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Abstract: Acetaminophen (APAP) in humans has robust effects with a high therapeutic
index in altering postoperative and inflammatory pain states in clinical and experimental pain
paradigms with no known abuse potential. This review considers the literature reflecting the
preclinical actions of acetaminophen in a variety of pain models. Significant observations
arising from this review are as follows: 1) acetaminophen has little effect upon acute
nociceptive thresholds; 2) acetaminophen robustly reduces facilitated states as generated
by mechanical and thermal hyperalgesic end points in mouse and rat models of carrageenan
and complete Freund’s adjuvant evoked inflammation; 3) an antihyperalgesic effect is
observed in models of facilitated processing with minimal inflammation (eg, phase II
intraplantar formalin); and 4) potent anti-hyperpathic effects on the thermal hyperalgesia,
mechanical and cold allodynia, allodynic thresholds in rat and mouse models of polyneuro-
pathy and mononeuropathies and bone cancer pain. These results reflect a surprisingly robust
drug effect upon a variety of facilitated states that clearly translate into a wide range of
efficacy in preclinical models and to important end points in human therapy. The specific
systems upon which acetaminophen may act based on targeted delivery suggest both a spinal
and a supraspinal action. Review of current targets for this molecule excludes a role of
cyclooxygenase inhibitor but includes effects that may be mediated through metabolites
acting on the TRPV1 channel, or by effect upon cannabinoid and serotonin signaling. These
findings suggest that the mode of action of acetaminophen, a drug with a long therapeutic
history of utilization, has surprisingly robust effects on a variety of pain states in clinical
patients and in preclinical models with a good therapeutic index, but in spite of its extensive
use, its mechanisms of action are yet poorly understood.
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Introduction

Acute and chronic pain imposes a burden on society, not only because of the associated
human suffering, but also because of the cost of medical treatment, loss of productivity
and disability payments, which has been estimated to be up to $650 billion per year in
the USA alone. According to the recently posted National Institutes of Health (NIH)
Pain Management fact sheet, pain affects more Americans than diabetes, heart disease
and cancer combined.' Opiates are widely used but are associated with a significant risk
of addiction and diversion, while other types of analgesics [eg, nonsteroidal anti-
inflammatory drug (NSAIDs), antidepressants and anti-epileptics] are hampered by
limited efficacy and varying side effects.””
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Acetaminophen, (also known generically as APAP or
paracetamol) was synthesized by Morse in 1873 via the
reduction of p-nitrophenol with tin in glacial acetic acid. It
was then discovered as a metabolite of phenacetin in the
1890s.%7 Tt is a small molecule (151 Da). Its commercial
development occurred in the USA in the 1950s. Here, the
product went on sale in the United States in 1955 under the
brand name “Tylenol”.*

Unlike opioid analgesics, it was early appreciated that
acetaminophen does not generate euphoria or mood alteration.
It has, over decades of use, been appreciated to be without risks
of sedation, addiction, dependence, tolerance and withdrawal
when administered alone.” '* The principal limitation is that in
large amounts over time, acetaminophen can result in the
formation of hepatotoxic metabolites.'*'* Its general tolerabil-
ity, lack of abuse potential and, as discussed below, efficacy has
led to its appreciation as a therapeutic with an important role in
pain management. As such, it is one of the most commonly
employed analgesic molecules with over 25 billion doses
delivered annually in the US alone.'>' In spite of its wide-
spread use, its mechanisms of action remain controversial.'”

This narrative review looks to consider issues related to
site and mechanism of action. It is organized into three parts:
1) an overview of the clinical efficacy of acetaminophen; 2) a
review of the effects of acetaminophen in animal models of
acute nociception, after tissue injury and nerve injury follow-
ing per os (PO), intravenous (IV), intrathecal (IT), intracer-
ebroventricular (ICV) and peripheral routes of delivery; and
3) a summary of mechanisms by which acetaminophen (and/
or its metabolites) exert its analgesic actions.

Analgesic Efficacy of

Acetaminophen in Humans

While acetaminophen is often times considered dismis-
sively as a weak or minimally efficacious therapeutic,
clinical studies often show that it compares favorably to
other analgesic regimens in the management of a variety
of pain states. Clinically, acetaminophen is available for
oral, rectal and IV delivery. Not surprisingly, higher
plasma concentrations are achieved with the shortest

latency after IV delivery'®'®

and peak cerebrospinal fluid
concentrations are significantly greater with IV adminis-

tration than with PO.%°

Experimental Pain
The analgesic effects of acetaminophen have been studied
in experimental pain models in humans. In double-

blinded and placebo-controlled trials, electrical stimula-
tion at high current densities induced spontaneous acute
pain and distinct areas of hyperalgesia for painful
mechanical stimuli (pinprick hyperalgesia). IV acetamino-
phen (650 mg), tramadol (75 mg) or a combination of
both (325/37.5 mg,
Tramadol led to a maximum pain reduction of 12%

respectively) was administered.
with negligible antihyperalgesic properties. In contrast,
acetaminophen led to a similar pain reduction (10%),
but surprisingly displayed a sustained antihyperalgesic
effect.”!

