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Acetaminophen attenuates pathological pain through a mechanism that requires
CB1 cannabinoid receptors and the enzyme diacylglycerol lipase in mice

Abstract

Acetaminophen (APAP) is commonly used as a pain and fever reliever, but its mechanisms remain
unclear. Conflicting evidence implicates the endocannabinoid system in the effects of APAP. We
tested the hypothesis that the analgesic effects of APAP were dependent upon both CB1
cannabinoid receptors and diacylglycerol lipase (DAGL), an enzyme which catalyzes formation of
the endocannabinoid 2-arachidonoylglycerol. We examined the impact of APAP, administered in
the presence and absence of DAGL inhibitors, on mechanical hypersensitivity in mice using
models of inflammatory (induced by intraplantar injection of complete Freunds adjuvant (CFA))
and post-surgical (induced by incisional injury) pain. Pharmacological specificity was assessed
using global (Rimonabant, AM251) and peripherally restricted (AM6545) CB1 antagonists. APAP
produced a dose-dependent attenuation of inflammation-induced mechanical hypersensitivity, but
did not alter peripheral edema in the CFA-injected paw. APAP also attenuated mechanical
hypersensitivity in mice with incisional injury. The DAGL inhibitors, RHC-80267 or DO34,
attenuated the anti-allodynic effects of APAP in both models of pain. CB1 receptor antagonists
(Rimonabant and/or AM251) suppressed the antinociceptive effect of APAP in both pain models.
The peripherally-restricted CB1 antagonist AM6545 did not alter the anti-allodynic effects of APAP.
We also assessed the impact of APAP on tail-flick antinociception, locomotor behavior, and body
temperature. APAP produced hypothermia and hypolocomotion at the highest dose, but these
effects were not blocked by RHC-80267 or AM251. APAP did not produce tail flick antinociception.
Our studies demonstrate that the analgesic effects of APAP observed in mouse models of
pathological pain require both DAGL and CB1 activation. Our findings support a potential

mechanism of APAP-induced analgesic action involving the enzyme DAGL and CB1 receptors.
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1. Introduction

Acetaminophen (N-acetyl-para-aminophenol, APAP, or paracetamol) has been used as
an over-the-counter pain and fever reliever for more than a century. It is usually prescribed
when there is contraindication for non-steroidal anti-inflammatory (NSAIDs) drugs (e.g.
renal, hepatic, and cardiovascular disease), with consistent efficacy, good tolerability, and
lack of multiple risk factors and adverse events typically observed with NSAIDs [1]. In
vitro and in vivo studies suggest that multiple targets may contribute to APAP’s analgesic
effect, but, to date, its pharmacological mechanism remains unclear.

The endocannabinoid system, which consists of cannabinoid receptors,
endocannabinoids, and enzymes implicated in endocannabinoid synthesis and
degradation, represents an important target for analgesic drug development. Activation
of cannabinoid receptor type 1 (CB1) and type 2 (CB2) receptors produce analgesic
effects in animal models of inflammatory and chronic pain (for review see [2]). Enzymes
catalyzing endocannabinoid hydrolysis (e.g. fatty acid amide hydrolase, FAAH and
monoacylglycerol lipase, MGL) represent potential targets for pain pharmacotherapies in
pre-clinical pain models [3]. The endocannabinoid system has been repeatedly implicated
in the mechanism of action of APAP (for review see [4]), based predominantly, but not

exclusively, upon studies evaluating acute nociceptive pain (e.g. hotplate test).

The antinociceptive effects of APAP in inflammatory pain models have been linked to CB1
receptor activation, as these effects are abrogated in CB1 knock-out mice [5] and in
rodents treated with CB1 receptor antagonists [6]. Active metabolism of APAP leads to
production of p-aminophenol, that is subsequently conjugated to arachidonic acid, by
FAAH, resulting into an N-arachidonoylphenolamine (AM404) [7]. FAAH is the primary
enzyme responsible for the degradation of anandamide (AEA) in the nervous system. In
turn, the effect of APAP was also abrogated in mice lacking the enzyme FAAH [8]. AM404
is known to produce analgesia and central effects through activation of transient receptor
potential vanilloid 1 (TRPV1) [9,10]. In addition, AM404 is a known inhibitor of AEA
transport, which may lead to CB1 receptor activation by elevating levels of endogenous
AEA [11]. However, the analgesic mechanisms of APAP and involvement of CB1

receptors remain incompletely understood, and it is unclear whether physiologically active
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concentrations of AM404 would be produced by in vivo metabolism of APAP. We
previously showed that 2-AG is produced on demand and suppresses pain
responsiveness through a mechanism that requires both diacylglycerol lipase and CB1
receptors [13]. Furthermore, injection of exogenous 2-AG also produces antinociceptive
effects in preclinical models of acute pain [14]. APAP has also been hypothesized to
promote analgesia through modulation of diacylglycerol lipase (DAGL), an enzyme
responsible for hydrolysis of diacylglycerols and production of the endocannabinoid 2-
arachidonoylglycerol (2-AG) [12] and its downstream metabolite AA [10], although there
is no direct evidence to suggest that such a mechanism is responsible for analgesic
effects of APAP observed in vivo.

Conflicting evidence implicates a role for the endocannabinoid system and its
components in the antinociceptive effects of APAP. However, published studies have
largely relied on in vitro approaches or in vivo models of acute nociception (e.g. hotplate
test) that lack the translational relevance [15]. We, consequently, tested the hypothesis
that the analgesic effects of APAP in pre-clinical pain models were dependent upon both
DAGL and activation of CB1 in mice using two mechanistically distinct clinically relevant
models of pathological pain - the complete Freund’s Adjuvant (CFA) model of
inflammatory pain and the incisional injury model of post-operative pain. We used these
models to ascertain whether the antinociceptive effects of APAP were dependent upon
the activation of DAGL, using enzyme inhibitors RHC-80267 and DO34. We also
evaluated whether the analgesic effects of APAP were mediated by CB1 receptors.
Pharmacological specificity was evaluated by administration of global (Rimonabant and
AM251) and peripherally restricted CB1 receptor antagonists (AM6545).

Methods
1.1.  Subjects

All experiments were conducted using either male mice on a C57BL/6 background
(Jackson Laboratories), or mice of both sexes on a CD1 (CD1 IGS, also known as
Crl:CD1(ICR)) background (Inotiv). Mice were maintained in standard conditions of
temperature (21 + 2° C), humidity (45%) and under a light/dark cycle (12h/12h). All the

experimental procedures conducted in this work were approved by the Bloomington
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Institutional Animal Care and Use Committee of Indiana University (BIACUC) and
followed the guidelines for the treatment of animals of the International Association for the
Study of Pain.

1.2.  Drugs and Chemicals

Acetaminophen (APAP, Sigma Aldrich, St. Louis MO, USA), RHC-80267 was purchased
from Cayman Chemicals (MI, USA). DO34 was synthesized by the laboratory of Dr. Mario
van der Stelt (Leiden University, Leiden, the Netherlands). RHC80267 and DO34 were
dissolved in a vehicle consisting of cremophor (Sigma-Aldrich, St. Louis, MO), ethanol
(Sigma-Aldrich), and saline (Aquilite System, Hospira Inc, Lake Forest, IL) in a 1:1:18
ratio for intraperitoneal (i.p.) administration. Acetaminophen was administered orally in a
vehicle consisting of DMSO, Kolliphore, and Mannitol in a 1:1:8 ratio. AM6545 was
synthesized by the laboratory of Alex Makriyannis (Center for Drug Discovery,
Northeastern University, Boston, MA, USA). AM6545 was dissolved in a vehicle
consisting of 20% dimethyl sulfoxide (DMSQ) and a 1:1:8 ratio of ethanol, emulphor and
saline. APAP was delivered via intraperitoneal injection, after sonication for 1 hour, to mice
in the CFA model in a volume of 10 ml/Kg. Other drugs given via intraperitoneal injection
in the CFA model were not sonicated. APAP was administered via oral gavage (metal
orogastric gavage tube) to mice in the incisional injury model (volume of 10 mi/kg). All
other drugs used in studies employing the incisional injury model were given via

intraperitoneal injection.
1.3.  CFA-induced inflammatory pain

Complete Freund’s adjuvant (CFA) was dissolved in saline in a ratio of 1:1 [16] and
injected (20 ul i.pl.) subcutaneously into the plantar surface of the right hind paw of male
(C57BL/6) or female (CD1) mice. Baseline mechanical withdrawal thresholds were
measured before CFA injection and two days after CFA injection to confirm that mice
exhibited mechanical CFA-induced mechanical hypersensitivity prior to pharmacological

manipulations.

1.4. Incision pain model
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Male and female mice (CD1) were anesthetized with isoflurane and a 5-mm longitudinal
incision was made with a n°11 blade through the skin and fascia of the plantar region of
the right paw. The incision started 2 mm from the proximal edge of the heel and was
extended toward the toes [17]. The plantaris muscle was then elevated and incised
longitudinally. The muscle origin and insertion were kept intact. After hemostasis with
gentle pressure, the skin was closed with single suture of 8-0 nylon. Mechanical paw
withdrawal thresholds were measured before (baseline) and one day after surgery to
confirm that mice exhibited incisional injury-induced mechanical hypersensitivity prior to

assessments of drug efficacy.
1.5. Assessment of mechanical paw withdrawal thresholds

Paw withdrawal threshold (i.e. force in grams) and development of mechanical
hypersensitivity were evaluated as previously described by our group [16]. Briefly, mice
were habituated for at least 30 minutes to individual inverted plexiglass chambers placed
on a metal mesh platform positioned on a stable wooden table. Paw withdrawal
thresholds were evaluated with a semi-flexible plastic filament with a 0.8 mm diameter
that was placed in a 90-g probe connected to an electronic von Frey anesthesiometer
(IITC Life Science, Woodland Hills, CA). Mechanical paw withdrawal threshold was
defined as the gram force necessary to produce paw withdrawal and was recorded in
duplicate for each hind paw with a 2-minute interval between stimulations to avoid
sensitization. Mechanical withdrawal thresholds were averaged for each paw separately
to provide a single value per paw/per animal/per timepoint. Paw withdrawal thresholds
were determined in both ipsilateral and contralateral paws separately given that these
pain models produce unilateral hypersensitivity in the injured (ipsilateral) paw [16,17].

1.6. Assessment of peripheral edema

Paw thickness was assessed as previously performed by our group with minor alterations
[18]. Briefly, animals were restrained with a cloth and had their paw thickness of both hind
paws assessed using an electronic caliper (World Precision Instruments, INC; Sarasota,
FL, USA; Digital Caliper 501601) and expressed in millimeters (mm). Paw thickness was
measured before (baseline) and at different times after CFA or drug injection by an
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experimenter blinded to the experimental conditions. Paw thickness was evaluated in
duplicate and averaged for each paw (ipsilateral and contralateral) in CFA-injected mice.

