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ABSTRACT
Paracetamol (acetaminophen) is undoubtedly one of the most widely used drugs worldwide. As 
an over-the-counter medication, paracetamol is the standard and first-line treatment for fever and 
acute pain and is believed to remain so for many years to come. Despite being in clinical use for 
over a century, the precise mechanism of action of this familiar drug remains a mystery. The oldest 
and most prevailing theory on the mechanism of analgesic and antipyretic actions of paracetamol 
relates to the inhibition of CNS cyclooxygenase (COX) enzyme activities, with conflicting views on 
the COX isoenzyme/variant targeted by paracetamol and on the nature of the molecular interac-
tions with these enzymes. Paracetamol has been proposed to selectively inhibit COX-2 by working 
as a reducing agent, despite the fact that in vitro screens demonstrate low potency on the 
inhibition of COX-1 and COX-2. In vivo data from COX-1 transgenic mice suggest that paracetamol 
works through inhibition of a COX-1 variant enzyme to mediate its analgesic and particularly 
thermoregulatory actions (antipyresis and hypothermia). A separate line of research provides 
evidence on potentiation of the descending inhibitory serotonergic pathway to mediate the 
analgesic action of paracetamol, but with no evidence of binding to serotonergic molecules. 
AM404 as a metabolite for paracetamol has been proposed to activate the endocannabinoid and 
the transient receptor potential vanilloid-1 (TRPV1) systems. The current review gives an update 
and in some cases challenges the different theories on the pharmacology of paracetamol and 
raises questions on some of the inadequately explored actions of paracetamol.
List of Abbreviations: AM404, N-(4-hydroxyphenyl)-arachidonamide; CB1R, Cannabinoid recep-
tor-1; Cmax, Maximum concentration; CNS, Central nervous system; COX, Cyclooxygenase; CSF, 
Cerebrospinal fluid; ED50, 50% of maximal effective dose; FAAH, Fatty acid amidohydrolase; IC50, 
50% of the maximal inhibitor concentration; LPS, Lipopolysaccharide; NSAIDs, Non-steroidal anti- 
inflammatory drugs; PGE2, Prostaglandin E2; TRPV1, Transient receptor potential vanilloid-1

ARTICLE HISTORY
Received 30 November 2020  
Revised 26 January 2021  
Accepted 1 February 2021  

KEYWORDS
Paracetamol; 
acetaminophen; 
cyclooxygenase; pain; 
thermoregulation

Brief history of paracetamol

Paracetamol (acetaminophen, N-acetyl-p-amino-
phenol) is one of the most widely used over-the- 
counter analgesic antipyretic drugs. It was first 
synthesized by Joseph von Mering in (1893) by 
reacting p-nitrophenol with tin and glacial acetic 
acid. In the 1880s paracetamol and phenacetin 
(Figure 1) were found to possess antipyretic and 
later analgesic activity. Initially, phenacetin gained 
more popularity than paracetamol and was mar-
keted in 1887; however, because of the serious side 
effects associated with phenacetin such as hemoly-
tic anemia and methemoglobin formation, its clin-
ical use declined, and attention focused on 
paracetamol, which was marketed in 1893 [1]. 
Additionally, more studies on phenacetin in the 
1940s showed that paracetamol is one of its major 

metabolites and thus its pharmacological effects 
are attributed to paracetamol [2]. As a result, para-
cetamol became freely available from the 1950s 
and has become the most widely used over-the- 
counter non-narcotic analgesic agent for the treat-
ment of mild to moderate pain and fever.

Paracetamol now dominates the market of over- 
the-counter non-narcotic analgesic drugs follow-
ing the demonstration of its safety profile at ther-
apeutic doses and particularly after aspirin usage 
began to decline since the 1960s due to its gastro-
intestinal toxicity and association with Reye’s 
Syndrome in children [3]. Today paracetamol is 
the standard and first-line treatment for fever and 
acute pain and is believed to remain so for many 
years to come [4]. This is mainly due to its out-
standing safety record at therapeutic doses when 
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compared to the non-steroidal anti-inflammatory 
drugs (NSAIDs). Sales of paracetamol, most widely 
consumed over-the-counter analgesic drug, have 
been on the increase for the past few years – 
a trend that it is predicted to continue [5]

Pharmacological actions of paracetamol

Analgesic action of paracetamol

Paracetamol in adults is used for the management 
of various types of acute painful conditions that 
include headache [6], musculoskeletal pain [7], 
period pain [8], osteoarthritic pain [9], back pain 
[10], dental pain [11,12] also for the management 
of postoperative pain [13].

The standard therapeutic dose of paracetamol 
for adults is 2 tablets of 500 mg each taken orally 
every 4 hours up to a maximum of 8 tablets for 
any 24-hour period. In children, paracetamol is 
marketed in dosages depending on age and range 
from 60 mg (2–3 months) to 480–750 mg 
(12–16 year olds). Paracetamol is sold as a single 
pharmacologically active chemical entity or in for-
mulations in combination with other analgesic 
drugs that include aspirin, caffeine or some opioid 
analgesic drugs [14,15].

Mechanistic research on the analgesic action of 
paracetamol
2.1.1.1. Does the inhibition of a centrally expressed 
cyclooxygenase enzyme explain the analgesic 
action of paracetamol?

One of the first published mechanistic research 
on paracetamol is the work by Flower and Vane 
(1972) who demonstrated potent inhibition of 
brain prostaglandin E2 (PGE2) synthesis (IC50 
= 12.5 µg/ml) compared to PGE2 in the spleen 
(IC50 = 100 µg/ml) indicating 8x more potent 
inhibition of PGE2 synthesis in the brain than 

spleen, whereas several NSAIDs showed equipo-
tent inhibition of brain and spleen PGE2 synthesis 
[16]. This work followed on from the Nobel Prize 
winning research by Sir John Vane who showed 
that the mechanism of action of aspirin and other 
NSAIDs is mediated through inhibition of the 
cyclooxygenase (COX) enzyme resulting in reduc-
tion of PGE2 synthesis [17].