Inflammatory and Postoperative Pain

PO doses of 1000 mg of acetaminophen are reported to result
in modest, but statistically significant reductions in mild to
moderate acute pain states with etiologies ranging from acute

2223 major surgeries,”** head

soft tissue injury (sprain),
ache,”® total hip or knee replacements”’ and hip or knee
osteoarthritis.*° The use of IV acetaminophen has been
reported to be well tolerated and efficacious in well-powered,
prospective and retrospective trials and to result in significant
decreases in postoperative morphine consumption and pain
intensity after a variety of surgical interventions including
orthopedic,>*>* dental,** spinal fusion,** abdominal laparo-
scopic interventions,’® post bariatric,”’ C-section and

3842 cardiac surgery,” and head and neck

hysterectomies,
cancer surgery.** TV acetaminophen reduced the likelihood
of readmission after 30 days following knee arthroscopy.*
This raises the possibility that the actions of acetaminophen
reflect disease modifying actions that alter the transition from
an acute to a chronic pain state hypothesized to reflect a role
of innate/adaptive immune systems.*® Less promising results
have also been reported,*’ concerns of toxicity remain*® and
the superiority of IV vs PO acetaminophen has been

questioned.*’

Neuropathic Pain

While there are surprisingly few studies reporting effi-
cacy of acetaminophen alone in mono and poly neuro-
pathic pain states, work has emphasized that opiate—
acetaminophen combinations reveal synergy yielding
increased utility in a variety of pain states including,
not only in osteo and rheumatoid arthritis,”®>' but in
diabetic neuropathy.> In contrast, in cancer pain, addition
of acetaminophen did not affect the analgesic effect of

methadone or morphine.>*->*
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Alternate Routes in Human

Acetaminophen Delivery

While meta-analyses often emphasize the lack of “high
quality evidence” in many of the effects of acetaminophen
(by any route), particularly for persistent pain states (eg,
back pain, hip or knee osteoarthritis and cancer),?%#4>>3
IV acetaminophen has been formally approved for mild-to-
moderate pain and moderate-to-severe pain with adjunc-
tive opioid analgesics in Europe and more recently in the
USA.” Thus, the efficacy of IV acetaminophen relative to
placebo has been shown in controlled postoperative trials
where patient satisfaction with acute postoperative pain
control was rated through 24 h after dosing. Patients
receiving IV acetaminophen reported excellent satisfaction
more often than those receiving placebo and was the
strongest predictor of patient satisfaction.”®>’ Of note,
clinical trials on the use of intrathecal acetaminophen in
knee and hip procedures (ClincialTrials.gov, 2016) pre-
pared in a novel supersaturated formulation are currently
registered, though no data have as yet been reported.®

Key Points Regarding Human Action of

Acetaminophen
Four clinical observations are of potential significance as to
the activity and mechanisms of action of acetaminophen:

1) CSF sampling after acetaminophen reveal high
levels within 10 min after an IV delivery with peak con-
lower after PO

centrations  being

20,61

and delayed
administration.

2) Acetaminophen reduced the areas of secondary
hyperalgesia to pinprick and touch otherwise observed
after peripheral electrical stimulation. These results sug-
gest an effect independent of the presence of peripheral
injury/inflammation leading to a hyperalgesic state and
suggest an effect upon central processes underlying
sensitization.®*

3) Importantly, brain imaging has further confirmed the
effects of analgesic doses of acetaminophen on brain
responses to aversive stimulation. Human studies with
fMRI have revealed that acetaminophen reduces the
response to noxious thermal stimulation as compared to
placebo in prefrontal cortices, insula, thalami, anterior
cingulate cortex and periaqueductal gray matter, leading
to the suggestion of an inhibitory effect of acetaminophen
on spinothalamic outflow.”® Similarly, in subjects with
knee osteoarthritis, acetaminophen reduced blood oxyge-
nation level dependent signal activation in the sensory

cortex and supramarginal gyrus, prefrontal and frontal
cortex, and insula.® Thus, while acetaminophen efficacy
has been questioned in the management of osteoarthritis
pain,®® it is clear that it has state dependent effects upon
neuraxial processing.

4) Systematic analysis of plasma levels after acetami-
nophen dosing and the magnitude of the opioid sparing
effects in postoperative pain point to a ceiling effect of the
effect of even IV acetaminophen on postoperative pain.®’

5) While acetaminophen has minimal effects other than
altering nociception, recent work has suggested that, in
addition, acetaminophen may have broader psychological
effects. Thus, acetaminophen has been shown to reduce
affective responses to both negative and positive emotional

235

images™> and reduced the neural responses associated

with experiences of acute applic pain. >’