1.7.  Locomotor activity

Drug-induced changes in locomotor activity was assessed by placing CD1 mice in an
Omnitech Superflex Node activity meter (Dimensions: 42 x 42 x 30 cm). The total distance
travelled (cm) during a 30 min testing period was calculated using the Fusion 6.5 software
(Omnitech Electronics, Columbus, OH). Mice were habituated to the test room in their
home cages for at least 1 hour before placed in the activity meter. Mice were also
habituated to the activity meter for 30 min duration 24 h prior to pharmacological
manipulations. Then, locomotor activity was assessed for 30 minutes after drug
treatments (i.p.). Time spent in the center of the apparatus (this area was defined as the
eight-by-eight square center portion of the activity meter), rest time (a resting period was
defined as a period of inactivity greater than or equal to 1 second), vertical time (time
accumulated by the animal when breaking beams in the vertical layer) and total distance
exploring the apparatus were the main behaviors assessed during the activity meter

assessment [19].
1.8. Body temperature

Body temperature (-C) was assessed using a thermometer (Physitemp Instruments, Inc.,
Clifton, NJ) attached to a rectal probe (Braintree Laboratories, Inc., Braintree, MA). Body
temperature was measured prior to pharmacological manipulations (i.e. baseline) and

was reassessed at different time points after pharmacological treatments [20].
1.9. Tail-flick (tail immersion test)

Hot water tail immersion test was used to evaluate antinociception to noxious heat stimuli
after drug treatment (i.p.). The test was performed by submerging the distal portion (2 cm)
of the mouse tail in a hot water bath (52-C) and the latency to response (tail flick) was
measured as previously described [13,21]. Three baseline values were obtained and
averaged prior to drug treatment with a 10-minute interval between them with a cut-off
latency of 15 seconds to avoid tissue damage. Tail flick latency was taken as a baseline

and at different times after drug treatments.
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1.10. Experimental procedures

Therapeutic efficacy of APAP was evaluated acutely in mice 48 h after CFA injection and

paw incisional injury based upon the following treatments and experimental paradigms:

Experiment 1: Dose response of APAP in CFA-induced inflammatory pain. We evaluated
the dose response of the antinociceptive effect of APAP (30, 100 and 300 mg/kg, i.p.) in
male (C57BL/6) and female (CD1) mice 2 days following unilateral intraplantar injection
of CFAin one of the hind paws. Mechanical threshold and paw thickness were determined
before and after CFA injection and 30, 90 and 240 minutes after APAP treatment.

Experiment 2: Effect of DAGL inhibition on the anti-allodynic effect of APAP in CFA-
induced inflammatory pain. First, we assessed the effect of a DAGL inhibitors (RHC-
80267, 20 mg/kg; or DO34, 30 mg/kg; i.p. [17]) in the antinociception exerted by APAP
(300 mg/kg, i.p.) on inflammatory pain induced by CFA injection. RHC-80267 or DO34
were given 30 minutes before APAP injection. Mechanical paw withdrawal thresholds
were measured before and after CFA injection as well as 30 minutes after RHC-80267 or
DO34 injection, as well as 30, 90, and 240 minutes after APAP treatment in male mice
(C57BL/6). Female mice (CD1) also had their mechanical threshold evaluated before and
after CFA injection, and at different time points after RHC-80267/DO34 and APAP

treatment.

Experiment 3: Effect of CB1 receptor antagonists on the anti-allodynic effect of APAP in
CFA-induced inflammatory pain. We examined the effect of global CB1 receptor
antagonists (AM251 or Rimonabant, 5 mg/kg; i.p. [18]) on the antinociception produced
by APAP (300 mg/kg, i.p.) treatment in male and/or female mice. AM251 or Rimonabant
were given 30 minutes before APAP injection (i.p.). Mechanical threshold was determined
before and after CFA injection, as well as 30 minutes after CB1 receptor antagonist
injection, and 30, 90, and 240 minutes after APAP treatment in male mice. Female mice
with CFA-injected paws were given AM251 30 minutes before APAP and their mechanical

threshold was reevaluated 30, 90, and 240 minutes after APAP treatment.

Experiment 4: Effect of peripherally restricted CB1 receptor antagonist on the anti-

allodynic effect of APAP in CFA-induced inflammatory pain. We further assessed the
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effect of a peripherally restricted CB1 receptor antagonist AM6545 (10 mg/kg; i.p. [3]) on
the antinociceptive efficacy of APAP (300 mg/kg, i.p.) in male and female mice with CFA-
injected paws. AM6545 was given 30 minutes before APAP injection. Mechanical
threshold was determined before and after CFA injection, as well as 30 minutes after
AMG6545 injection, and 30, 90, and 240 minutes after APAP treatment in male mice.
AMG6545 or vehicle was administered 30 min prior to and APAP in female mice with CFA-
injected paws and mechanical thresholds were assessed before and 30, 90 and 240

minutes after APAP treatment.

Experiment 5: Dose response of APAP in an incisional injury model. We evaluated the
dose response of the antinociceptive effect of APAP (100 and 300 mg/kg, i.p.), compared
to vehicle, in suppressing mechanical hypersensitivity induced by plantar paw incision
using male (CD1) mice. Mechanical paw withdrawal thresholds and paw thickness were
determined before and after CFA injection and 30, 90 and 240 minutes after

pharmacological treatment.

Experiment 6: Effect of DAGL inhibition on the anti-allodynic effect of APAP in a mouse
model of incisional injury. Mechanical paw withdrawal thresholds were evaluated before
and 24 h after hindpaw incisional injury in separate cohorts of male and female (CD1)
mice. RHC-80267 (20 mg/kg), DO34 (30 mg/kg) or vehicle were administered i.p. 30
minutes prior to APAP (300 mg/kg, p.o.) or vehicle treatment. Mechanical paw withdrawal
thresholds were reevaluated 30, 90 and 240 minutes after APAP treatment, as previously

described.

Experiment 7: Effect of CB1 receptor antagonists on the anti-allodynic effect of APAP in
CFA-induced inflammatory pain and incisional injury pain. We examined the effect of CB1
receptor antagonists (AM251, 5 mg/kg; i.p. [18]) on the antinociception produced by APAP
(300 mg/kg, i.p.) treatment in male and/or female mice with incisional injury. Male and
female CD1 mice with incisional injury were received AM251 (i.p.) or vehicle 30 minutes
before APAP (300 mg/kg, p.o.). Mechanical paw withdrawal thresholds were assessed

at the same time points described above.

Experiment 8: Effect of APAP on body temperature, tail-flick latency and locomotor activity

in naive mice. Tail flick antinociception in the tail immersion test (62 °C) and rectal
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temperature was measured at baseline and at 30-,90- and 240-minutes post APAP or
vehicle treatment, using the same male CD1 mice. We also examined effects of
pretreatment with either the CB1 antagonist AM251 (5 mg/kg), DAGL inhibitor RHC-
80267 (20 mg/kg), or their respective vehicles on responses induced by APAP in each
assay. After a 7-day washout period, baseline activity meter assessments were
performed. Then, 24 hours later, locomotor activity was reassessed in the activity meter
30 minutes treatment with drug combinations consisting of CB1 receptor antagonist
AM251 (5 mg/kg) and APAP (300 mg/kg), DAGL inhibitor RHC-80267 (20 mg/kg) and
APAP, vehicle, and APAP, or the combination of antagonist and APAP’s respective
vehicles. Antagonist/inhibitor injection was administered i.p. 30 minutes before APAP

injection.
1.11. Statistical analysis

Mechanical paw withdrawal thresholds, latency to tail-flick and body temperature were
analyzed by Two-way repeated measures ANOVA. One-way ANOVA was used to analyze
locomotor activity data. One-way ANOVA was also used to assess effect of antagonists
and enzyme inhibitors 30 minutes after injection in male mice with CFA-inflammatory pain.
Bonferroni’s post hoc test using GraphPad Prism 10 (GraphPad Software, La Jolla, CA)
was used for all data sets with p<0.05 was considered significant.

2. Results

2.1.  General experimental results

Intraplantar injection of CFA lowered paw withdrawal threshold in the ipsilateral (CFA-
injected) paw of male and female mice, relative to baseline in all studies. Overall, no
differences were detected in the paw withdrawal threshold of the paws contralateral to
CFA injection.

2.2. APAP attenuated mechanical allodynia, but not paw edema in CFA-injected

male and female mice.

APAP produced a dose- and time-dependent increase in ipsilateral paw withdrawal
thresholds and paw withdrawal thresholds also changed across time, irrespective of drug
treatment (Figure 1A: Treatment: F322=16.43, p<0.0001; Time: F2.15447.38=18.18,

10
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p<0.0001; Interaction: F966=3.474, p=0.0015). APAP at 100 (p=0.0037) and 300 mg/kg
(i.p.) (p<0.0001) increased paw withdrawal thresholds in the CFA-injected (ipsilateral)
paw in male mice, in comparison to the vehicle-treated group (Figure 1A). APAP 300
mg/kg also increased mechanical paw withdrawal thresholds across the observation

interval to a greater extent than the low 30 mg/kg dose (p = 0.0208).

All doses of APAP (30 mg/kg: p=0.0028; 100 mg/kg: p=0.0210; 300 mg/kg: p=0.0003,
respectively) elevated paw withdrawal thresholds at 30 min post-injection relative to the
vehicle treated group. The highest dose of APAP, 300 mg/kg (i.p.) (p=0.0344), also
elevated paw withdrawal thresholds at 90 min post-injection. No alterations in paw
withdrawal threshold were detected in the contralateral paw of male mice after
pharmacological treatments (Figure 1B; Treatment: F322=0.7138, p=0.5542; Time:
F2.843,65.56=0.9434, p=0.4213; Interaction: F9,66=0.4997, p=0.8695).

CFAinjection also increased paw thickness, consistent with paw edema, in the ipsilateral
paw. APAP did not affect paw edema in male mice at any dose (Figure 1C; Treatment:
F3,22=0.3116, p=0.8168; Time: F2.38652.49=2.840, p=0.0583; Interaction: Fo66=1.338,
p=0.2347). Furthermore, no alterations in paw thickness were detected in the
contralateral paw of male mice injected with CFA and pharmacologically treated with
APAP (Figure 1D; Treatment: F322=0.3116, p=0.8168; Time: F2.386,52.49=2.840, p=0.0583;
Interaction: Fo66=1.338, p=0.2347).

