BCTC to block signaling through this receptor
prior to the addition of p-aminophenol or AM404. If BCTC reduces the inhibitory activity of p-aminophenol
or AM404 on NO secretion from stimulated microglia, it could be concluded that these metabolites
of acetaminophen exert their effect through TRPV1 signaling. Figures 10 and 11 illustrate that both
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Figure 10. Effects of p-aminophenol alone or in combination with the TRPV1 antagonist BCTC on lipopolysaccharide (LPS)-induced nitric
oxide release. BV-2 cells were treated for 15 min with various concentrations of BCTC (0.02, 0.5, 2 umol/L), then incubated with different
concentrations (2, 20, 50 umol/L) of p-aminophenol for a further 15 min period, before being stimulated with LPS. After 24 h, nitrite
concentrations in the BV-2 cell-free supernatants were measured using the Griess assay. Data from eight independent experiments are
normalized against nitrite concentration in samples stimulated in the absence of inhibitors. Nitrite concentration in these samples was
9.4 £ 2.4 umol/L. The effect of treatments was assessed by the two-way analyses of variance (ANOVA), followed by Tukey's post Aoc test. No
significant differences were observed for stimulated cells incubated in the absence of BCTC (ANOVA F = 0.049, £ = 0.99). P < 0.01, significantly
different from stimulated cells incubated in the absence of p-aminophenol (ANOVA F = 29.65, £ < 0.0001). ANOVA interaction £ = 0.060,
P =0.99. BCTC: 4-(3-chloro-2-pyridinyl)-N-[4-(1,1-dimethylethyl)phenyl]-1-piperazinecarboxamide
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Figure 11. Effects of AM404 alone or in combination with the TRPV1 antagonist BCTC on lipopolysaccharide (LPS)-induced nitric
oxide release. BV-2 cells were treated for 15 min with various concentrations of BCTC (0.02, 0.5, 2 umol/L), then incubated with
different concentrations (2, 20, 50 umol/L) of AM404 for a further 15 min period, before being stimulated with LPS. After 24 h, nitrite
concentrations in the BV-2 cell-free supernatants were measured using the Griess assay. Data from five independent experiments are
normalized against nitrite concentration in samples stimulated in the absence of inhibitors. Nitrite concentration in these samples was
16.5 £ 2.7 umol/L. The effect of treatments was assessed by the two-way analyses of variance (ANOVA)), followed by Tukey's post hoc test.
No significant differences were observed for stimulated cells incubated in the absence of BCTC (ANOVA £ = 0.096, 2 = 0.96). “P < 0.05
and **P < 0.01, significantly different from stimulated cells incubated in the absence of AM404 (ANOVA £ = 16.45, P < 0.0001). ANOVA
interaction £ = 0.047, 7 = 0.99. BCTC: 4-(3-chloro-2-pyridiny)-N-[4-(1,1-dimethylethyl)phenyl]-1-piperazinecarboxamide

p-aminophenol and AM404 attenuated NO secretion from activated BV-2 cells in the presence of BCTC
at all concentrations used. BCTC on its own did not have a significant effect on the NO secretion by
stimulated BV-2 microglia [Figures 10 and 11] or their viability (data not shown).
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DISCUSSION

Our data indicate that the inhibitory effect of p-aminophenol and AM404 on NO secretion by stimulated
BV-2 microglia is not caused by COX inhibition, or interaction with CB2 or TRPV1 receptors.
Furthermore, enzymatic conversion of p-aminophenol to AM404 by FAAH is not required for its
pharmacological activity in BV-2 cell cultures. Stimulation of microglia with LPS has been shown to induce
the expression of several genes that are regulated by mitogen-activated protein kinases (MAPKs) and NF-
kB, including such cytokines as TNF-q, interleukin (IL)-1f, interferon (IFN)-y, and their receptors, as
well as the stress proteins superoxide dismutase (SOD) 2, COX-2, and thioredoxin interacting protein[sz’“].
Moreover, it has already been documented that stimulation of BV-2 murine microglia with LPS induces the
expression of iNOS in a MAPK- and NF-kB-dependent manner"
that AM404 prevents the activation of transcription factors NFAT and NF-kB but preserves extracellular
signal-regulated kinases (ERK)1/2 MAPK signaling in vivo"*”". Moreover, as NFAT is not directly activated
by LPS, the only signaling pathway in this study that is both inhibited by AM404 and activated in microglia
following stimulation with LPS is NF-xB"**. AM404 has been shown to attenuate NF-iB activation by
inhibiting the phosphorylation, and subsequent degradation, of nuclear factor of kappa light polypeptide gene

4-66] . . .
. Previous studies have also determined

enhancer in B-cells inhibitor, alpha (IxBa.)™. Intact IixBa. sequesters NF-xB in the cytoplasm by interfering

with the function of the nuclear localization signal, thereby blocking NF-kB gene activation'®”. Considering

that NF-kB activity is directly linked to the LPS-induced expression of iNOS and secretion of NO, it can be
concluded that AM404 most likely modulates the secretion of NO from LPS-stimulated microglia through
its inhibitory action on the NF-kB pathway[m’”]. This conclusion is consistent with previous studies where
AMa404 was demonstrated to block the overexpression of iNOS in models of neuropathic pain, supporting
a mechanism of AM404 action where it inhibits NO secretion at the transcription level *"*.
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