Analgesic Efficacy of
Acetaminophen in PreClinical

Models

Routes of Delivery

As presented in Tables 1-3, we found 99 preclinical studies on
analgesia of acetaminophen when retrieved on an electronic
database  using the following search  phrases:
((“acetaminophen”’[MeSH Terms] OR “acetaminophen’[All
Fields] OR “paracetamol’[All Fields]) OR
(“acetaminophen”[MeSH Terms] OR “‘acetaminophen’[All
Fields])) NOT (“liver”[MeSH Terms] OR “liver”’[All Fields])
AND “animals”’[MeSH Terms: noexp]. The systematic search
was undertaken through 9 September 2019. These are sum-
marized by pain models in the tables. Among them, 41 studies
involved oral administration of acetaminophen,®®'% 38 stu-
dies with intraperitoneal injection,’>7¢-86¢-102:106-140 13 sty dies
with intrathecal administration,74’87’121’132’141*147 12 studies

with intravenous administration,3%87-107:134:143.145.148-153 5 o4y,

dies with intracerebroventricular administration®®-126-13-146,154

and with local subcutaneous in the paw,>!26:13%:153:156 7 g,

dies with subcutaneous administration'>*!#!157-161 ang 1

study with rectal administration.”®

Formulation

Acetaminophen is freely soluble in alcohol; soluble in
methanol, ethanol, dimethylformamide, ethylene dichlor-
ide, acetone, ethyl acetate; slightly soluble in ether; and
practically insoluble in petroleum ether, pentane, and
benzene.'®* Solubility in water at 25 °C is 14 mg/mL,

and water solubility is markedly increased with heat.'¢*'%3
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While acetaminophen is very stable at room temperature,
acetaminophen degrades rapidly to p-aminophenol and
undergoes oxidative modifications at elevated tempera-
tures in the presence of oxygen.'®* ' The development
of a stable supersaturated concentration of acetaminophen
has been described.”” The normal limited solubility of
acetaminophen in water typically has required utilization
in preclinical studies of a variety of vehicles and additive
to increase solubility or wettability including dimethyl
sulfoxide (DMSO), dimethylformamide (DMF), propylene
glycol (PQG), ethanol, Cremophor and Tween 20 with vary-
ing degrees of biological compatibility and typically with
poorly described pharmacokinetics. Control data, baseline
responses were typically examined with the respective

vehicle.'®’

Acute Nociception

The acute application of thermal or mechanical stimulus
above a threshold intensity will evoke a homotopic with-
drawal or escape response (eg, stimulation of the left hind
paw will result in a withdrawal of the left hind paw). The
effects of APAP delivered by various routes are summar-
ized in Table 1.

Thermal

Behavioral Model

Thermal responsivity may be assessed by applying a ther-
mal stimulus to the body surface and assessing the latency
to withdraw the stimulated part or escape. Application of
heat to the rodent tail leads to a “tail flick”, a model with a
168 Withdrawal of the hind paw is
typically assessed by the placing of the animal on a uni-

strong reflex component.

formly heated surface (hot plate) maintained at a surface
temperature typically between 48* and 55 °C with the
measured end point being latency to a licking of the hind
paw or a jumping from the surface.'®® An alternate model,
referred to as the Hargreaves model, employs focusing a
light source under one or the other hind paws of an animal
placed on a glass plate, with the latency to withdrawal of
that paw being the measured end point.'’® These thermal
models are considered to reflect the acute activation of

high threshold nociceptive afferents.'”!

Drug Effect

Significant increases in hind paw thermal escape latencies
over baseline were observed over a range of dose 500-850
mg/kg in the rat or mouse.’®"*7%"7 Tail flick latencies
were significantly elevated in mice after PO administration

of acetaminophen (400 mg/kg).®® Orally administered
acetaminophen inhibited tail flick in a concentration-
dependent manner (97-772 mg/kg).”® IT acetaminophen
(50 and 100 pg/rat) showed significant elevations in hind

paw escape latencies on the hot plate test.”*'*!

Mechanical

Behavioral Model

Mechanical compression of the paw is accomplished by a
progressively increasing pressure progressively applied
through a blunt probe to the paw situated on a non-compli-
ant surface. This model referred to as the Randall-Selitto
test is a classical way to measure mechanical thresholds.'”?
The pressure which leads to hind paw withdrawal is the
measured end point. In this case, the threshold response
generated by the blunt stimulus surface is considered to be
mediated by high threshold nociceptors lying in the muscle
and bone of the compressed tissue.'”" A variant stimulus
involves the application of a small diameter probe (von Frey
hairs) to the plantar surface and the stimulus resulting in
withdrawal is considered to be the threshold. In the absence
of inflammation it is considered that the withdrawal, in
contrast to the Randall-Selitto paradigm, is mediated by
the activation of superficial terminals of high threshold

cutaneous afferents.'”?

Drug Effect

Pressures leading to paw withdrawal were significantly
elevated in mice and rats with acetaminophen in doses in
the range of 200-800 mg/kg.’®*1:¥487173 Increases in
thresholds were found in rats at 200 mg/kg.”® IV acet-
aminophen (22-724 mg/kg) did not alter by mechanical

130 and 1V acetaminophen

stimulation thresholds in rats,
(50-300 mg/kg) resulted in a dose dependent elevation in
the compression required to produce a withdrawal
response.””'*’ Similar results were observed in rats
after a single IV dose of acetaminophen (200 mg/kg).'”!
IT acetaminophen (100 or 200 pg/rat) produced a signifi-
cant increase in baseline paw compression thresholds,®’” a
finding confirmed at lower IT acetaminophen doses (50

and 100 pg/rat).'*!