In female mice, APAP produced dose- and time-dependent increases in ipsilateral paw
withdrawal thresholds, which also changed across time irrespective of drug treatment
(Figure 1E; Treatment: F316=3.384, p=0.0442; Time: F2.s564569=15.10, p<0.0001;
Interaction: Fg48=2.522, p=0.0187). APAP, at doses of 30 (p=0.0028) and 300 mg/kg
(p<0.0001), increased mechanical thresholds of the CFA-injected (ipsilateral) paw of
female mice relative to the vehicle-treated group. APAP (300 mg/kg) increased ipsilateral
paw withdrawal thresholds at 30 (p=0.0017) and 90 minutes post-injection (p=0.0042).
Pharmacological treatments did not alter paw withdrawal thresholds contralateral to CFA
injection (Figure 1F; Treatment: F316=0.5173, p=0.6763; Time: F25764122=2.455,
p=0.0850; Interaction: Fo48=1.025, p=0.4344).
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2.3. DAGL inhibitors, RHC-80267 and D034, attenuate the anti-allodynic effect of
APAP in CFA-induced inflammatory pain.

Pre-treatment with RHC-80367 (20 mg/kg) did not alter paw withdrawal thresholds in the
CFA-injected (ipsilateral) paw of male mice 30 minutes after treatment (Figure 2A, Data
not shown; F324=2.317, p=0.1011). In CFA-injected mice receiving RHC80267/vehicle
pretreatment prior to APAP/vehicle, paw withdrawal threshold changed as a function of
drug treatment and in a time dependent manner and withdrawal thresholds also changed
across time irrespective of pharmacological treatment (Figure 2A; Treatment:
F324=12.27, p<0.0001; Time: F241657.99=9.10, p=0.0002; Interaction: Fo72=4.183,
p=0.0002). In male mice, APAP, administered at a dose of 300 mg/kg (i.p.) following
vehicle pre-treatment (Veh-APAP), increased mechanical paw withdrawal thresholds in
the CFA-injected paw overall in comparison to groups that received either vehicle (vs.
Veh-Veh, p<0.0001) or RHC-80267 (vs. RHC-Veh, p<0.0001) prior to vehicle treatment.
RHC-80267 pretreatment before APAP blocked the anti-allodynic effect of APAP in male
mice (vs. RHC-APAP; p=0.0021). APAP (300 mg/kg, i.p.) induced reliable anti-allodynic
efficacy at 30 minutes post injection in comparison to groups pretreated with either vehicle
or RHC-80267 prior to vehicle treatment (vs. Veh-Veh, p=0.0005; vs RHC+Veh,
p=0.0029).

APAP (300 mg/kg, i.p.) administration following vehicle pre-treatment (Veh-APAP) also
increased paw withdrawal thresholds in the CFA-injected paw overall in female mice
(Figure 2B; Treatment: F316=19.49, p<0.0001; Time: F231937.10=3.315, p=0.0408;
Interaction: Fo948=3.813, p=0.0011) relative to either vehicle-vehicle or RHC-Veh
treatment (p<0.0001 for each comparison). Pretreatment with RHC80267 blocked the
anti-allodynic effect of APAP (VEH-APAP vs. RHC-APAP, p=0.0003). APAP (Veh-APAP)
elevated paw withdrawal thresholds in the CFA-injected paw at 30- and 90-minutes post
treatment, in comparison to control groups that were given only vehicle (vs. Veh-Veh, 30
min: p=0.0017, 90 min: p=0.0042) and/or RHC (vs. RHC-Veh, 30 min: p=0.0054). RHC-
80267 blocked the anti-allodynic effect of APAP at 30- and 90-minutes post treatment (vs.
RHC-APAP, 30 min: p=0.0165, 90 min: p=0.0128) in female mice with CFA-induced

inflammatory pain (Figure 2B).
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APAP (300 mg/kg, i.p.), administered after vehicle pretreatment (Veh-APAP) increased
paw withdrawal thresholds in the CFA-injected paw of male mice compared to either
vehicle (vs. Veh-Veh, p<0.0001) or DO34 (30 mg/kg) alone (DO34-Veh, p=<0.0001)
(Figure 2C; Treatment: F320=9.825, p=0.0003; Time: F2s857,57.13=1.940, p=0.1360;
Interaction: Fo,60=1.887, p=0.0713). One-way ANOVA revealed DO34 30 mg/kg (i.p.) did
not alter paw withdrawal thresholds in the CFA-injected (ipsilateral) paw (Data not shown;
F320=2.106, p=0.1315). Pre-treatment with DO34 30 minutes before APAP injection
attenuated the anti-allodynic effect of APAP in the CFA injected paw (vs. DO34-APAP,
p=0.0003). No interaction of time and treatment was detected in this subset of

experiments with male mice

Similarly, DO34 30 mg/kg did not alter mechanical paw withdrawal thresholds in female
mice receiving intraplantar CFA (Figure 2D; Treatment: F319=11.39, p=0.0002; Time:
F2.523,47.94=2.308, p=0.0982; Interaction: Fo57=1.564, p=0.1485). APAP (300 mg/kg, i.p.),
administered after pretreatment with vehicle (Veh-APAP) elevated mechanical paw
withdrawal thresholds in the CFA-injected paw relative to groups pretreated with vehicle
that subsequently received either vehicle or DO34 (30 mg/kg) (vs. Veh- Veh, p<0.0001;
vs. DO34-Veh, p<0.0001). DO34 pretreatment prior to APAP blocked the anti-allodynic
effect of APAP in the CFA-injected paw in female mice (vs. DO34-APAP, p=0.0071). No

interaction between treatment and time was detected.

RHC-80267 did not alter paw withdrawal thresholds in the contralateral paw of male mice
(Supplemental Figure 1A, Data not shown; F324=1.108, p=0.3654). Moreover, no
changes in paw withdrawal thresholds were detected in the contralateral paw of CFA-
injected male or female mice during the course of the study (Supplementary Figure 1A;
Treatment: F324=1.260, p=0.3105; Time: F2.707,64.96=0.5988, p=0.6014; Interaction:
Fo,72=0.3182, p=0.9665; Supplementary Figure 1B; Treatment: F316=1.351, p=0.2933;
Time: F2.6454232=0.290, p=0.8528; Interaction: F945=1.053, p=0.4137). Similarly, DO34
(30 mg/kg, i.p.) alone did not alter paw withdrawal threshold of the contralateral paw of
CFA-injected male mice (Supplemental Figure 1C, Data not shown; F320=1.513,
p=0.2417). No alterations in the paw withdrawal thresholds were observed in the

contralateral paws of CFA-injected male and female mice (Supplementary Figure 1C;
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Treatment: F320=1.148, p=0.3540; Time: F2.59451.89=0.1358, p=0.9179; Interaction:
Fo,60=0.9860, p=0.4610; Supplementary Figure 1D; Treatment: F319=1.677, p=0.2057;
Time: F2.415,45.88=0.4300, p=0.6904; Interaction: Fo,57=1.121, p=0.3633).

2.4. Global, but not peripherally restricted CB1 receptor antagonists attenuate the

effect of APAP on CFA-induced inflammatory pain mice.

The CB1 antagonist AM251 (5 mg/kg i.p.) blocked the anti-allodynic effect of APAP in the
CFA-injected paw (Figure 3A; Treatment: F327=12.40, p<0.0001; Time: F2.42,71.33=9.900,
p<0.0001; Interaction: F981=6.107, p<0.0001). Pre-treatment with AM251, by itself, did
not alter the mechanical threshold of the CFA-injected (ipsilateral) paw compared to pre-
injection levels (Fsz27=1.774, p=0.1759). Paw withdrawal thresholds were lower in the
AM251-Veh group compared to Veh-Vah group (p=0.0222) but did not differ from the post-
CFAthreshold determined prior to pharmacological manipulations (vs. 30 minutes p>0.99;
vs 90 minutes p=0.61; vs 240 minutes p>0.99). APAP elevated paw withdrawal thresholds
in the CFA-injected (ipsilateral) paw (Veh-APAP), in comparison to control groups
receiving either vehicle or AM251 alone (vs. Veh-Veh, p=0.0222; vs. AM251-Veh,
p<0.0001). AM251 attenuated the anti-allodynic effect of APAP’S antiallodynic effect in
CFA-injected paw of male mice (Veh-APAP vs. AM251-APAP, p<0.0001). APAP elevated
paw withdrawal thresholds in the CFA-injected paw at 30- and 90-minutes post treatment
relative to vehicle (vs. Veh-Veh, 30 min: p=0.0043, 90 min: p=0.0254) or AM251 alone
(vs. AM251-Veh, 30 min: p=0.0002; 90 min: P=0.0004). AM251 attenuated the anti-
allodynic effect of APAP at 30 and 90 minutes after treatment (30 min: p=0.0093, 90 min:
p=0.0056)

In females, APAP treatment (Veh-APAP) increased paw withdrawal threshold in the CFA-
injected paw across the observation interval and in a time-dependent manner (Figure 3B;
Treatment: F327=14.98, p<0.0001; Time: F2.4666659=14.66, p<0.0001; Interaction:
Fo,81=4.850, p<0.0001) in comparison to control groups treated with Vehicle (vs. Veh-Veh,
p<0.0001) or AM251 (vs. AM251-Veh, p=0.0005). The CB1 antagonist AM251, given
before APAP, blocked the anti-allodynic effect of APAP in female mice (vs. AM251-APAP,
p<0.0001). APAP increased mechanical paw withdrawal thresholds in the CFA-injected
paw at 30 and 90 minutes after administration (vs. Veh-Veh, 30 min: p<0.0001, 90 min:
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p=0.0007; vs. AM251-Veh, 30 min: p=0.0164, 90 min p=0.0199). AM251 blocked the anti-
allodynic effect of APAP at both 30- and 90-minutes post treatment (vs. Veh-APAP, 30
min: p=0.0020, 90 min: p=0.0480).