The notion that the pharmacological actions of 
paracetamol are mediated through the selective 
inhibition of a centrally expressed COX enzyme 
was supported by several in vivo investigations in 
experimental animals [18–23] as well as in human 
subjects [24–26]. In addition, the analgesic action 
of paracetamol was shown not to be linked to 
inhibition of prostaglandin synthesis in the per-
iphery [21,23,27,28]. The centrally mediated 
mechanism of action is also supported by the 
pharmacokinetic profile of paracetamol. 
Paracetamol is a moderately lipid-soluble weak 
organic acid with a pka value of 9.5 and is largely 
un-ionized over the physiological range of pH 
[29]. Its lipid solubility enables it to rapidly pene-
trate cellular membranes and to also readily cross 
the blood-brain barrier. Paracetamol is rapidly 
absorbed by passive diffusion in the small intestine 
[30]. A standard therapeutic dose of paracetamol 
produces 80% bioavailability and reaches peak 
plasma level (Cmax) of 18 mg/L (120 µM) after 
approximately 120 minutes and a cerebrospinal 
fluid (CSF) Cmax of 8.8 mg/ml at around 240 min-
utes [31]. Using functional magnetic resonance 
imaging in humans, paracetamol was shown to 
reduce firing within the spinothalamic tract in 
response to thermal noxious stimulation [26].

Which cyclooxygenase enzyme does paracetamol 
inhibit?. Products of the COX-1 and COX-2 
enzymes, particularly PGE2, have been shown to 

Figure 1. Chemical structures of A) paracetamol and B) phenacetin.
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have important roles in the transmission of noci-
ceptive pain at the sites of pain initiation and also 
at the spinal and supraspinal nociceptive pathways, 
inhibition of which has been demonstrated to 
mediated the peripheral and in some cases central 
analgesic actions of NSAIDs [32]. Despite the 
potent inhibition by paracetamol of brain and 
spinal cord-derived prostaglandins in in vivo 
experiments, in vitro screening experiments 
demonstrated weak inhibitory activities on COX- 
1 and COX-2 enzymes by paracetamol [33]. In this 
study, IC50 values were not achievable for concen-
trations up to 1 mg/ml; hence, IC30 values of 
2.7 µg/ml and 20 µg/ml were obtained against 
inhibition of COX-1 and COX-2, respectively. In 
this report, the authors conclude that the reduc-
tion of central nervous system (CNS) PGE2 synth-
esis by paracetamol may be mediated through 
inhibition of a COX enzyme yet to be discovered 
[33], a notion that has also been predicted by 
others [34,35].

Indeed, in 2002 a catalytically functional third 
COX enzyme was identified and was originally 
referred to as COX-3 by Professor Daniel 
Simmons’s laboratory [36] and was referred to 
COX-1b in some publications [37–40]. COX-3 
was originally identified in canine brain tissues as 
a splice variant of COX-1. It was shown that COX- 
3 expression occurs when the intron-1 sequence of 
the COX-1 gene is retained in the mRNA and 
subsequently protein sequences resulting in the 
insertion of additional 33 amino acids that encode 
the hydrophobic signal peptide domain of the 
COX-3 protein. Paracetamol showed selectivity 
for inhibition of COX-3 (IC50 = 460 µM) over 
COX-1 and COX-2, which was dependent on the 
concentration of the substrate arachidonic acid 
suggesting competitive blockage at the active site 
[36]. Several reports disputed the expression of 
a fully functional COX-3 protein in human and 
rodent tissues as retention of intron-1 in the 
mRNA sequence introduced a stop codon early 
in the translational process resulting in 
a truncated protein with no catalytic activity 
[37–41]. The issue of an out-of-reading frame 
sequence for COX-3 in human and rodent cells 
was actually acknowledged by Professor Simmons 
original report on COX-3 [36]. In fact, mechan-
isms that might be important in correcting this 

out-of-reading frame sequence have been reported 
and include ribrosomal frame shifting. Indeed, 
Qin et al. (2005) have reported on fully functional 
COX-3 proteins in human cells in which the 
removal of one nucleotide from the 94 nucleotides 
long sequence of human COX-1 gene intron-1 
brings the sequence back in frame leading to 
synthesis of a full length and catalytically active 
COX enzyme [42] (Figure 2). Using an antibody 
that recognizes the intron-1 sequence, we have 
also been able to detect an intron-1 retaining pro-
tein in rodent CNS tissues [23,43,44] (Figure 3).

Using the acetic acid-induced abdominal con-
striction model of acute nociceptive pain, we 
showed that the analgesic action of paracetamol 
was accompanied by reduction of prostaglandin 
synthesis in the brain and spinal cord, but not in 
the peritoneum; effects that were abrogated in 
COX-1 homozygote knockout mice, but not in 
COX-2 homozygote knockout mice [23]. In addi-
tion, paracetamol blocked the centrally mediated 
abdominal constriction induced by the intraperi-
toneal administration of iloprost [23,45], more 
potently than constriction induced by acetic acid 
(ED50 values for paracetamol in the iloprost and 
acetic acid-induced constrictions were 149 and 
172 mg/kg, respectively). In contrast, diclofenac, 
a peripherally active NSAID [46,47], inhibited the 
acetic acid-induced constriction with an ED50 
value of 16 mg/kg, but had no effects on the ilor-
post-induced constriction [23]. Given the loss of 
analgesia and inhibition of PGE2 synthesis by 
paracetamol in COX-1 knockout mice compared 
to wild-type littermate control mice (Figure 4) and 
the weak inhibition of COX-1 by paracetamol as 
reported by Mitchell et al. (1994) [33], the conclu-
sion from this study is that the analgesic action of 
paracetamol in this model is mediated through 
inhibition of a COX-1 variant protein expressed 
in the brain and spinal cord. Other COX-3 selec-
tive inhibitors such as aminopyrine and antipyrine 
[36] showed similar pharmacological profiles to 
paracetamol [23]. The acetic acid-induced con-
striction model represents a human model of 
acute pain that shares similar pathologies to 
human pain. Injections of prostaglandin E1 and 
PGE2 were shown to induce the abdominal con-
striction response [48]. Within the peritoneum 
prostaglandin I2 (measured as its stable metabolite 
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6-keto-prostaglandin F1α) was shown to be 
released more than PGE2. In IP-receptor knockout 
mice, it was demonstrated that no constriction 
responses were induced in response to acetic acid 