Electrical Stimulation

Behavioral Model

An electrical stimulus may be applied through subcuta-
neous electrodes (typically in the paw). The threshold
electrical stimulus which evokes one of several specified
responses (vocalization, flinch, escape) is the measured

variable.!”!
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Drug Effect

The stimulus evoked vocalization was reduced by PO
(50,400 mg/kg) and ICV (50—400 pg) acetaminophen in
both normal and adjuvant arthritic rats. The equipotent
doses were less in the inflamed than the normal rat.*
ICV administration of acetaminophen at 25-400 pg dose-
dependently inhibited the withdrawal initiated by hind paw
stimulation electrical stimulation in both normal rats and
adjuvant arthritic rats.®® Consistent with these effects of
acetaminophen, experiments were carried out on rats under
urethane anesthesia in which neuraxial activation was eli-
cited by supramaximal electrical stimulation of sural noci-
ceptive afferents and the activation of single neurons in the
dorsomedial part of the ventral nucleus (VDM) of the
thalamus was observed. IV acetaminophen (5-25 mg/kg)
reduced nociceptive-evoked activation of these neuron in
the VDM thalamus.'”* ICV administration of acetamino-
phen displayed potent analgesic actions in rats.®

Facilitated States of Nociceptive

Processing

A common observation is that certain interventions may
lead to an enhanced response to mildly noxious stimuli
(hyperalgesia) or a significant pain response to an other-
wise innocuous stimulus (allodynia). In the latter case, the
common end point is the behavioral response to a low
intensity tactile stimulus (as applied through application
of von Frey hairs) and hence referred to as tactile allody-
nia. These facilitated states may occur as a result of direct
central sensitization (as with an intrathecal or neuraxial
treatment) or after tissue inflammation or nerve injury.

Neuraxially Evoked Spontaneous and Facilitated
Behavioral Pain States
Spontaneous Behaviors

Behavioral Model. The intrathecal (spinal) delivery of a
variety of afferent transmitters (eg, substance P and gluta-
mate) and pro-inflammatory cytokines (TNF-a, IL-f or
IFN-y) will initiate acute pain behaviors as biting of the
body surface, agitation or vocalization as well as robust
facilitated states. The behavioral relevance of these facili-
tated states is evidenced by an increased sensitivity to
mechanical (touch) and thermal stimulation. As this
enhanced responsiveness is initiated by an action within
the spinal cord, systemic drugs blocking that hyperalgesia
are considered to reflect their central effect upon neuraxial
mechanisms of nociceptive processing.

Drug Effect. Biting and scratching in the rat after intrathe-
cal substance P and glutamate and the response time were
reduced in a dose dependent fashion by PO acetaminophen
(10-300 mg/kg).*> The scratching and biting episodes
evoked in the mice by IT TNF-a, IL-B or IFN-y were
reduced in a dose dependent fashion by PO acetaminophen
(100-300 mg/kg).”’

Facilitated Pain States

Behavioral Model. The intrathecal delivery of agents such
as substance P will evoke an increased response to an
otherwise innocuous or mildly aversive stimulus.

Drug Effect. Thermal hyperalgesia evoked by IT sub-
stance P examined in rats was significantly reduced after
PO acetaminophen (30-300 mg/kg).”* These results sup-
port the assertion that a component of the effects of sys-
temic acetaminophen reflect an effect upon neuraxial
nociceptive processing.

Inflammation Induced Facilitated States in Somatic
Tissues

Generation of inflammation in soft tissue and joints routi-
nely leads to a hyperalgesic state. This enhanced respon-
siveness reflects the appearance of a variety of
proinflammatory products in the local injury milieu.
These products, often acting through eponymous receptors
expressed on the terminals of the primary afferent, serve to
depolarize the terminal and through the activation of local
kinases enhance the sensitivity of the terminal to subse-
quent stimulation.'”>'’® These changes lead to ongoing
afferent traffic, which leads to the initiation of a state of
spinal sensitization. Such a state leads to an enhanced
input—output function of the dorsal horn and a state of
spinal facilitation.'”” This scenario is common to virtually

all of the inflammatory motifs in soft tissue and joint.

Local Inflammation and Somatic Pain

Behavioral Model. Intraplantar or intra-articular injections
of carrageenan, uric acid or injections of adjuvants such as
complete Freund’s adjuvant (CFA) result in a robust ipsi-
lateral (if local) or bilateral, if systemic, inflammation and
an associated thermal and mechanical hyperalgesia and
tactile allodynia.