The peripherally restricted CB1 receptor antagonist AM6545 (10 mg/kg) did not alter paw
withdrawal thresholds in the CFA-injected paw in male mice (Figure 3C, ipsilateral paw,
data not shown, F320=0.0125, p=0.9980). Subsequent APAP treatment increased paw
withdrawal thresholds in the CFA-injected paw overall and in a time-dependent manner
(Figure 3C; Treatment: F320=5.833, p=0.0049; Time: F2.5825164=9.367, p=0.0001;
Interaction: Fo60=3.641, p=0.0011). compared to control groups receiving vehicle or
AM6545 (vs. Veh-Veh, p=0.0150; AM6545-Veh, p=0.0064). AM6545 did not attenuate the
anti-allodynic effect of APAP in male mice (vs. AM6545-APAP, p>0.9999) under conditions
in which APAP elevated paw withdrawal thresholds compared to control groups (vs. Veh-
Veh, p=0.0023; vs. AM6545-Veh, p=0.0009). APAP elevated mechanical paw withdrawal
thresholds in the CFA-injected paw in comparison to the control group receiving vehicle
(vs. Veh-Veh, p=0.0494). APAP elevated paw withdrawal relative to groups treated with
vehicle or AM6545 at 30 minutes (p=0.0165 for each comparison) post-injection, whereas
paw withdrawal thresholds in the group receiving the combination of AM6545 and APAP
were higher than those observed in the Veh-Veh group (vs. Veh-Veh, p=0.0006)

In female mice, APAP increased paw withdrawal thresholds in the CFA-injected paw
(Figure 3D; Treatment: F326=12.39, p<0.0001; Time: F231460.16=14.64, p<0.0001;
Interaction: Fg,78=3.538, p=0.0010) irrespective of AM6545 pre-treatment. APAP elevated
paw withdrawal thresholds (vs. Veh-Veh, p<0.0001), regardless of pre-treatment with
AMG6545 (vs. Veh-Veh, p<0.0001). APAP treatment elevated paw withdrawal thresholds
at 30- and 90-minutes post treatment, relative to the vehicle-treated group (vs. Veh-Veh,
30 min: p=0.0026, 90 min: p=0.0028). Treatment with AM6545 followed by APAP also
increased paw withdrawal thresholds in the CFA-injected paw in female mice at 30
minutes post injection (vs. Veh-Veh, p=0.0107). Although AM6545 alone was associated
with higher paw withdrawal thresholds than the control group (vs. Veh-Veh, p=0.0380),

withdrawal thresholds did not differ from post-CFA pre-injection thresholds at any post-
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injection timepoint (vs 30 minutes p=0.1546; vs 90 minutes p>0.99; vs 240 minutes
p=0.5057) (Figure 3D).

Treatment with AM251 or AM6545 in the presence or absence of APAP did not alter paw
withdrawal thresholds in the paw contralateral to CFA injection in male mice
(Supplemental Figure 2A, data not shown, F328=0.3904, p=0.7608; Supplemental
Figure 2C, data not shown, F320=1.069, p=0.3844). Furthermore, no group differences in
paw withdrawal thresholds were detected in the contralateral paw in either male and
female mice throughout the course of the study or following administration of different
pharmacological treatments (Supplemental Figure 2A; Treatment: F325=0.7344,
p=0.5403; Time: F2947,8251=1.279, p=0.2871; Interaction: Fg84=1.203, p=0.3045;
Supplemental Figure 2B; Treatment: F325=2.164, p=0.1175; Time: F2.91572.88=0.1801,
p=0.9050; Interaction: Fo,75=0.3695, p=0.9461; Supplemental Figure 2C; Treatment:
F3,20=1.939, p=0.1557; Time: F2.636,5272=0.3209, p=0.7846; Interaction: Fg,60=0.9353,
p=0.5018; Supplemental Figure 2D; Treatment: F326=1.290, p=0.2987; Time:
F2.782,72.32=0.7108, p=0.5386; Interaction: Fg,78=0.7765, p=0.6384).

We also examined whether a structurally distinct CB1 receptor antagonist, Rimonabant
(5 mg/kg, i.p.), would block the anti-allodynic effect of APAP in male mice with CFA-
induced inflammatory pain. In this study, intraplantar CFA decreased paw withdrawal
thresholds in the ipsilateral (Supplemental Figure 3A), but not in the contralateral paw
(Supplemental Figure 3B). Rimonabant alone did not alter paw withdrawal thresholds
of either the ipsilateral (data not shown, F328=1.300, p=0.2939) or contralateral paw (data
not shown, F328=1.327, p=0.2856) compared to vehicle treatment. APAP elevated paw
withdrawal thresholds in the CFA-injected paw (Supplemental Figure 3A; Treatment:
F328=14.42, p<0.0001; Time: F2s811,78.81=5.464, p=0.0023; Interaction: Fos4=7.180,
p<0.0001) in comparison to control groups receiving either vehicle or Rimonabant alone
(vs. Veh-Veh, p=0.0001, vs. Rimonab-Veh, p<0.0001). Rimonabant, given 30 minutes
before APAP, attenuated the anti-allodynic effect of APAP (vs. Rimonab-APAP, p<0.0001).
APAP effectively attenuated allodynia in CFA-injected male mice at 30- and 90-minutes
post treatment (vs. Veh-Veh, 30 min: p=0.0052, 90 min: p=0.0082; vs. Rimonab-Veh, 30
min: p=0.0025, 90 min: p=0.0004). Combination treatment with Rimonabant and APAP
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only transiently elevated paw withdrawal thresholds relative to rimonabant alone at 90
minutes post-injection (vs. Rimonab-Veh, p=0.0031), but thresholds did not differ in
comparison to the vehicle group (vs Veh-Veh, p>0.99). Rimonabant attenuated the
antiallodynic effect of APAP at 30- and 90-minutes post final injection (vs. Rimonab-APAP,
30’ p=0.0128, 90’ p=0.0221). None of the pharmacological treatments altered withdrawal
thresholds in the contralateral paw (Supplemental Figure 3B; Treatment: F328=0.1319,
p=0.9403; Time: F2.68575.19=1.310, p=0.2779; Interaction: Fg,84=1.349, p=0.2247).

2.5. APAP attenuated mechanical allodynia in a model of incisional injury-induced

post-surgical pain.

Incisional injury of the hind paw lowered paw withdrawal threshold of the ipsilateral paw
of male and female mice, relative to baseline in all studies. No differences were detected

in the paw withdrawal threshold of the contralateral paw to incisional injury.

Oral (p.o.) administration of APAP increased ipsilateral paw withdrawal thresholds overall
and in a time-dependent manner and paw withdrawal thresholds also changed across
time irrespective of drug treatment (Figure 4A: Treatment: F 2,60=15.92, p<0.0001; Time:
F3,60=7.313, p=0.0003; Interaction: Fe60=4.125, p=0.0016). APAP at 100 and 300 mg/kg
(p.0.) increased paw withdrawal thresholds in incisional-injury (ipsilateral) paw in male
mice, in comparison to vehicle-treated group (Figure 4A). APAP elevated paw withdrawal
thresholds at 30 (APAP 100 p=0.0453; APAP 300 p=0.0259) and 90 min post-injection
(APAP 100 p=0.0024; APAP 300 p=0.0003), relative to the vehicle-treated group. No
alterations in paw withdrawal thresholds were detected in the contralateral paw of male
mice after pharmacological treatments (Figure 4B; Treatment: F215=0.0449, p=0.9561;
Time: F2.193,32.00=0.7018, p=0.5155; Interaction: Fe,45=0.8998, p=0.5034).

2.6. RHC-80267 and DO34 attenuate the antiallodynic effect of APAP in a model
of incisional injury-induced post-surgical pain.

In general, prior to pharmacological treatments, incisional injury lowered mechanical paw
withdrawal thresholds of the ipsilateral hind paw, relative to baseline in male and female
mice in all studies. APAP (300 mg/kg p.o.; Veh-APAP) increased paw withdrawal
thresholds in male mice in the ipsilateral (injured) paw across the observation interval and

in a time-dependent manner (Figure 5A; Treatment: F320=5.202, p=0.0081; Time:

17


https://doi.org/10.1101/2025.05.08.652937
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.08.652937; this version posted May 13, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

F2.537,50.75=6.549, p=0.0014; Interaction: F9,60=3.210, p=0.0031) in comparison to control
groups given only vehicle (vs. Veh-Veh, p<0.0001) or RHC-80267 (vs. RHC-Veh,
p=0.0051), consistent with anti-allodynic efficacy of APAP. Pre-treatment with RHC
blocked the anti-allodynic effect of APAP in male mice with incisional injury (vs. RHC-
APAP, p=0.0082). APAP (300 mg/kg, p.o.) preferentially increased paw withdrawal
thresholds in the injured paw in comparison to control groups, at 90 minutes post injection
(vs. Veh-Veh, p=0.006; vs. RHC-Veh, p=0.0078).

APAP (300 mg/kg, p.o.) also increased paw withdrawal thresholds in the injured paw of
female mice (Figure 5B; Treatment: F320=10.07, p=0.0003; Time: F2.189,43.77=2.145,
p=0.1250; Interaction: Foe0=1.421, p=0.1995). APAP, administered after pretreatment
with vehicle, increased paw withdrawal thresholds in the injured paw compared to female
mice receiving only vehicle (vs. Veh-Veh, p<0.0001) or RHC-80267 (vs. RHC-Veh,
<0.0001). Pre-treatment with RHC-80267 blocked the anti-allodynic effect of APAP in
female mice with incisional injury (vs. RHC-APAP, p=0.0011).

DO34 (30 mg/kg) pre-treatment attenuated the anti-allodynic effect of APAP in the
incisional injury model (Figure 5C; Treatment: F320=8.708, p=0.0007; Time:
F2.2184435=6.206, p=0.0032; Interaction: F960=3.387, p=0.0020). Paw withdrawal
thresholds were higher overall in the APAP (300 mg/kg, p.o.) group (Veh-APAP), in
comparison to groups receiving either vehicle (vs. Veh-Veh, p<0.0001), DO34 alone (vs.
DO34-Veh, p<0.0001) or DO34 prior to APAP (vs. DO34-APAP, p<0.0001). APAP
elevated paw withdrawal thresholds at 30 and 90 minutes after injection in male mice with
incisional pain, when compared to all groups that did not receive APAP (vs. Veh-Veh 30
min: p=0.0122, 90 min: p=0.0214; vs. DO34-Veh, 30 min: p=0.0229, 90 min: p=0.0293).
D034 maximally attenuated the therapeutic effect of APAP 30 minutes post treatment (vs.
DO34-APAP, p=0.0394).

APAP (Veh-APAP) increased paw withdrawal thresholds in female mice with incisional
injury across the observation interval and in a time-dependent manner (Figure 5D;
Treatment: F320=8.442, p=0.0008; Time: F2.06641.33=6.883, p=0.0024; Interaction:
Fo,60=4.388, p=0.0002) compared to treatment with either vehicle or DO34 alone (Veh-
Veh, p<0.0001; vs. DO34-Veh, p<0.0001). Pre-treatment with DO34 attenuated the anti-
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allodynic effect of APAP in female mice with incisional pain (vs. DO34-APAP, p=0.0003).
APAP treatment (Veh-APAP) increased paw thresholds at 30 and/or 90 minutes after
injection in compared to groups that were not given APAP (vs. Veh-Veh 30 min: p=0.0465,
90 min: p=0.0011; vs. DO34-Veh 90 min: p=0.0019). DAGL inhibitor, DO34 (30 mg/kg,
i.p.) effectively attenuated the anti-allodynic effect of APAP in female mice with incisional
pain at 90 minutes post treatment with APAP (vs. DO34—- APAP, p=0.0018)).