[49]. Within the CNS COX enzymes products are 
also involved in mediating the nociceptive 
response in this model as both PGE2 and prosta-
glandin D2 administrated intracisternally to mice 

Figure 3. Western blotting analysis of COX isoenzyme proteins expression in different regions of mouse brains. Western blots for 
COX-1 (panel A), COX-2 (panel B) and COX-3 (panel C) from different brain regions of C57Bl/6 mice. Lanes 1 and 2 = cerebral cortex; 
lanes 3 and 4 = midbrain; lanes 5 and 6 = brain stem; lanes 7 and 8 = cerebellum. Reproduced from Ayoub et al. 2006 [23].

Figure 2. Tissue distribution of intron-1 retaining COX-1 proteins with 55 and 75KDa molecular weights in human tissues. Human 
multiple tissue total protein blots were probed with antihuman COX-1 intron 1 antibody (a) and re-probed with anti-human COX-1 
antibody (b) using Western blotting analysis. Reproduced from Qin et al. 2005 [43].
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injected with acetic acid produced a biphasic 
effect, thus at low doses (5 ng and 15 ng, respec-
tively) produced a hyperalgesic response and at 
high doses (5 µg and 50 ng, respectively) a hypoal-
gesic effect [50].

It has also been argued that paracetamol may 
produce its pharmacological actions through the 

selective inhibition of the COX-2 enzyme [51,52]. 
Hinz et al. (2007) demonstrated 4.4x more selec-
tivity toward the inhibition of COX-2 (IC50 
= 25.8 µmol/L) over COX-1 (IC50 = 113.7 µmol/ 
L) from in vitro assays using whole human blood 
[51]. In this study, paracetamol demonstrated over 
80% blockade of COX-2 activity comparable to 
NSAIDs and COX-2 selective inhibitors. It is not 
clear why there are significant discrepancies in 
relation to inhibition of COX-1 and COX-2 activ-
ities by paracetamol as reported by Hinz et al. [51] 
and Mitchell et al. [33]. The differences in the 
results are notwithstanding the similarities in the 
experimental procedures. The concentrations of 
paracetamol used in the two studies are within 
a similar range (Hinz et al. used 100 µM and 
Mitchell et al. used 50–600 µM). Other similarities 
between the two studies include the cell types 
used; whole human blood stimulated with 10 µg/ 
ml Lipopolysaccharide (LPS, for the induction of 
COX-2) by Hinz et al. [51] and J774.2 macrophage 
cell line stimulated with 1 µg/ml LPS by Mitchell 
et al. [33].

Unlike the COX-2 selective inhibitors, which 
have been shown to produce severe cardiovascular 
toxicities [53–55], the induction of such cardiovas-
cular toxicity by paracetamol is a matter of debate 
[56,57]. Paracetamol has also been claimed to have 
similar anti-inflammatory actions to COX-2 selec-
tive inhibitors [51] in reference to the work by 
Skjelbred and Lokken [58] and Bjornsson et al. 
[59] in which paracetamol has been shown to 
reduce dental edema. However, generally speaking 
paracetamol is regarded to have weak anti- 
inflammatory activities from clinical and preclini-
cal studies [60–63]. The notion that paracetamol 
produces anti-inflammatory actions in such dental 
inflammatory reactions is based on the assumption 
that such inflammatory reactions present low- 
grade inflammation, an idea that has not been 
tested thoroughly.

As stated above, paracetamol showed potent 
analgesia and concomitant with inhibition of CNS 
PGE2 synthesis, but not peripheral prostaglandin 
synthesis in the abdominal constriction model 
[23]; a model of nociceptive pain that has been 
shown to be mediated by prostaglandin mediators 
derived from the COX-1 and not COX-2 gene 
products [64].

Figure 4. The analgesic action of 200 mg/kg paracetamol in the 
acetic acid-induced writhing test was abrogated in COX-1 
knockout mice in comparison to wild-type littermate control 
mice (a). Similarly, the inhibition of PGE2 synthesis in brain (b) 
and spinal cord (c) tissues by paracetamol was abrogated in 
COX-1 knockout mice in comparison to wild-type littermate 
control mice. Reproduced from Ayoub et al. 2006 [23].
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2.1.1.3. Does the lipid hydroproxide theory 
explain the weak anti-inflammatory actions of 
paracetamol?