Drug Effect. The hyperpathia, but not the inflammation, is
significantly reduced by PO acetaminophen.® In rats rendered
hyperalgesic with adjuvant arthritis, PO acetaminophen (50—
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400 mg/kg) attenuated the withdrawal response otherwise
evoked by stimulation of electrical stimulation in adjuvant
arthritic rats.® In rats rendered arthritic with intra-articular
injection of uric acid in the knee, PO acetaminophen (178—
562 mg/kg) resulted in a significant analgesic effect, quanti-
fied as the recovery of a functionality index.*® On the other
hand, PO acetaminophen (100-600 mg/kg) had only modest
effects in the CFA-induced arthritic rat model, as measured
by tactile or thermal escape latencies.®*'** IV acetaminophen
(100-300 mg/kg) showed a significant reduction in the tactile
with no change in paw swelling, for about 60 minutes com-
pared to the control (vehicle). After ICV delivery, acetami-
nophen produced a dose dependent (50—400 pg) reduction in
the hyperalgesia evoked by intraplantar carrageenan in
mice.'? IT acetaminophen (50-200 pg) resulted in a dose
dependent normalization of tactile allodynia in the carragee-
nan rat paw.'* Intraplantar acetaminophen (50 and 400 pg)
of acetaminophen in mice rendered hyperalgesic with intra-
plantar carrageenan reversed the hyperalgesia in a dose

dependent manner in the paw pressure test.'>

Plantar Incision

Behavioral Model. The creation of an incision of the plan-
tar surface of the rodent is considered to mimic a post-
operative state where there has been a skin incision and an
underlying muscle retraction with an associated inflamma-
tion secondary to the wounding.'”®

Drug Effect. PO acetaminophen resulted in a robust dose
dependent analgesic effect in mice (200600 mg/kg)’* and

rats (30-180 mg/kg) after plantar incision.*’

Formalin Evoked Flinching

Behavioral Model. Injection of a small volume of formalin
into the dorsum of the rodent paw results in a biphasic
flinching. The first phase is considered to reflect behavior
evoked by the acute afferent drive from the injected paw
while the second phase represents a response mediated by
the low-level input arising from the injected paw and a
state of spinal facilitation initiated by the first conditioning
barrage.'””

Drug Effect. Systemic acetaminophen typically results in
a robust dose dependent suppression of phase II formalin
and to a lesser degree phase I in mice (10-300 mg/kg)”
(60) and rats (100-400 mg/kg)®* but’' IV acetaminophen
shows analgesic effect in phase I only at high concentra-
tion (300 mg/kg) in rats. Phase II shows analgesic effects

at doses of 100-300 mg/kg.®*'* ICV acetaminophen had
no effect upon phase I but significantly reversed phase II
in rats.'?® IT administration of acetaminophen (4.5-45 pg)
in the rat was observed to be effective in phase II."** IPL
acetaminophen (5-200 pg) had no effect upon either phase
I or phase II formalin flinching in the rat formalin test in

rats.gz‘lzf’

Inflammation Induced Facilitated States in Visceral
Tissues

Mechanical distention of hollow organs, eg colon/bladder,
application of irritants to the peritoneal cavity or the hol-
low organs, will lead in a pressure dependent fashion to
ongoing pain behavior characterized by vocalization, auto-
nomic responses increased abdominal muscle tone and
pressing of the abdomen against the floor of the chamber.
Such inflammation will lead to a sensitization of the sys-
tem such that even minor mechanical stimulation will lead

to enhanced responses.'*%'#

Peritoneal Irritants

Behavioral Model. Delivery of irritants such as dilute
acetic acid, capsaicin or phenyl benzoquinone into the
peritoneal space will result in abdominal constriction in

mice and rats,5%!07-12!

reflecting activation of polymodal
nociceptive afferent innervating the peritoneal wall.
Distention of hollow organs will yield similar somatomo-
tor response, and the threshold for generating these
face of colonic

responses is lowered in the

inflammation.'®'

Drug Effect. IP acetaminophen delivered in mice treated
with IP acetic acid (ED 50 = 49.5 mg/kg) significantly
reduced abdominal constriction in a dose dependent
fashion.'?' ICV acetaminophen in mice (45-150 pg) sup-
pressed the abdominal constriction response generated by
IP acetylcholine.'>* IT acetaminophen in mice produced a
dose dependent antinociceptive activity in the acetic acid-
induced writhing model.'?"'>* In rabbits, intestinal disten-
sion of the distal colon led to a somatic-affective pain
response that was reduced in a dose dependent fashion

by IT acetaminophen (500-5000 ug).145

Bladder Irritants

Behavioral Model. Acute inflammation of the bladder gen-
erated by intra-vesicular installation of an irritant such as
cyclophosphamide, or a bacterial infection, leads to an

Journal of Pain Research 2021:14
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ongoing biting and scratching and a hyperalgesic state
with a robust referred somatic pain component.'®* This
hyperpathic state is mediated by a significant in-migration
of inflammatory cells and degranulation of intrinsic mast
cells with an associated release of proinflammatory cyto-
kines. Over extended periods, sprouting of bladder affer-
ents is observed and there is a hypertrophy of the
urothelium. In the dorsal horns there is an associated
activation of astrocyte and microglia,'®***** and PO acet-
aminophen (45-450 mg/kg). A model of bladder inflam-
mation-induced hyperalgesia displayed no analgesic
effect.”