Neither the surgical procedure or any of the pharmacological treatments altered
withdrawal thresholds in the paw contralateral to incisional injury in either male or female
mice (Supplementary Figure 4A; Treatment: F320=0.1950, p=0.8985; Time:
F2.851,57.02=0.9214, p=0.4324; Interaction: Fo,60=1.189, p=0.3189; Supplementary Figure
4B; Treatment: F320=1.272, p=0.3108; Time: F2.430,48.60=2.609, p=0.0735; Interaction:
Fo,60=0.2853, p=0.9763; Supplementary Figure 4C; Treatment: F320=0.1931, p=0.8998;
Time: F2.446,4893=1.354, p=0.2686; Interaction: F960=1.633, p=0.1263; Supplementary
Figure 4D; Treatment: F320=0.7376, p=0.5419; Time: F2.936,58.73=0.8237, p=0.4839;
Interaction: Fg,60=1.710, p=0.1064).

2.7. Global CB1 receptor antagonist attenuates the anti-allodynic effect of APAP in

a model of incisional injury-induced post-surgical pain in mice

The CB1 receptor antagonist, AM251, attenuated the anti-allodynic effect of APAP in
incisional injury-induced post-surgical pain across the observation interval and in a time-
dependent manner (Figure 6A; Treatment: F320=9.131, p=0.0005; Time:
F2.504,51.88=1.678, p=0.1889; Interaction: Fo60=4.293, p=0.0002). APAP elevated paw
withdrawal thresholds in the paw ipsilateral to incisional injury in male mice (Figure 6A),
relative to control groups not treated with APAP (vs. Veh-Veh, p<0.0001; vs. AM251-Veh,
p<0.0001). The CB1 antagonist, AM251, attenuated the anti-allodynic effect of APAP in
male mice (vs. AM251-APAP, p=0.0020). APAP effectively attenuated incisional injury-
induced mechanical hypersensitivity at 90 minutes following oral administration (p.o.) (vs.
Veh-Veh, p=0.0006; vs. AM251-Veh, p=0.0007), and AM251 blocked this therapeutic
effect (vs. AM251-ACAP, p=0.0009)

In female mice with incisional injury, APAP (Veh-APAP) increased paw withdrawal
thresholds (Figure 6B; Treatment: F320=35.91, p<0.0001; Time: F26145228=2.447,
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p=0.0819; Interaction: F9,60=1.208, p=0.3074) overall relative to groups receiving either
vehicle or AM251 alone (Figure 6B; Veh-Veh, p<0.0001; vs. AM251-Veh, p<0.0001).
AM251 (5 mg/kg, i.p.) given 30 minutes before APAP treatment, attenuated the anti-
allodynic of APAP in the injured paw (vs. AM251-APAP, p=0.0005). Paw withdrawal
thresholds were lower in the group receiving combination treatment with AM251 (i.p.) and
APAP (p.o.) than the group receiving AM251 alone through the course of study (vs.
AM251-Veh, p=0.0187), but did not differ from the group receiving vehicle alone
(p=0.1583). Neither surgery nor pharmacological treatments altered paw withdrawal
thresholds in the paw contralateral to incisional injury in either male or female mice
(Supplemental Figure 5A; Treatment: F320=1.342, p=0.2890; Time: F2.626,52.52=0.8230,
p=0.4733; Interaction: Fo60=1.288, p=0.2626; Supplemental Figure 5B; Treatment:
F3,20=20.79, p=0.3736; Time: F25245049=2.417, p=0.0869; Interaction: F960=0.3178,
p=0.9661).

2.8. DAGL inhibitor RHC-80267 does not attenuate cannabimimetic effects of a high
dose of APAP.

APAP (300 mg/kg, i.p.) (Veh-APAP) reduced body temperature in otherwise naive male
mice across the observation interval and in a time-dependent manner (Figure 7A,
Treatment: F325=9.418, p=0.0002; Time: F2.1125281=31.79, p=<0.0001; Interaction:
Fo75=12.92, p<0.0001); APAP reduced body temperature overall compared to groups
receiving only vehicle or RHC-20267 (20 mg/kg, i.p.) (vs. Veh-Veh, p<0.0001; vs. RHC-
Veh, p<0.0001). Pre-treatment with DAGL inhibitor, RHC-80267 (RHC— APAP), did not
attenuate hypothermia in male mice (vs. Veh-Veh, p<0.0001; vs. RHC-Veh, p<0.0001; vs.
Veh-APAP, p<0.0001). APAP decreased body temperature at 30- and 90-minutes post
treatment, when compared to control groups that were not given APAP (vs. Veh-Veh, 30
min: p<0.0001, 90 min: p<0.0001; vs. RHC-Veh, 30 min: p<0.0001, 90 min: p=0.0023).
Similarly, mice that received APAP following pre-treatment with the DAGL inhibitor, RHC-
80267, showed reductions in body temperature at 30- and 90-minutes post treatment with
APAP (vs. Veh-Veh, 30 min: p<0.0001, 90 min: p<0.0001; vs RHC-Veh, 30 min: p<0.0001,
90 min: p=0.0113), which did not differ from treatment with APAP alone (vs. RHC— APAP,

p>0.9999). Treatment with APAP did not alter tail flick latencies in otherwise naive male
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mice (Figure 7B, Treatment: F326=1.268, p=0.3060; Time: F2.367,61.55=1.553, p=0.2166;
Interaction: Fo,78=0.9100, p=0.5211).

Activity meter parameters (i.e., paramaters at baseline) did not differ between
experimental groups prior to pharmacological manipulations in any of the parameters
(p>0.05 for each parameter). With respect to total distance traveled, a main effect of time
and significant interaction between time and treatment were detected (Figure 7C,
Treatment: F325=1.277, p=0.3038; Time: F1,25=25.02, p<0.0001; Interaction: F325=3.858,
p=0.0214). APAP decreased total distance traveled after drug treatment, when compared
to baseline levels (Veh-APAP, p=0.0001; RHC-APAP, p=0.0183).

APAP treatment altered rest time in the activity meter overall in a time-dependent manner
and rest time also differed across time irrespective of pharmacological manipulations
(Figure 7D, Treatment: F3,25=5.032, p=0.0073; Time: F1,25=152.7, p<0.0001; Interaction:
F325=19.87, p<0.0001). APAP (Veh-APAP) increased rest time overall in comparison to
Veh-Veh group (p=0.0301) and mice given RHC-APAP showed higher rest time compared
to both control groups (vs. Veh-Veh, p=0.0002; vs. RHC-Veh, p=0.0017). Mice receiving
Veh-APAP showed greater post-injection rest time compared to control conditions (vs.
Veh-Veh, p=0.0013; vs. RHC-Veh, p=0.0062), irrespective of pre-treatment with RHC-
80267 (RHC/APAP vs. Veh-Veh, p<0.0001; vs. RHC -Veh, p=0.0002). Comparison to
baseline also indicated greater rest time in the APAP group irrespective of pre-treatment
with RHC-80267 (Veh-APAP p<0.0001; RHC-APAP p<0.0001).

APAP also decreased vertical time in the activity meter overall and in a time-dependent
manner (Figure 7E, Treatment: F325=5.571, p=0.0042; Time: F125=81.61, p<0.0001;
Interaction: F325=8.639, p=0.0004). Overall, treatment with Veh-APAP decreased vertical
time compared to vehicle (Veh-APAP, p=0.0017). RHC-APAP treatment reduced vertical
time in comparison to all control groups (vs Veh-Veh, p=0.0002; vs RHC-Veh p=0.0258)
(Figure 7E). Specifically at post-drug time point, Veh-APAP lowered vertical time when
compared to control groups that did not receive APAP (vs. Veh-Veh, p=0.0002; vs RHC-
Veh, p=0.0245), irrespective of pre-treatment with RHC (RHC-APAP vs. Veh-Veh,
p<0.0001, vs. RHC-Veh, p=0.0098). Treatment with Veh-APAP, RHC-APAP and RHC-
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Veh reduced vertical time in comparison to respective baseline numbers (Veh-APAP
p<0.0001; RHC-APAP p<0.0001; RHC-Veh p<0.0410).

APAP also reduce center time in the activity meter post-injection, and center time also
changed across time (Figure 7F, Treatment: F325=2.559, p=0.0777; Time: F1,25=44.09,
p<0.0001; Interaction: F325=5.062, p=0.0071). Veh-APAP (p=0.0190) and RHC-APAP
(p=0.0023) groups showed reduced center time compared to control Veh-Veh.
Accordingly, these groups also showed less time in the center in comparison to their
respective baseline numbers (Veh-APAP, p<0.0001; RHC-APAP, p<0.0001).

2.9. CBf1 receptor antagonist, AM251, does not attenuate side effects of high dose

APAP treatment in naive mice.

The APAP-induced reduction of body temperature observed in otherwise naive mice was
not mediated by CB1 receptors (Figure 8A, Treatment: F328=18.37, p<0.0001; Time:
F2577,7215=1.879, p=0.1488; Interaction: Fo84=11.23, p<0.0001). APAP (300 mg/kg)
decreased body temperature compared with groups treated with vehicle (vs. Veh-Veh,
p<0.0001) or AM251 alone (AM251-Veh, p<0.0001), regardless of pre-treatment with CB1
receptor antagonist, AM251 (AM251-APAP vs Veh-Veh, p<0.0001, vs. AM251-Veh,
p<0.0001) (Figure 8A). APAP lowered body temperature at 30- and 90- minutes post-
injection, relative to control groups receiving vehicle or AM251 alone (vs. Veh-Veh, 30
min: p=0.0018, 90 min: p<0.0001; vs. AM251-Veh, 30 min: p=0.0113, 90 min: p<0.0001)
or APAP following AM251 pre-treatment (vs. Veh-Veh, 30 min: p<0.0001, 90 min:
p=0.0004; vs. AM251-Veh, 30 min: p=0.0003, 90 min: p=0.0022). None of the
pharmacological treatments altered tail-flick latencies in otherwise naive mice (Figure
8B, Treatment: F328=0.6814, p=0.5708; Time: F2.522,70.62=1.048, p=0.3686; Interaction:
Fo,.84=1.158, p=0.3322).

APAP, with or without AM251 pretreatment, did not reduce total distance travelled in the
activity meter overall and the interaction did not reach statistical significance (Figure 8C,
Treatment: F3,27=2.687, p=0.0664; Time: F1,27=24.34, p<0.0001; Interaction: F3,27=0.7625,
p=0.5250).
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A hypolocomotion phenotype was evidenced by an APAP-induced increase in rest time
in the activity meter (Figure 8D, Treatment: F327=4.366, p=0.0125; Time: F1,27=82.63,
p<0.0001; Interaction: F327=7.727, p=0.0007). APAP (Veh-APAP) increased rest time
overall compared to control groups receiving Veh-Veh or Veh-AM251 (vs. Veh-Veh,
p=0.0142, vs. AM251-Veh, p=0.0045), and rest time was elevated in groups receiving the
combination of AM251-APAP, when compared to the AM251-Veh group (p=0.0249). APAP
increased post-injection levels of rest time (vs. Veh-Veh, p=0.0019; vs AM251-Veh,
p=0.0013), irrespective of AM251 pre-treatment (vs. Veh-Veh, p=0.0023, vs. AM251-Veh,
p=0.0016). Accordingly, rest time was reduced compared to baseline numbers in all mice
given APAP (Veh-APAP p<0.0001; AM251-APAP p<0.0001).