One of the hypothesis that has been put forward 
to explain the weak anti-inflammatory action by 
paracetamol is related to its ability to work as 
a reducing agent [65] as opposed to blockade of 
the cyclooxygenase active site of the COX-1 and 
COX-2 enzymes. Structurally paracetamol is 
a phenolic compound and phenols are known to 
be good reducing agents. To be catalytically active, 
COX-1 and COX-2 enzymes need to be in the 
oxidized active state, which is ensured through 
the continuous oxidation of the tyrosine-385 resi-
due at the COX active site to a tyrosyl radical 
through electron transfer. Generation of the tyro-
syl radical is initiated at the peroxidase active site 
of the COX-1 and COX-2 enzymes by the reduc-
tion of an available hydroperoxide substrate [66]. 
Thus, supply of lipid hydroperoxides ensures that 
the enzyme remains in the oxidized active state. 
Paracetamol as a reducing agent has been pro-
posed to work by lowering the intracellular lipid 
hydroperoxide tone driving COX-1 and COX-2 
enzymes into the inactive reduced state ultimately 

reducing prostaglandin synthesis [65]. In an 
inflammatory milieu where the peroxide tone is 
believed to be high would render paracetamol 
inactive as a reducing agent, thus possibly explain-
ing its weak anti-inflammatory action. It is note-
worthy that this hypothesis, which has been 
claimed to explain the weak anti-inflammatory 
action of paracetamol and to also explain the 
mechanism through which paracetamol inhibits 
COX-1 and COX-2 activities [67–70], has to date 
not been tested in vivo. We found that by increas-
ing the intracellular lipid peroxide tone using 
T-butyl hydroperoxide in J774.2 macrophage 
cells, paracetamol was still able to inhibit the cat-
alytic activity of COX-2 induced by diclofenac 
(Figure 5). In the same cell line, paracetamol did 
not inhibit the catalytic activity induced by the 
pro-inflammatory stimulus LPS with the intracel-
lular lipid hydroperoxide tone remaining 
unchanged after the addition of LPS [71].

All the studies that provide evidence on the 
reducing property of paracetamol to explain the 
mechanism through which it inhibits COX-1 and 
COX-2 activities are entirely in vitro experiments 
in which the concentrations of reaction 

Figure 5. Elevation of the intracellular lipid hydroperoxide tone with T-butyl-OH does not antagonize the inhibitory effect of 
paracetamol on the diclofenac-induced cyclooxygenase-2 activity at 48 h in J774.2 macrophages. For the experimental protocol, 
refer to the methods section. ***P < 0.001 diclofenac-stimulated cells vs. unstimulated cells; #P < 0.05 and ##P < 0.01 diclofenac + 
paracetamol treatment ± T-butyl-OH vs. diclofenac-stimulated cells (ANOVA and Dunnett’s post hoc test). Inset: ***P < 0.001 cells 
stimulated with diclofenac ± 10, 100, 1000 µM paracetamol vs. unstimulated cells, # P < 0.05 cells stimulated with diclofenac and 
treated with T-butyl-OH and 10, 100 or 1000 µM paracetamol vs. cells stimulated with diclofenac. Reproduced from Ayoub et al. 
2011 [72].
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components are not necessarily representative of 
the concentrations found inside the cells in vivo. 
The cell-based assays reported by Boutaud et al. 
(2002) were performed to compare the inhibitory 
effect of paracetamol on COX-1 and COX-2 
enzymes from different cell types [67]. This creates 
problems when considering the fact that the con-
centration of endogenous substrate, arachidonic 
acid, and perhaps other substances, apart from 
peroxides could be different in the different cell 
types. Assays based on purified COX-1 and COX-2 
enzymes bear little resemblance to the in vivo con-
ditions that the enzymes naturally exist in as the 
concentrations of co-factors required for the enzy-
matic activity are irrelevant [68]. The advantage 
that our experimental conditions offer is that we 
compared the interactions between paracetamol 
and COX-2 induced by two different stimuli in 
the same cell line under the same experimental 
conditions [71].

Activation of the serotonergic descending 
inhibitory pathway by paracetamol
Activation of the descending inhibitory serotoner-
gic pathway by paracetamol has been proposed as 
a possible mechanism for the analgesic action of 
paracetamol in humans [72,73] and experimental 
animals [74–77]. This serotonergic pathway, which 
originates from the brain stem and terminates at 
the spinal cord dorsal horn, is important in the 
modulation of nociceptive signals. Decades of 
research have provided evidence on the signifi-
cance of this pathway to mediate the analgesic 
action of paracetamol as it has been shown that 
selective blockade of particular serotonergic recep-
tors to abolish the analgesic actions of paracetamol 
in acute models of pain. The serotonergic recep-
tors that have been mostly implicated in these 
investigations include 5-HT1A [76–78] 5-HT3 
[74,75,79,80] and 5-HT7 [81,82]. In addition, 
lesioning of the serotonergic bulbospinal pathways 
or depletion of serotonin levels has been shown to 
attenuate the analgesic action of paracetamol [83]. 
Activation of this pathway cannot fully explain the 
mechanism of analgesic action of paracetamol as it 
was shown that paracetamol did not have affinity 
for any of the serotonergic receptor types or sub-
types or to any of the enzymes involved in the 
synthesis or degradation of serotonin [84]; hence, 

this interaction between paracetamol and the des-
cending inhibitory serotonergic system is an indir-
ect one and is perhaps a “by-product” of inhibition 
of a centrally expressed COX variant enzyme.

AM404 as a metabolite of paracetamol: A new 
introduction to the paracetamol dilemma
The metabolic pathways for paracetamol have 
been elucidated several decades back, nonetheless 
in 2005 Högestätt identified a new metabolite for 
paracetamol [85]. It was shown that when para-
cetamol-derived metabolite para-aminophenol, 
formed in the liver, enters the brain it conjugates 
with arachidonic acid through the action of fatty 
acid amidohydrolase (FAAH) to form 
N-(4-hydroxyphenyl)-arachidonamide (AM404). 
AM404 as a novel metabolite for paracetamol 
was shown to activate the endocannabinoid system 
and to also activate the transient receptor potential 
vanilloid-1 (TRPV-1) channel, both of which are 
involved in the modulation of pain signaling and 
proposed to mediate the analgesic action of para-
cetamol [86–90]. Prior to the work by Högestätt 
et al. (2005) AM404 was shown to have analgesic 
properties mediated through the inhibition of 
endocannabinoid reuptake, thereby by preventing 
the reuptake of anandamide from the synaptic cleft 
[91]. Experiments in which the conversion of 
p-aminophenol into AM404 has been interrupted 
using FAAH knockout mice or selective FAAH 
inhibitors, the analgesic actions of paracetamol 
were shown to be blocked [89,90,92,93]. The ser-
otonergic system has also been shown to be tar-
geted by the paracetamol-derived AM404 [94,95].