Bone Cancer Pain

Behavioral Model. Bone cancer models typically employ
placement of syngeneic cancer cells into the marrow of
either the femur or the tibia.'®® These osteolytic sarcoma
cells initiate remodeling of the bone, a significant sprout-
ing of polymodal nociceptors into the intramedullary
environment and an associated reorganization of the spinal
dorsal horn that provides the sensory to innervation of the
cancerous bone and this leading to a neurochemical profile
resembling a robust neuropathic pain state.'®*

Drug Effect. PO acetaminophen (300 mg/kg) attenuated
the tactile allodynia otherwise noted in the mouse bone

cancer pain model.”®

Nerve Injury Induced Facilitated States
Mononeuropathies

Behavioral Model. These nerve injuries reflect an injury
restricted to a nerve trunk or its distribution (eg, L5 liga-
tion (spinal nerve ligation — Chung model), hemiligation
of the sciatic nerve (Seltzer model), or loose ligatures
placed around the sciatic nerve (chronic compression
injury — Bennett model), or ligation of the distal branches
of the sciatic (spared nerve injury)). Commonly, rats or
mice with these interventions will display a robust tactile
and cold allodynia. The underlying mechanism of this
hyperpathic state reflects upon the development of neuro-
mas at the site of injury and reactive changes in the dorsal
root ganglion of the injured nerve, leading to the develop-
ment of ongoing afferent traffic from the neuroma and the
DRG. These events are accompanied by prominent activa-
tion of dorsal horn neurons and glia.'*”-'®

Drug Effect. IP acetaminophen (25-300 mg/kg) dose-
dependently, thermal

suppressed induced pain in

hyperalgesia, mechanical, and cold allodynia in L5 ligated
rats.'?* Neither IV not IT acetaminophen (2.3—145 mg/kg)
significantly reversed the allodynia otherwise observed in
the nerve ligated rat."*® Of note, IPLT acetaminophen in
the rat Seltzer model ligation neuropathy dose-dependently
decreased mechanical allodynia and lowered nociceptive
scores associated with hyperalgesia 153

Table 3).

testing (see

Polyneuropathy

Behavioral Effect. Clinical syndromes such as diabetes and
chemotherapeutics can give rise to a distal-symmetric sen-
sory neuropathy with sensory loss, paresthesia and dys-
esthesia, and is only incompletely reversible.'®® Painful
diabetic neuropathy is characterized by spontaneous tin-
gling, lancinating, pain that frequently occurs in conjunc-
tion with touch-evoked pain and numbness.'®’ The
mechanisms underlying these events are multifocal and
include changes in peripheral terminals and DRG mor-
phology and trophic changes in dorsal horn connectivity
leading to a facilitated response to otherwise innocuous
stimuli, '¥5-1%9

Drug Effect. PO acetaminophen (151-2265 mg/kg)
showed an antinociceptive effect on the vincristine-
induced neuropathic pain rat model.** In addition, oral
administration of acetaminophen (5-100 mg/kg) has an
antinociceptive effect on the streptozotocin induced dia-

betic model.!*

Preclinical to Clinical Dose

Comparisons

The focus in this review has been characterizing the profile
of acetaminophen based on published literature. An impor-
tant point of consideration related to whether these
observed effects of acetaminophen dosing are relevant to
the human conditions. The issue of dose comparability
across species has particular relevance in drug develop-
ment. In the present case it is evident that dosing in the
rodent reveals activity at substantial dose levels. A nom-
inal dose level that is common in those studies where
acetaminophen was shown to be efficacious is on the
order of 300 mg/kg which would appear substantial. It is
beyond the scope of this review, but we would note that
there is significant support for the assertion that allometric
scaling across species might be more closely approximated

through comparisons based on body surface area.'*'”
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Thus, the typical systemic acetaminophen dose in the rat is
on the order of 300 mg/kg. Converting the rat mg/kg dose
to a human mg/kg dose on the basis of a body surface area
conversion of the rat dose where the rat dose is divided by
the body surface area scaling factor (6.2) yields a predicted
human dose of 48 mg/kg.'"? It is noteworthy that the
approved IV dose in humans is 4000 mg/70 kg = 57 mg/
kg. Such scaling has been shown to be useful for drawing
first order comparisons across species.

Mechanisms of Acetaminophen
Action

Metabolism

Acetaminophen (pKa: 9.5) at physiological pH is essen-
tially neutral and is rapidly absorbed after PO delivery. In
humans, blood half-life ranges from 1.5-3 h at therapeutic
half-lives to 8 h at dose up to 4 g/day.'®? Similarly, in the
rat half-lives are dose dependent and range from approxi-
mately 15 min at low doses and up to 120 min after high
(therapeutic) doses (300 mg/kg).'** In all species, elimina-
tion largely occurs in the liver, where the majority of the
drug undergoes conjugation catalyzed by a variety of
transferases and then excretion in urine. The formation of
toxic metabolites, such as N-acetyl-p-benzoquinone imine
(NAPQI), occurs secondary to this sequence.'”> More
recently it has been shown that acetaminophen, following
deacetylation to its primary amine (4-aminophenol), is
conjugated with arachidonic acid through the actions of
fatty acid amide hydrolase in the brain and spinal cord to
form a variety of biologically active molecules.'®® This
will be discussed further below.