APAP also reduced vertical time in the activity meter post-injection (Figure 8E, Treatment:
F3,27=2.550, p=0.0767; Time: F1,27=75.76, p<0.0001; Interaction: F327=6.037, p=0.0028).
Treatment with either Veh-APAP or AM251-APAP lowered vertical time compared to Veh-
Veh or AM251-Veh (Veh-APAP vs. Veh-Veh p=0.0229, vs. AM251-Veh p=0.0409; AM251-
APAP vs Veh-Veh p=0.0283, vs AM251-Veh p=0.0499). In comparison to pre-injection
levels (baseline) of vertical time, APAP also reduced vertical time irrespective of pre-
treatment with AM251 (Veh-APAP p<0.0001; AM251-APAP p<0.0001, Figure 8E).

APAP, administered alone or following AM251 pre-treatment, did not alter time spent in
the center of the activity meter overall in comparison to vehicle or AM251 alone but the
interaction between treatment and time was significant (Figure 8F, Treatment:
F3,27=0.0356, p=0.9908; Time: F1,27=40.01, p<0.0001; Interaction: F3,27=3.045, p=0.0459).
APAP decreased time in the center of the apparatus when compared to their respective
pre-injection (baseline) levels (Veh-APAP p=0.0016; AM251-APAP p<0.0001), but center
time was similar between groups assessed after pharmacological manipulations.
Baseline responding in the activity meter were not different between groups in this subset

of experiments for any of the parameters mentioned above.

Lastly, APAP (100 mg/kg i.p.) did not alter body temperature (Supplemental Figure 7A,
Treatment: F1,56=2.295, p=0.1354; Time: F3,56=2.006, p=0.1236; Interaction: F3,56=0.5643,
p=0.6408), tail-flick latency (Supplemental Figure 7B, Treatment: F1,14=0.1524,
p=0.7022; Time: F1.977,2768=0.1558, p=0.8542; Interaction: F342=0.4211, p=0.7388),
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distance traveled, rest time, vertical time or center time in the activity meter apparatus
(Supplementary Figure 7C-F; 7C, Treatment: F114=0.5245, p=0.4808; Time:
F1,14=0.0570, p=0.8146; Interaction: F1,14=0.0063, p=0.9376); 7D, Treatment:
F1,14=0.0009, p=0.9761; Time: F1,14=5.463, p=0.0348; Interaction: F1,14=1.987, p=0.1804;
7E, Treatment: F1,14=0.6794, p=0.4236; Time: F1,14=5.591, p=0.0330; Interaction:
F1,14=3.928, p=0.0675; 7F, Treatment. F1,14=0.0002, p=0.9877; Time: F1,14=5.493,
p=0.0344; Interaction: F1,14=0.0550, p=0.8179).

3. Discussion

Treatment with APAP has previously been shown to suppress pathological pain in
different rodent models [5,22,23]. Here we show that APAP attenuates inflammatory and
post-surgical pain in mice through a mechanism that requires both the enzyme DAGL and
CB1 cannabinoid receptors. In our studies, the antinociceptive effect of APAP in these
models was blocked by pre-treatment with DAGL inhibitors or global CB1 receptor
antagonists. Importantly, these results were validated in two mechanistically distinct
preclinical pain models, in both sexes, in two different strains of mice and using two

different routes of administration (i.p. and p.o.).

APAP exerted a dose-dependent antinociceptive effect in male and female mice with
CFA-induced inflammatory pain. Not surprisingly, APAP did not exert any effect on CFA-
induced paw edema, since it does not possess a strong anti-inflammatory property [24].
In addition, throughout all experiments, we did not detect significant alterations in the
mechanical threshold of the contralateral paw in either inflammatory or incisional injury
models in mice, which suggests no alteration in the normal mechanical threshold in the
absence of injury. Furthermore, APAP did not produce spinally-mediated antinociception
in the tail-immersion test. By contrast, the analgesic efficacy of the high dose of APAP
(300 mg/kg i.p.) was reliable throughout the course of testing in both the CFA model and
the incisional injury and was also shown to be efficacious in both male and female mice

in each model.

APAP (300 mg/kg i.p.) reduced body temperature and produced hypolocomotion, but
these effects of APAP were not mediated by CB1 or DAGL in our studies. Previous work

has reported important discrepancies in thermal (i.e. heat) responses after APAP
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treatment. Rodent models of acute nociception show that APAP treatment can lead to
increases in latency to paw or tail withdrawal in the hot plate and tail-flick tests,
respectively [25,26], or no effect in thermal responses [27], which agrees with our findings.
In fact, initial reports of the antinociceptive effects of APAP have mainly focused on acute
in vivo models of nociception (e.g. hot plate test, paw pressure test) [6,28]. To reliably
translate the therapeutic potential of APAP, testing in robust preclinical models of

pathological pain is needed.

In our studies, systemic administration of APAP at 300 mg/kg (i.p. or p.o.) consistently
attenuated CFA and incisional injury-induced mechanical allodynia in male and female
mice of different strains. The antinociceptive effect of APAP and its pharmacological
mechanisms seem to be classically linked to multiple targets within the endocannabinoid
system. Our groups showed that the biosynthesis of 2-AG in the PAG is mediated by a
DAGLalpha-dependent mechanism and suppresses stress-induced analgesia through a
CB1 dependent mechanism [13]. Production and mobilization of endogenous ligands
such as 2-AG can produce antinociception in models of pathological pain [13].
Importantly, inhibition of DAGL, the primary enzyme responsible for the synthesis of
endocannabinoid ligand 2-AG, in the ventrolateral periaqueductal grey (VIPAG) abolished
the analgesic action of APAP in rats submitted to the paw immersion test (acute thermal
test) [12]. In the present study, pharmacological inhibition of DAGL using structurally
distinct enzyme inhibitors (RHC-80267 or DO34), reliably attenuated the anti-allodynic
effect of APAP in two different models of pathological pain and in both sexes in mice. This
is the first report indicating the involvement of DAGL in the antinociceptive mechanism of
APAP specifically in models of chronic pain (i.e., inflammatory (CFA) and post-surgical

pain (incisional injury)).

Systemic administration of DAGL inhibitors RHC-80267 or DO34, in the absence of APAP,
did not exert any antinociceptive effect in the inflammatory or post-surgical pain models
at the doses used in the present studies. However, DAGL inhibitors, DO34 or KT109,
administered systemically, attenuated mechanical allodynia in models of LPS-induced
inflammatory pain [29,30], chronic constriction injury-induced neuropathic pain and

chemotherapy-induced neuropathic pain [31]. These effects were abrogated in mice
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lacking the enzyme DAGL [29,31], but not DAGLa [29]. Further studies are necessary
to determine whether the differences in the effect of DAGL inhibitors found in our study
are due to the onset or severity of the pain models, polypharmacology of DAGL inhibiror

or the dose of enzyme inhibitor used.

Administration of APAP leads to production of its active metabolite, AM404, which is
known to modulate activity within the central nervous system. Moreover, pharmacokinetic
analysis indicates that concentrations of AM404 in rat brain is similar to APAP and other
metabolites when APAP is administered in human therapeutic doses (20 mg/kg) [32],
whereas exposure to APAP at 300 mg/kg in rats leads to significant levels of AM404 in
the brain, but not spinal cord, liver or blood. Strikingly, APAP was detected in significant
concentrations in liver and blood, but not in the brain or spinal cord [7]. The PAG has
previously been implicated in APAP-induced analgesia [33]. Administration of APAP into
VIPAG is not sufficient to modify thermal or mechanical thresholds in acute tests of
nociception, but systemic injection of APAP or a vIPAG injection of its metabolites can
lead to antinociception, supporting the hypothesis that APAP needs to be metabolized to
start engaging targets within the central nervous system [12]. AM404 is a known TRPV1
agonist and conversion of APAP into AM404 leads to activation of TRPV1 receptors within
the brain, which is believed to be an important step to achieve the analgesic effect of
APAP [8]. In addition, desensitization of TRPV1 receptors in the brain by
intracerebroventricular injection of a potent TRPV1 agonist, resiniferatoxin, leads to
failure in APAP-induced analgesia in resiniferatoxin-induced licking and biting behavior,
formalin test and acute mechanical nociception [34]. However, TRPV1 blockade is not the
only mechanism through which in vivo effects of APAP can be suppressed. The TRPV1
antagonist capsazepine did not block the antinociceptive effect of AM404, APAP active
metabolite, in the formalin-induced nociception model [35]. Therefore, downstream
targets of TRPV1 such as supraspinal calcium channels [36], metabotropic glutamate
receptors and ultimately DAGL activation, mobilization of 2-AG and CB1 receptor
activation, are likely to represent critical steps in the cascade that contributes to APAP’s

analgesic effects [13,25].
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The endocannabinoid 2-AG is one of the main sources of arachidonic acid (AA) in the
brain [37]. As previously mentioned, AM404 formation requires conjugation of p-
aminophenol to AA [7]. Thus, manipulation of 2-AG metabolism (e.g. DAGL inhibition)
could impact the formation of AM404. In addition, studies have indicated that AM404 can
inhibit the uptake of 2-AG [38], similarly to what is observed with AEA. Increased
availability of 2-AG can lead to TRPV1 and CB1 receptor activation, and in turn, analgesia
[39]. Altogether, these observations suggest that APAP and its metabolite AM404 may
exert their antinociceptive effect by interfering with the metabolism of 2-AG. Parallelly,
inhibition of DAGL, by RHC-80267 and DO34, indeed interfere with 2-AG metabolism and
the formation of AM404, which may reduce the efficacy of APAP.

Here we also report that the antinociceptive effect of APAP in two distinct pain models
was suppressed by CB1 receptor antagonists (AM251 and rimonabant) in male and
female mice. Previous studies indicate that APAP-induced antinociception is dependent
on CB1 receptor activation, as demonstrated by suppression of this effect after
administration of receptor antagonists such as rimonabant, AM251 or AM281, but these
initial reports have mainly relied on in vivo models of acute nociception [6]. Later studies
have demonstrated the antinociceptive effect of APAP in models of pathological pain
[5,25,40], which our findings validate further, using CFA-induced inflammatory pain and
incisional injury in mice. However, the participation of CB1 receptors in the effect of APAP
remains controversial. Even though global antagonists of the CB1 receptor effectively
block the therapeutic effect of APAP, APAP’s mechanism may not solely rely on CB1
receptors because the active metabolite of APAP, AM404, interacts with multiple targets
[41]. The contribution of other targets engaged by AM404 to the antinociceptive effects of
APAP should be further assessed in robust models of pathological pain.