The potential interactions between paracetamol 
and TRP channels, in particular, the TRPV1 chan-
nel, have been reported by several groups. Mallet 
et al. (2010) showed attenuation of the paraceta-
mol-induced analgesia in the formalin, tail immer-
sion and von Frey tests of nociception in mice 
lacking FAAH and TRPV1 and that intracerebro-
ventricular administration of the TRPV1 channel 
antagonist capsazepine to abolish the analgesic 
action of paracetamol [88]. In addition, the analge-
sic action of paracetamol was shown to be attenu-
ated in FAAH knockout mice and in animals 
treated with the FAAH inhibitor URB937 in mod-
els of thermal hyperalgesia, chemical hyperalgesia, 
and mechanical allodynia [92]. Using patch clamp 
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and calcium imaging techniques, Stueber et al. 
(2018) demonstrated TRPV1 activation by 
AM404 at concentrations below 1 µM in HEK 
293 cells expressing human TRPV1 and in dorsal 
root ganglia neurons [96]. From a clinical perspec-
tive, paracetamol was shown to produce antinoci-
ception in a model of chemical nociception in 
individuals expressing a particular TRPV1 genetic 
polymorphism [97]. In support of a non-TRPV1 
mediated action for AM404, in cultured hippo-
campal slices and microglial cells AM404 was 
shown to inhibit the LPS-mediated PGE2 produc-
tion in a TRPV1 independent manner and was 
also able to decrease the expression of COX-2 
protein [98]. Paracetamol-induced analgesia was 
not altered in mice lacking the TRPM8 channel 
in several animal models of pain [99].

Using similar experimental approaches to those 
reported above, we showed that the hypothermic 
action of paracetamol in mice is not mediated 
through AM404 and is not dependent on activa-
tion of the endocannabinoid or TRPV-1 pathways 
[100]. In addition, we showed that the hypother-
mic action of cannabinoid receptor-1 and TRPV-1 
agonists is not mediated through the inhibition of 
prostaglandin synthesis demonstrating parallel 
rather than interdependent pathways [100].

We were the first to report on the presence of 
AM404 in human CSF and plasma samples follow-
ing intravenous administration of 1 g paracetamol 
(in CSF samples of 14 of 26 patients at concentra-
tions of 5.1–57.4 nmol.L−1) [101]. The clinical 
relevance of AM404 to the pharmacology of para-
cetamol in humans remain unclear, as the evi-
dence to date on AM404 comes largely from 
animal studies. AM404 has been demonstrated in 
in vitro studies to inhibit reuptake of anandamide, 
block TRPV1 and inhibit COX-1 and COX-2 
activities [86,98,102–105] in the high nanomolar 
to low micromolar concentration range, well above 
the concentrations were able to detect in human 
CSF [101]. Ex vivo animal studies have detected 
levels of AM404 in whole brain tissue equating to 
the low nanomolar range following systemic 
administration of standard analgesic doses of para-
cetamol in rats (300 mg.kg−1) [85]. Muramatsu 
et al. reported on the metabolism of paracetamol 
to AM404 in rats at doses of paracetamol similar 
to therapeutic doses in humans [16]. However, the 

authors report on a conversion rate of plasma 
paracetamol to AM404 of only 0.0013%, which 
would result in low concentrations expected to 
have negligible pharmacological activities. Our 
study reported on a relatively similar conversion 
rate of plasma paracetamol to AM404 CSF 
(0.009%) [106].

Research focussed on the role of other ion chan-
nels to mediate the pharmacological actions of 
paracetamol includes the work by Kerckhove 
et al. (2014) who demonstrated that the analgesic 
action of paracetamol was attenuated in mice in 
which the supraspinal calcium Cav3.2 channels are 
inhibited. Centrally administered AM404 resulted 
in antinociception which was lost in Ca(v)3.2(-/-) 
mice [107]. In addition, the reactive paracetamol 
metabolite N-acetyl-p-benzoquinone imine, which 
has been detected in the CNS, has recently been 
shown to reduce membrane excitability in rat dor-
sal root ganglion and spinal dorsal horn neurons 
accompanied by hyperpolarization resulting from 
increased currents through potassium KV7 chan-
nels [108].

Thermoregulatory action of paracetamol

Mechanistic research on the antipyretic and 
hypothermic actions of paracetamol
Paracetamol is widely used for its antipyretic 
action, particularly in children [109–111]. Similar 
to its analgesic action, the mechanism of antipyre-
tic action of this drug remains poorly understood. 
Decades of research demonstrated that fever is 
generated when signaling molecules that include 
interleukin-6, interleukin-1β or tumor necrosis 
factor-α are released systemically following on 
from an inflammatory reaction in response to 
viral or bacterial pathogenic infections [112–114]. 
These molecules were shown to initiate a febrile 
response through activation of the vascular 
endothelial cells that line the pre-optic region of 
the hypothalamus, an important brain region in 
the regulation of body temperature [115–117]. 
These activated vascular endothelial cells respond 
through the induction of COX-2 (and not COX-1) 
that produces PGE2, which in turn resits the ther-
mostatic control to a higher temperature 
[112,116,118]. LPS has been shown to work in 
a similar manner [118,119]. The resultant effector 

358 S. S. AYOUB



efferent signals drive the body toward temperature 
conservation, reduced heat loss, and increased heat 
generation [120]. Mice lacking the PGE2 receptor 
EP3 [112] or microsomal prostaglandin 
E synthase-1 enzyme [121,122] were shown to 
have impaired febrile responses. To demonstrate 
significance of central PGE2 in the development of 
fever, it was shown that selective deletion of the 
EP3 receptor in the median preoptic nucleus to 
abrogate the LPS-induced fever in mice [123].