Mechanisms of Analgesic Action

A number of mechanisms have been hypothesized for the
actions of acetaminophen in modulating pain transmission.
Broadly speaking, these effects can be considered in terms
of an effect of the drug itself or an action mediated by a
metabolite. In the human, acetaminophen is known to be
metabolized in the liver into p-aminophenol and then con-
verted to N-(4-hydroxyphenyl)-arachidonamide (AM404)
via fatty acid amide hydrolase (FAAH) and into N-acetyl-
p-benzoquinone imine (NAPQI) via cytochrome P450
(CYP) enzymes.'”®'”® While this conversion typically
occurs in the liver, recent work has shown that acetami-
nophen can be converted into the AM404 metabolite

within the neuraxis.®!

Membrane Target
Measurement of acetaminophen levels in the brain revealed
significant tissue/blood ratios that were essentially the same

- 199
across the brain.'”

Quantitative autoradiography has failed
to demonstrate that acetaminophen binds specifically to any
area of the murine brain or spinal cord.?*® Competition
studies with a variety of targets failed to show interactions
with a variety of monoamine receptors or opioid

receptors.*”!

Cyclooxygenase Inhibition

Prostaglandins play an important central and peripheral
role in sensitizing systems which are involved in nocicep-
tive transmission.”> The prostanoids are formed by the
actions of constitutive (COX1) and inducible forms
(COX2) of cyclooxygenase. Common non-steroidal anti-
inflammatory drugs (NSAIDs) such as acetylsalicylic acid,
or ibuprofen, block activity of these isoforms.?** While a
literature has suggested acetaminophen may inhibit
cyclooxygenase, minimal evidence supports a direct
effect.'”29%2% This assertion is consistent with the side
effect profile for acetaminophen, which does not include
effects commonly associated with COX1 inhibition known
on the gastrointestinal tract, platelet activation, and kidney
functions and with COX2 on cardiovascular, gastrointest-
inal and kidney function.?°’?%® One explanation for this
distinction is that acetaminophen may act as a CNS-COX
inhibitor, whereas the other COX inhibitors act both cen-
trally and peripherally. In this regard, acetaminophen acts
to interfere with the peroxidase activity of COX2. This
interaction is particularly manifest when the cellular envir-
onment is low in arachidonic acid and peroxides and may
reflect the “central” effects where constitutively expressed
COX2 at the spinal level plays a principal role in initiating

facilitated states,*'”

and why it appears to display less
activity in inflamed tissues (where peroxides and arachi-
donic acid are highly concentrated). In this regard, acet-
aminophen inhibits conversion of arachidonic acid to
Prostaglandin (PG) E2, PGF2 and thromboxane-A2 in
microglia exposed to lipopolysaccharide?'' at 3-fold
lower concentrations in microglia than in peripheral
macrophages. A further point is that recent work has
suggested that AM404, the downstream metabolite of
inhibit
(COX)-1 and COX-2 enzymes and prostaglandin synthesis
196,212,213

acetaminophen, can isolated cyclooxygenase
in macrophage cultures and in brain slices.
AM404 is also a potent inhibitor of T cell activation and

inhibited TNF gene transcription and protein synthesis,
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thereby regulating activation of several transcription fac-

tors including nuclear factor-kappa B (NF-xB).2'

TRP Signaling

The acetaminophen metabolite AM404 can bind to the
vanilloid binding site and activate the transient receptor
potential vanilloid 1(TRPV1) channel in dorsal root gang-
lia (DRG) neurons.>'>?'® Moreover, the antinociceptive
effects of acetaminophen are absent in TRPV(1) knockout
mice.”> Activation of TRPVI can lead to inhibition of

channels’®.

downstream excitatory T-type calcium
NAPQI, the toxic liver metabolite of acetaminophen, has
been shown to activate TRPV1.2'® Further, acetaminophen
and the metabolite NAPQI sensitizes and activates transi-
ent receptor potential ankyrin 1 (TRPAI1) slowly but
directly by interacting with distinct intracellular cysteine
217218 This TRPAI

serves to reduce voltage-gated calcium and sodium cur-

residues. activation paradoxically
rents in DRG neurons, while intrathecal acetaminophen
and NAPQI produced anti-nociception that was absent in
TRPA1 KO mice.'"!

An important caveat is that the activation of TRP
receptors is generally associated with adverse events
including activation of pain signaling. It should be noted
that NAPQI will result in neurogenic inflammation, which
indeed suggest that such metabolites would serve to acti-
vate small peptidergic nociceptive afferents.>'® If the
actions of acetaminophen action are indeed mediated
through such signaling, then one would similarly antici-
pate adverse pain components, which to date have not
been noted.