APAP and its active metabolite AM404, exert antinociception that is linked to targets such
as TRPV1, DAGL and CB1 receptors within brain regions such as the rostral ventromedial
medulla (RVM). For instance, administration of rimonabant into the RVM suppresses the
systemic antinociceptive effect of APAP, whereas intra-RVM administration of AM404
mimics the systemic antinociceptive effect of APAP. However, ablation of CB1 receptors

into the RVM is not enough to abrogate the systemic antinociceptive effect of APAP [5].
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Although APAP does not affect spinally mediated antinociception in the tail-flick test, in
vitro, AM404 suppresses excitatory post-synaptic currents in the dorsal horn of the spinal
cord [41]. Local injection of AM404 in the paw also reduced pain behavior in the formalin
model [35]. These latter observations are consistent with our data which demonstrates
that a peripherally restricted CB1 receptor antagonist, AM6545, did not attenuate the
antinociceptive effect of APAP in inflammatory pain induced by CFA injection. Therefore,

these observations reinforce a central mechanism for APAP and AM404.

In our study, APAP (300 mg/kg .p.) produced hypothermia in otherwise naive male mice.
This a phenomenon that occurs in a dose dependent manner, through different routes of
administration, as previously demonstrated [8,25,26]. Although APAP’s antipyretic
mechanism remains unclear, APAP is reported to exert thermoregulatory properties
through inhibition of cyclooxygenase, leading to reduced production of pyrogenic
prostaglandins in the hypothalamus and reduction of fever (for review see [42]). This is a
mechanism that can be dissociated from direct CB1 receptor activation, which also leads
to hypothermia [26]. In fact, other studies have reported that neither CB1, nor opioid
receptors mediate the thermoregulatory properties of APAP [43]. In the present study,
systemic treatment with CB1 receptor antagonist AM251 did not attenuate APAP-induced
hypothermia in naive male mice. Additionally, in otherwise naive mice, systemic inhibition
of the enzyme DAGL, by injection of RHC-80267, did not attenuate APAP-induced
hypothermia in our studies and treatment with DAGL inhibitor alone did not exert an effect
in body temperature. Conversely, treatment with DO34, another DAGL inhibitor, has been
shown to significantly attenuate lipopolysaccharide (LPS)-induced anapyrexia in mice, an
effect that was mitigated in mice lacking the enzyme DAGLa [10]. Therefore, more studies
are necessary to investigate the effects of APAP associated with DAGL inhibitors in animal
models of anapyrexia.

Our data show that mice treated with a high dose of APAP (300 mg/kg), regardless of pre-
treatment with DAGL inhibitor or CB1 receptor antagonist, exhibited a reduction of
locomotor activity that was evidenced by increased rest time (period of inactivity),
decreased vertical time (less time in rearing position) and decreased center time (time

spent in the center of the apparatus), as well as total distance travelled in the apparatus.
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However, these effects were not observed with a lower dose of APAP (100 mg/kg), that
nonetheless was efficacious in the CFA and incisional injury models. The mechanisms by
which APAP produces sedation are not well elucidated. Classical cannabinoid ligands
exert tetrad effect in rodents, which includes hypothermia, reduced locomotor activity,
analgesia and catalepsy, but not all these effects are observed after APAP treatment (lack
of catalepsy), as previously demonstrated [25]. Conversely, the active metabolite AM404,
injected systemically or intracerebroventricularly, did not alter locomotor activity,
emotional behavior or catalepsy in rodents that were otherwise naive or used in a
neuropathic pain model [44,45], and ameliorated motor and sensorimotor deficits in
parkinsonian rats [46]. These therapeutic effects are conflicting, given that other studies
found that AM404 can dose dependently induce hypolocomotion [47], as well as promote
conditioned place preference (CPP) and reverse drug-induced CPP in rats (e.g. nicotine)
[48]. Furthermore, CB1 receptors do not seem to be involved in the motor impairment
induced by APAP [29-31], a conclusion supported by our studies. Thus, it cannot be
concluded that APAP’s side effects are cannabimimetic, and our overall results suggest

a differential mechanism between analgesic and side effect profiles of APAP.

In conclusion, our results demonstrate that APAP shows efficacy in reducing mechanical
hypersensitivity in two different pathological models of pain and in both sexes in mice.
Our data contributes to the elucidation of the pharmacological mechanism of APAP,
suggesting that the analgesic effects of APAP are dependent not only on activation of
CB1 receptors, but also the enzyme DAGL. The present findings also indicate that APAP
exerts its therapeutic effects through the endogenous cannabinoid system, whereas
adverse side effects (hypothermia, hypolocomotion) of APAP are mediated through a

different mechanism.
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Figure Legends

Figure 1. APAP dose-dependently suppresses CFA-induced mechanical hypersensitivity
without altering paw edema in mice. APAP elevated mechanical paw withdrawal threshold
in the (A) CFA-injected (ipsilateral) paw at all doses (30, 100 and 300 mg/kg, i.p.) without
altering responsiveness in the (B) contralateral paw in male mice. APAP did not alter
thickness of the paw (C) ipsilateral or (D) contralateral to CFA injection in male mice. In
female mice, APAP increased mechanical paw withdrawal thresholds in the (E) CFA-
injected (ipsilateral) paw at the doses of 30 and 100 mg/kg, i.p. without altering
responsiveness in the (F) contralateral paw (n = 5-7 per group). Data show mean (x SEM)
for ipsilateral and contralateral paws. Two-way ANOVA followed by Bonferroni’s post hoc
test. Interaction between time points and treatment effect: ** P <0.01, *** P <0.001 Vehicle
vs. APAP 300; # P <0.05 Vehicle vs. APAP 100; ++ P<0.01 Vehicle vs. APAP 30; * P<0.05
APAP 30 VS. APAP 300. Brackets (main treatment effect only): **** P <0.0001 Vehicle vs.
APAP 300; ## P <0.01 Vehicle vs. APAP 100; ++ P<0.01 Vehicle vs. APAP 30; " P<0.05
APAP 30 VS. APAP 300. & P<0.05 APAP 100 vs. APAP 300.

Figure 2. Anti-allodynic effects of APAP are prevented by pharmacological inhibitors of
DAGL in a mouse model of inflammatory pain. DAGL inhibitor RHC-80267 (20 mg/kg, i.p.)
attenuates the anti-allodynic effect of APAP (300 mg/kg, i.p.) in the CFA-injected
(ipsilateral) paw of (A) male and (B) female mice. DAGL inhibitor DO34 (30 mg/kg, i.p.)
attenuates the anti-allodynic effect of APAP (300 mg/kg, i.p.) in the CFA-injected
(ipsilateral) paw of (C) male and (D) female mice. (n = 5-7 per group). Data show mean
(x SEM). Two-way ANOVA followed by Bonferroni’'s post hoc test. Interaction between
time points and treatment effect: ** P <0.01, *** P <0.001 Veh-Veh vs. Veh-APAP; # P
<0.05 Veh-APAP vs. RHC-APA or Veh-APAP vs. DO34-APAP; ++ P<0.01 RHC-Veh vs.
Veh-APAP or DO34-Veh vs. Veh-APAP. Brackets (main treatment effect only):**** P
<0.0001 Veh-Veh vs. Veh-APAP; ## P <0.01, ### P <0.001 Veh-APAP vs. RHC-APAP or
Veh-APAP vs. DO34-APAP; ++++ P<0.0001 RHC-Veh vs. Veh-APAP or DO34-Veh vs.
Veh-APAP.

Figure 3. CB1 receptor antagonist AM251 (5 mg/kg, i.p.) (A, B), but not AM6545 (10
mg/kg, i.p.) (C, D) suppress the anti-allodynic effect of APAP (300 mg/kg, i.p.) evaluated
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in the ipsilateral paw of male (A, C) and female (B, D) mice with CFA-induced
inflammatory pain (n=6-9 per group). Data show mean (+ SEM). Two-way ANOVA
followed by Bonferroni’s post hoc test. Interaction between time points and treatment
effect: * P<0.05, ** P <0.01, *** P <0.001, **** P <0.0001 Veh-Veh vs. Veh-APAP; #P
<0.05, ## P <0.01, Veh-APAP vs. AM251-APAP or Veh-APAP vs. AM6545-APAP; +P
<0.05, +++ P<0.001 AM251-Veh vs. Veh-APAP or AM6545-Veh vs. Veh-APAP; & P<0.05,
&&& P<0.001 Veh-Veh vs. AM6545-APAP. Brackets (main treatment effect only): ** P
<0.01, **** P <0.0001 Veh-Veh vs. Veh-APAP; ## P <0.01, ### P <0.001, #### P <0.0001
Veh-APAP vs. AM251-APAP; ++++ P<0.0001 AM251-Veh vs. Veh-APAP; * P<0.05 Veh-
Veh vs. AM251-Veh; && P<0.01, &&&& P<0.0001 Veh-Veh vs. AM6545-APAP; $$$
P<0.001 AM6545-Veh vs. AM6545-APAP. » P<0.05 Veh-Veh vs. AM6545-Veh.

Figure 4. APAP suppresses mechanical hypersensitivity induced by incisional injury in
the paw (A) ipsilateral but not (B) contralateral to injury. APAP elevated mechanical paw
withdrawal threshold in the (A) ipsilateral paw (injured paw) at all doses (100 and 300
mg/kg, p.o.) without altering responsiveness in the (B) contralateral paw in male mice
(n=6 per group). Data show mean (x SEM) for ipsilateral and contralateral paws. Two-
way ANOVA followed by Bonferroni’s post hoc test. Interaction between time points and
treatment effect: * P <0.05, *** P <0.001 Vehicle vs. APAP 300; # P <0.05, ## P <0.01
Vehicle vs. APAP 100. Brackets (main treatment effect only): *** P <0.001 Vehicle vs.
APAP 300; #i### P <0.0001 Vehicle vs. APAP 100.