Blockade of brain PGE2 synthesis by NSAIDs 
has been associated with the antipyretic action of 
these drugs, which has been suggested to be due to 
inhibition of inducible COX-2 produced by 
hypothalamic vascular endothelial cells [124,125]. 
It is therefore not surprising that SC560, a selective 
COX-1 inhibitor, does not exhibit antipyretic 
actions [125].

Inhibition of COX-2 by paracetamol as dis-
cussed earlier does not satisfactorily explain the 
mechanism of pharmacological actions of parace-
tamol, including its antipyretic action [33]. It is 
worth noting that in one of the earliest observa-
tions in which prostaglandin synthesis was shown 
to mediate fever, it was shown that paracetamol 
administered intraperitoneally was able to reduce 
body temperature and cerebrospinal fluid (CSF) 
prostaglandin E1 synthesis (collected from the 
third ventricle) within a short and insufficient 
timeframe to allow for the induction of COX- 
2 [126].

As NSAIDs are believed to induce antipyresis 
through inhibition of the inducible COX-2 enzyme 
expressed in hypothalamic vascular endothelial 
cells [112,127], Li et al. (2008) showed that the 
antipyretic (and hypothermic) actions of paraceta-
mol were not attenuated in COX-1−/− mice in 
comparison to wild-type mice [128]. However, 
the antipyretic activity of paracetamol reported 
by these authors cannot be attributed to inhibition 
of inducible COX-2 protein as it was observed 1 
h following on from LPS administration, which is 
insufficient time for the induction of COX-2 [129]. 
Engström et al. (2013) used COX-2+/− mice to 
study the mechanism of antipyretic action of para-
cetamol as COX-2−/− mice failed to develop fever 
to LPS. At a 50 mg/kg non-hypothermic dose, the 
antipyretic action of paracetamol was attenuated 
in COX-2± mice in comparison to COX-2+/+ 

mice [130]. The authors claim that by lowering 
the levels of COX-2 enzyme as is the case in 
COX-2± mice the sensitivity of inhibition of 
COX-2 by paracetamol increases. It is not clear 
how by losing one allele of the COX-2 gene 
would render paracetamol more effective at inhi-
bition of the COX-2 enzyme.

Paracetamol is regarded generally speaking as 
a centrally acting temperature lowering drug 
[18,22,131] with the ability to temporally reduce 
brain PGE2 synthesis [22,132–134].

We recently showed that in COX-2-mediated 
endotoxin-induced fever model, paracetamol admi-
nistered prophylactically and therapeutically was 
able to reduce fever with a concomitant reduction 
in hypothalamic PGE2 synthesis; effects that were 
both significantly attenuated in COX-1-/- mice 
when compared to littermate wild-type control 
mice [135]. Previously, we showed that the parace-
tamol-induced hypothermia in normothermic mice 
and concomitant reduction in brain PGE2 synthesis 
(Figure 6) were significantly attenuated in COX-1-/- 
mice in comparison to wild-type mice but not in 
COX-2-/- mice [22]. We concluded that the para-
cetamol-induced hypothermia and antipyresis are 
both mediated through inhibition of a COX-1 gene- 
derived enzyme a notion that is supported by the 
finding that therapeutically administered paraceta-
mol-induced potent hypothermic and anti-pyretic 
actions in COX-1+/+ mice (with established pyr-
exia), which were partly lost in COX-1−/− mice. 
Similarly, the reduction of hypothalamic PGE2 
synthesis by therapeutically administered 

Figure 6. The reduction of basal body temperature (left y-axis) 
with 300 mg/kg paracetamol correlates with reduction of brain 
PGE2 levels (right y-axis) in male C57/BL6 mice. Reproduced 
from Ayoub et al. 2006 [23].
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paracetamol was significantly attenuated in COX- 
1-/- mice in comparison to littermate COX-1+/+ 
control mice (Figure 7) [135]. We, therefore, make 
the assumption that paracetamol reduces body tem-
perature through the induction of hypothermia 
through inhibition of a constitutively expressed 

COX-1 variant enzyme [22,135]. The inhibition of 
PGE2 by hypothermic and antipyretic paracetamol is 
not attributed to inhibition of COX-1 since the 
selective COX-1 inhibitor SC560 and the dual 
COX-1/COX-2 inhibitor indomethacin at pharma-
cologically active doses [136–138], failed to induce 

Figure 7. The antipyretic and inhibitory effect of therapeutically administered paracetamol on hypothalamic PGE2 synthesis was 
abolished in COX-1 knockout mice. The antipyretic effect of 200 mg/kg paracetamol administered subcutaneously 2 h after 10 µg/kg 
LPS was examined in COX-1+/+ (a) and COX-1−/- (b) mice. Panel C shows comparisons of the effect of therapeutically administered 
200 mg/kg paracetamol on hypothalamic PGE2 levels 1 h after paracetamol administration. A: *P < 0.05, **P < 0.01 and ***P < 0.001 
PFS and vehicle versus LPS and vehicle; ##P < 0.01 and ###P < 0.001 LPS and vehicle versus LPS and paracetamol. B: *P < 0.05 and 
**P < 0.01 PFS and vehicle versus LPS and vehicle; n = 4–5. Reproduced from Ayoub and Flower 2019 [130].
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hypothermia [135]. Selective inhibition of COX-2 by 
celecoxib does not result in hypothermia [135]. We 
therefore conclude that the target for the paraceta-
mol-induced hypothermia is not COX-1 or COX-2 
and is likely to be a variant of COX-1. A schematic 
representation of the action of paracetamol and 
NSAIDs on body temperature and the proposed 
mechanisms of action has been included in Figure 8.