Cannabinoid Signaling
The effects of acetaminophen are reportedly blocked by
Cannabinoid (CB) 1 receptor antagonism and by CB1~~
transgenic mice.”””> This effect is believed to reflect the
fact that acetaminophen, by its metabolite AM404, also
exerts a possible effect on the endocannabinoid system by
acting as a ligand at cannabinoid CB1 receptors, or as an
inhibitor of anandamide uptake, an endogenous agonist for
CBI receptors.?'*?2°

Anandamide (AEA) is an endocannabinoid that acti-
vates CB1.22'%?> AEA is degraded by fatty acid amide
hydrolase (FAAH), the enzyme that metabolizes acetami-
nophen into AM404. Thus, AM404 could act as a compe-
titive inhibitor of FAAH and indirectly activate CBI.
Alternatively, AM404 has been shown to inhibit FAAH-

like anandamide transporter, a membrane-bound variant of

FAAH lacking its hydrolase activity, which is present on
neurons and glia and is thought to aid in intracellular
transport of AEA.**® By inhibiting FAAH, AM404 could
increase levels of AEA available in the synaptic cleft. The
insensitivity of CB1 knockout mice and rats pretreated
with the CB1 antagonist (AM251) to acetaminophen sup-
ports the involvement of CB1 in the mechanism of
acetaminophen.”?** AEA has been reported to activate
CBI receptors on cultured DRG neurons.?*>*2

As with the hypothesis that acetaminophen alters COX
formation while the molecule is not associated with many
biological effects associated with COX inhibition, canna-
binoids have been shown to have both robust negative and
positive  reinforcing  properties and to produce
dependence.”?”**® In marked contrast, it is of note that
in animals**® and in humans, acetaminophen alone has no
established positive or adverse rewarding properties or

diversion potential.>*°

Serotonin Signaling

Several lines of investigation have suggested that acetami-
nophen may exert its effects through serotonin transmis-
sion. As acetaminophen displays little or no affinity for 5-

201 these

HT receptors, or for neuronal reuptake sites,
actions have been argued to reflect an indirect effect nota-
bly by a brainstem action altering activity in bulbospinal
serotonergic projections. Thus, destruction of bulbospinal
5-HT projections is reported to attenuate the antinocicep-
tive action of acetaminophen.'*®'** An important issue is
whether the effects of acetaminophen reflect an increase or
a decrease in the activation of the bulbospinal projection.
It has been reported that acetaminophen increases 5-HT
levels in rat brain.'*® Such an increase may be interpreted
as having increased serotonin to be released. It is equally
consistent with the notion that acetaminophen is decreas-
ing terminal release leading to accumulation. In this
regard, bulbospinal serotonin projections have been said
to facilitate dorsal horn processing leading to hyperalgesia,
likely mediated through an excitatory 5-HT receptor such
as 5-HT3.>*! Others have argued that activation of the
descending pathway may lead to a block of dorsal proces-
sing by activating a G protein coupled inhibitory 5-HT
receptor (eg, 5S-HT1 isotypes). Other possibilities are that
serotonin, through an excitatory receptor (5-HT2, 3, 7),
may activate an inhibitory interneuron such as GABA?*

or encephalin,>*

as suggested by the report of naloxone
sensitivity of acetaminophen antinociception to naloxone,

an opioid.”** In the case of acetaminophen, the literature is
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complex and controversial. Thus, IT 5-HT1B, 5-HT2A/C
and 5-HT7 antagonism has been reported to reduce acet-
aminophen actions.”>'*! IT 5-HT3 antagonism has been
reported to inhibit the antinociceptive effects of acetami-

nophen in various pain models®’!43131:173

and specific
knock down with 5-HT3 receptor antisense did not alter
acetaminophen antinociception.'”® In humans, pain reports
by median nerve stimulation were significantly reduced by
acetaminophen, and this effect was reduced vs control by

5-HT receptor antagonists.235

Concluding Comments

“The current evidence supports the assertion that acetami-
nophen has a behaviorally relevant, but delimited, analge-
sic effect in humans and in a variety of preclinical
models.” While mechanisms of action remain arguably
controversial, the effects of acetaminophen on centrally
evoked facilitated states (as after IT sP) and on aversive
electrical stimulation strongly support the conclusion that
at least a component of the effects of systemic acetamino-
phen reflect an effect upon CNS nociceptive processing
that engage both spinal and supraspinal systems in humans
and animals. The long history of acetaminophen in show-
ing a highly desirable side effect profile and the absence of
abuse potential is consistent with its wide use as an over-
the-counter medication. Though it may possess deleterious
effects upon liver function with persistent high-level use, it
is surprisingly well tolerated in this regard in humans. A
number of proposed mechanisms exist involving seroto-
nin, cannabinoids and TRP signaling, while these mechan-
isms appear interesting and relevant, they are noteworthy
in the absence of effects such as rewarding potential and
absent any activating effects that such actions would
endow the parent compound. It is the authors' opinion
that the mechanisms of this profoundly interesting com-
pound remain to be fully understood.

Significance Statement

Acetaminophen, a drug with a long therapeutic history of
utilization, has surprisingly robust effects on a variety of
pain states in clinical patients and in preclinical models
with a good therapeutic index. In spite of its extensive use,
its mechanisms of action are yet poorly understood.
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