Figure 5. Anti-allodynic effects of APAP are prevented by pharmacological inhibitors of
DAGL in a mouse model of post-surgical pain. DAGL inhibitor RHC-80267 (20 mg/kg, i.p.)
suppresses the anti-allodynic effect of APAP (300 mg/kg, p.o) in the ipsilateral paw of (A)
male and (B) female mice with incisional injury (n=6 per group). DAGL inhibitor DO34 (30
mg/kg, i.p.) suppresses the anti-allodynic effect of APAP (300 mg/kg, p.o) in the ipsilateral
paw of (C) male and (D) female mice with incisional injury (n=6 per group). Data show
mean (x SEM). Two-way ANOVA followed by Bonferroni’'s post hoc test. Interaction
between time points and treatment effect: *P<0.05, **P <0.01, ***P <0.001 Veh-Veh vs.
Veh-APAP; #P <0.05, ## P <0.01 Veh-APAP vs. RHC-APAP or Veh-APAP vs. DO34-
APAP; + P<0.05, ++P<0.01 RHC-Veh vs. Veh-APAP or DO34-Veh vs. Veh-APAP.
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Brackets (main treatment effect only): **** P <0.0001 Veh-Veh vs. Veh-APAP; ## P <0.01,
### P <0.001, #### P <0.0001 Veh-APAP vs. RHC-APAP or Veh-APAP vs. DO34-APAP;
++ P<0.01, ++++ P<0.0001 RHC-Veh vs. Veh-APAP or DO34-Veh vs. Veh-APAP.

Figure 6. CB1 receptor antagonist AM251 (5 mg/kg, i.p.) suppresses the anti-allodynic
effect of APAP (300 mg/kg, p.o.) evaluated in the ipsilateral paw of male (A) and female
mice (B) with incisional injury (n=6 per group). Data show mean (x SEM). Two-way
ANOVA followed by Bonferroni’'s post hoc test. Interaction between time points and
treatment effect: *** P <0.001 Veh-Veh vs. Veh-APAP; ### P <0.001, Veh-APAP vs.
AM251-APAP; +++ P<0.001 AM251-Veh vs. Veh-APAP. Brackets (main treatment effect
only): *** P <0.0001 Veh-Veh vs. Veh-APAP; ## P <0.01, ### P <0.001 Veh-APAP vs.
AM251-APAP; ++++ P<0.0001 AM251-Veh vs. Veh-APAP; & p<0.05 AM251-Veh vs.
AM251-APAP.

Figure 7. APAP (300 mg/kg, i.p.) produces hypothermia and hypolocomotion, but not tail
flick antinociception in naive male mice. The DAGL inhibitor RHC-80267 (20 mg/kg) does
not block the side effects induced by APAP. (A) Body temperature of naive male mice
after treatment with Veh-Veh, Veh-APAP, RHC80267-Veh or RHC80267-APAP. (B) (C-F)
Activity meter data reflecting locomotion (center time, rest time, vertical time, and total
distance) 30 minutes after pharmacological manipulations (n=7-8 per group). Data show
mean (x SEM). Two-way ANOVA followed by Bonferroni’'s post hoc test. Interaction
between time points and treatment effect (Panels A and B): **** P <0.0001 Veh-Veh vs.
Veh-APAP; ++ P<0.01, ++++ P<0.0001 RHC-Veh vs Veh-APAP; && P<0.01, &&&&
P<0.0001 Veh-Veh vs. RHC-APAP; $ P<0.05, $$$$ P<0.0001 RHC-Veh vs. RHC-APAP.
Brackets (main treatment effect only, Panel A-F): * P <0.05, ** P <0.01, **** P <0.0001
Veh-Veh vs. Veh-APAP; ++++ P<0.0001 RHC-Veh vs. Veh-APAP; & P<0.05, && P<0.01,
&&& P<0.001, &&&& P<0.0001 Veh-Veh vs. RHC-APAP; $ P<0.05, $$ P<0.01, $$$%
P<0.0001 RHC-Veh vs. RHC-APAP. Lines between bars (interaction treatment and time,
Panel C-F): * P <0.05, ** P <0.01, *** P <0.001, **** P <0.0001 group difference. Symbols
on top of group bars at baseline (Panel C-F): * P <0.05, ** P <0.01, *** P <0.001, **** P

<0.0001 difference from same group at drug administration time point.
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Figure 8. The CB1 receptor antagonist (5 mg/kg, i.p.) does not block the side effects
induced by APAP (300 mg/kg, i.p.). (A) Body temperature of naive male mice after
treatment with APAP. (B) Tail flick latency after treatment with APAP. (C-F) Activity meter
data reflecting locomotion (center time, rest time, vertical time, and total distance) 30
minutes after treatment with APAP (n=7-8 per group). Data show mean (+ SEM). Two-
way ANOVA followed by Bonferroni’s post hoc test. Interaction between time points and
treatment effect (Panels A and B): ** P<0.01, **** P <0.0001 Veh-Veh vs. Veh-APAP; +
P<0.05, ++++ P<0.0001 AM251-Veh vs Veh-APAP; &&& P<0.001, &&&& P<0.0001 Veh-
Veh vs. AM251-APAP; $$ P<0.01, $$$ P<0.001 AM251-Veh vs. AM251-APAP. Brackets
(main treatment effect only, Panel A-F): * P <0.05, **** P <0.0001 Veh-Veh vs. Veh-APAP;
++ P<0.01, ++++ P<0.0001 AM251-Veh vs. Veh-APAP; & P<0.05, &&&& P<0.0001 Veh-
Veh vs. AM251-APAP; $ P<0.05, $$$$ P<0.0001 AM251-Veh vs. AM251-APAP. Lines
between bars (interaction treatment and time, Panel C-F): * P <0.05, ** P <0.01, *** P
<0.001 group difference. Symbols on top of group bars at baseline (Panel C-F): * P <0.05,
**P<0.01, *™* P <0.001, **** P <0.0001 difference from same group at drug administration

time point.
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Supplemental Figure 1. DAGL inhibitor RHC-80267 (20 mg/kg, i.p.) (A, B) or DO34 (30
mg/kg, i.p.) (C, D) and APAP (300 mg/kg, i.p.) do not alter mechanical paw withdrawal
thresholds evaluated in the contralateral paw of male and female mice with CFA-induced
inflammatory pain (n= 5-7 per group). Data show mean (+x SEM) for contralateral paws.

Two-way ANOVA followed by Bonferroni’s post hoc test.

Supplemental Figure 2. AM251 (5 mg/kg, i.p.)(A, B) or AM6545 (10 mg/kg, i.p.)(C, D),
and APAP (300 mg/kg, i.p.) do not alter mechanical threshold evaluated in the
contralateral paw of male and female mice with CFA-induced inflammatory pain (n= 6-9
per group). Data show mean (+ SEM) for contralateral paws. Two-way ANOVA followed

by Bonferroni’s post hoc test.

Supplemental Figure 3. CB1 receptor antagonist Rimonabant (5 mg/kg, i.p.) suppresses
the anti-allodynic effect of APAP (300 mg/kg, i.p.) evaluated in the ipsilateral paw of male
mice with CFA-induced inflammatory pain (A). No alterations were detected in the
mechanical threshold of the contralateral paw in the same mice (B) (n=7-9 per group).
Data show mean (+ SEM). Two-way ANOVA followed by Bonferroni’'s post hoc test.
Interaction between time points and treatment effect: ** P <0.01, Veh-Veh vs. Veh-APAP;
# P <0.05, Veh-APAP vs. Rimonab-APAP; ++ P <0.01, +++ P<0.001 Rimonab-Veh vs.
Veh-APAP; && p<0.01 Rimonab-Veh vs Rimonab-APAP. Brackets (main treatment effect
only): *** P <0.001 Veh-Veh vs. Veh-APAP; #### P <0.0001 Veh-APAP vs. Rimonab-
APAP; ++++ P<0.0001 Rimonab-Veh vs. Veh-APAP.

Supplemental Figure 4. DAGL inhibitors RHC-80267 (20 mg/kg, i.p.) (A, B) or DO34 (30
mg/kg, i.p.) (C, D), and APAP (300 mg/kg, p.o.) do not alter mechanical paw withdrawal
thresholds evaluated in the contralateral paw of male and female mice with incisional
injury (n=6 per group). Data show mean (+ SEM) for contralateral paws. Two-way ANOVA

followed by Bonferroni’s post hoc test.

Supplemental Figure 5. AM251 (5 mg/kg, i.p.) and APAP (300 mg/kg, p.o.) do not alter
mechanical paw withdrawal thresholds evaluated in the contralateral paw of male (A) and
female mice (B) with incisional injury (n= 6 per group). Data show mean (+ SEM) for
contralateral paws. Two-way ANOVA followed by Bonferroni’s post hoc test.
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Supplemental Figure 6. APAP (100 mg/kg, i.p.) does not produce hypothermia,
hypolocomotion or tail flick antinociception in naive male mice. (A) Body temperature of
naive male mice after treatment with APAP 100 mg/kg. (B) Tail flick latency after treatment
with APAP 100 mg/kg. (C-F) Activity meter data reflecting locomotion (center time, rest
time, vertical time, and total distance) 30 minutes after treatment with APAP 100 mg/kg
(n=8 per group). Data show mean (x SEM). Two-way ANOVA followed by Bonferroni’s

post hoc test.
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Supplemental Figure 1

Male Female
A -O- Veh-Veh -® Veh-APAP B -O- Veh-Veh - Veh-APAP
-0 RHC -Veh -0 RHC - APAP -0~ RHC - Veh T+ RHC - APAP
10 10+
CRN %5 g I
=] 6 3 6-
(o} o]
5 s
o 47 o 47
= £
= 24 = 24
0- 0-
I T T T T I T T T T
BL CFA 30 90 240 BL CFA 30 90 240
Time after APAP i.p. (min) Time after APAP i.p. (min)
C -O- Veh-Veh -m Veh-APAP D -O- Veh-Veh -B Veh-APAP
-0 DO34 -Veh - DO34 - APAP -0~ DO34 -Veh 1 DO34 - APAP
101 10+
S 8- S 8- 3
o 6 ? o 6 -
(o} o]
5 G
o 47 o 47
= £
= 24 = 24
0- 0-
I 1 1 I 1 1 1 1 1 |
BL CFA 30 90 240 BL CFA 30 90 240
Time after APAP i.p. (min) Time after APAP i.p. (min)

50


https://doi.org/10.1101/2025.05.08.652937
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.08.652937; this version posted May 13, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Supplemental Figure 2
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Supplemental Figure 4
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Male Female
-O- Veh -Veh - Veh-APAP -O- Veh-Veh - Veh - APAP
A -0~ AM251 -Veh - AM251 - APAP B -0~ AM251 -Veh -+ AM251 - APAP
10 10+
3 * ] cia
T g T 6
(o} =}
g G
o 4 o 4
£ S
= 27 = 241
0- 0-
1 | 1 1 1 | 1 | ] 1
BL INC 30 90 240 BL |INC 30 90 240
Time after APAP p.o. (min) Time after APAP p.o. (min)

54


https://doi.org/10.1101/2025.05.08.652937
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.08.652937; this version posted May 13, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Supplemental Figure 6
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