Prophylactically administered paracetamol pro-
duced a similar magnitude of decrease in body 
temperature as therapeutically administered para-
cetamol in children in randomized controlled 
trials [110,139] supporting the notion that the 
antipyretic action of paracetamol is mediated 
through inhibition of a constitutively expressed 
enzyme. Additionally, given the fact that paraceta-
mol is able to induce hypothermia and reduce 
brain PGE2 synthesis in the absence and presence 
of fever within 30 minutes after administration 
(insufficient time for the induction of COX-2) 
negates the notion that the thermoregulatory 
actions of paracetamol are mediated through inhi-
bition of COX-2. Clinically, the paracetamol- 
induced hypothermia in humans has also been 
reported by several other research groups 
[140–145].

Our findings allude to a functional role for PGE2 
in the maintenance of normothermia, despite the 
lack of substantial evidence to support this notion. 
Oka et al. (2003) showed that administration of EP1, 
EP3 and EP4 receptor agonists in the absence of LPS 
fever to induce an increase in body temperature and 
have suggested a counterregulatory role for the EP4 
receptor [146], suggesting a significant role for PGE2 
in the maintenance of normothermia mediated 
through the activation of different EP receptors.

The reported paracetamol-induced hypothermia 
in normothermic animals [22,38,135] and humans 
[140–145] is a reversable and nontoxic action that 
temporally correlates with the pharmacokinetic 
profile of paracetamol [22,135], which has been 
exploited therapeutically for the acute manage-
ment of stroke in human adults alas with limited 
efficacy [144,145]. In mice paracetamol induces 
profound hypothermia (3°C); however, in humans 
paracetamol has been reported to induce very mild 
hypothermia (0.4°C), which is mostly related to 
the difference in body mass to surface area ration 
between mice and humans. In some reports, para-
cetamol has been demonstrated to induce 
hypothermia in children to temperatures below 
35.6°C [109].

Figure 8. Proposed schematic representation of the effect of paracetamol and NSAIDs on body temperature. The paracetamol- 
induced hypothermia under normothermia (Panel A) and febrile conditions (Panel B) is proposed to be mediated through the 
inhibition of a hypothalamic COX-1 variant enzyme. Most NSAIDs are non-hypothermic (Panel C), but are able to reduce febrile 
temperature through inhibition of inducible hypothalamic COX-2 enzyme.
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Identification of AM404 as a new metabolite 
for paracetamol [85] has prompted us to investi-
gate the role of AM404 for the paracetamol- 
induced hypothermia. As AM404 has been pro-
posed to work by activation of the endocannabi-
noid and TRPV1 systems, both of which when 
activated by cognate agonists result in hypother-
mia [147,148], we therefore measured hypother-
mia induced by paracetamol in mice lacking the 
cannabinoid receptor-1 (CB1R) receptor or 
TRPV1 channel. We found that paracetamol was 
able to produce a similar hypothermic response in 
the two transgenic lines when compared to their 
wild-type littermates [100]. The findings from 
these experiments were confirmed using selective 
pharmacological blockers of the CB1R and 
TRPV1 channel, which failed to prevent the 
development of hypothermia induced by parace-
tamol. We also showed that development of 
hypothermia by selective CB1R and TRPV1 ago-
nists is not dependent on the inhibition of COX-1 
or COX-2 enzymes. Using mice deficient of the 
enzyme FAAH, which has been shown to mediate 
the final step in the conversion of paracetamol 
into AM404, we demonstrated a similar 
hypothermic response by paracetamol in these 
mice in comparison to their littermate controls. 
Selective inhibition of FAAH with URB597 failed 
to prevent the development of hypothermia pro-
duced by paracetamol. Unlike reports by other 
researchers [149], in our study, exogenously 
administered AM404 failed to induce hypother-
mia. These findings demonstrate that the parace-
tamol-induced hypothermia is not mediated by 
AM404 and does not involve activation of the 
endocannabinoid or TRPV1 systems. Further 
support to this notion is provided by the work 
of Massey et al., (1982) who showed that direct 
intracerebroventricular administration of parace-
tamol to result in hypothermia within 20 minutes 
of administration [131]. Whilst supporting our 
conclusion on the absence of a functional role 
for TRPV1 in mediation of the hypothermic 
action of paracetamol, Gentry and colleagues 
(2015) provide evidence on a functional role for 
TRPA1, another member of the family of TRP 
channels [150].

Despite the fact that TRPV1 agonists are known 
to induce hypothermia as discussed earlier, not all 

TRPV1 antagonists were shown to induce 
hyperthermia [151]. In the report by Gavva et al. 
(2007) therapeutically administered 300 mg/kg 
paracetamol reduced the body temperature in 
rats in the absence and presence of the TRPV1 
antagonist AMG8163 [152]. These data do not 
necessarily corroborate direct interactions with 
the TRPV1 channel to mediate the reduction in 
by temperature by paracetamol.

Corley (2009) showed that the cannabinoid and 
opioid systems are not involved in mediating the 
hypothermic action of paracetamol [153]. However, 
contrary to our conclusions on the association of 
PGE2 and the induction of hypothermia by canna-
binoid drugs, Coupar and Taylor (1982) showed that 
administration of Δ9-tetrahydrocannabinol to 
reduce hypothalamic PGE2 synthesis in rats and 
that it correlated with the hypothermic action of 
this CB1R agonist [154].

Recent in vitro research suggested that the para-
cetamol-induced hypothermia is peripherally 
mediated and is depended on the inhibition of 
lipolysis in cultured adipocytes from brown adi-
pose tissue, a process associated with thermogen-
esis [155]. Bashir et al. (2020) attempted to explain 
the mechanism of hypothermic action of parace-
tamol using adipocytes grown in culture and 
report on decrease of lipolysis with 1 and 10 mM 
of paracetamol.

It is noteworthy that the concentrations of para-
cetamol used by Bashir et al. (2020) are well above 
the plasma concentrations reported for paraceta-
mol from pharmacological experiments in rodents. 
The 1 and 10 mM concentrations of paracetamol 
in these experiments [155] are well above the 
700 µM (after 30 minutes administration) and 
550 µM (after 1 hour of administration) plasma 
concentrations for the 200 mg/kg dose of parace-
tamol as reported by us [135]. Thus, despite being 
nontoxic to the cells, the concentrations of para-
cetamol used by these authors are pharmacologi-
cally irrelevant and do not represent plasma 
paracetamol concentrations in humans or rodents 
[31,135]. Such concentrations of paracetamol, thus 
represent a misinterpretation of the 200 mg/kg 
dose use by us [22,135,156] and others [83]. The 
authors also go on reference Fischer et al. (1981) in 
which the dose of paracetamol used to study the 
pharmacokinetics of a toxic dose of paracetamol in 
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mice was 500 mg/kg [157], well above the 200 mg/ 
kg and 300 mg/kg doses used by us [22,100,135]. 
Additionally, the authors provide justifications for 
the concentrations of paracetamol used on the 
basis of research by Orbach (2017), which is an 
entirely in vitro research [158].

Bashir et al. (2020) attempt to the challenge the 
notion that the paracetamol-induced hypothermia 
is mediated through the inhibition of a COX-1 
variant (and other COX enzymes including COX- 
1 and COX-2), but present no data to support this 
argument [155]. In actual fact, the authors state 
that COX-3 has never been detected in human 
tissues, contrary to the work by Qin et al. (2005) 
[42]. The authors go on to extend their conclusion 
on the inhibition of lipolysis to explain the 
mechanism of action of NSAIDs and reference 
research that was conducted entirely in vitro, one 
of which is work done on renal tissues that repre-
sents toxicological as opposed to pharmacological 
actions of NSAIDs [159,160].

The evidence that support the paracetamol- 
induced hypothermia and indeed the paracetamol- 
induced antipyresis and analgesia are centrally 
mediated is supported by a large volume of pub-
lished literature that spans 6 decades [18– 
23,27,28,96,131–135], which comes from direct 
in vivo experiments in which the pharmacological 
actions of paracetamol are directly correlated with 
reduction in PGE2 synthesis in the CNS and in 
some papers with clear absence of peripheral 
actions. As an example, the work by Feldberg 
(1973) in which anti-pyresis was correlated by 
direct and real-time reduction in brain prostaglan-
din E1 synthesis [132]. One of the key observations 
that demonstrate a central mechanism of the 
hypothermic action of paracetamol is the induc-
tion of hypothermia with intracerebroventricularly 
administered paracetamol [131,161].

Our in vivo research demonstrates that induc-
tion of hypothermia is not dependent on the ambi-
ent temperature [22,135]. We found paracetamol 
to be able to induce comparable hypothermia in 
mice housed below their thermoneutral tempera-
ture (22°C), in which heat loss exceeds heat gain 
and at their thermoneutral temperature zone (30° 
C) in which heat gain and loss are equal. Bashir 
et al. (2020) argue state that freshly isolated brown 
adipocytes to have high level of basal lipolysis as 

a result of the cells being freshly isolated from 
mice and is attributed to the cells acclimatizing 
to ambient temperature, below the animals’ ther-
moneutral zone. It is noteworthy that such ther-
moregulatory changes are whole organism 
modifications and are centrally mediated [120].

Is paracetamol a sleep-inducing drug?

As a widely available over-the-counter drug, para-
cetamol is known to be used for purposes other 
than for its analgesic and antipyretic actions. This 
include the use of paracetamol for the induction of 
sleep, which is based on anecdotal personal experi-
ences [162]. It is logical to reason that such sleep 
promoting action by paracetamol is a consequence 
of improvement of the patients’ pain experience or 
is merely a placebo effect. Pilot-controlled clinical 
trials failed to demonstrate a positive correlation 
between paracetamol administration and improve-
ment of sleep [163–165]. Considering the thermo-
regulatory actions of paracetamol are believed to 
be mediated through inhibition of PGE2 within the 
hypothalamus, it is thought provoking to reason 
that paracetamol might have mild sleeping indu-
cing properties, particularly when bearing in mind 
the fact that PGE2 is known to induce wakefulness 
[166–168] inhibition of which would promote 
sleepiness. It is feasible to believe that paracetamol 
affects common neuronal circuitry mechanisms 
within the hypothalamus that regulate sleep and 
body temperature, a paradigm that would be 
worth further investigation (Reference 169 pro-
vides an overview on the CNS neural circuitry 
and role of prostaglandins in the development of 
sickness syndrome/behavior that includes fever 
and increased sleepiness). Indeed, the suprachias-
matic nucleus within the anterior medial zone of 
the hypothalamus is known to be involved in 
circadian control of sleep-wake cycle and body 
temperature.

Final remarks and future considerations on 
paracetamol

Owing to the fatal hepatotoxicity associated with 
paracetamol over-dose [170,171], it has been 
debated whether paracetamol should be with-
drawn from the market or to be re-classified. At 
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therapeutic dose paracetamol is a safe drug, but 
with a narrow therapeutic window, it is easy to 
accidently or deliberately over-dose. Such debates 
between clinicians, scientists and drug regulators 
have been ongoing for some time with the general 
population rarely being involved in such dialogs. It 
is predicted that withdrawal of paracetamol from 
global markets or even its re-classification would 
not be well received by the general population. As 
on over-the-counter, most people self-medicate 
with paracetamol for the management of acute/ 
mild pain and fever. Paracetamol became particu-
larly important during the current global SARS- 
CoV-2 pandemic as ibuprofen, another over-the- 
counter analgesic antipyretic drug, was initially 
contraindicated for these patients [172], a notion 
that was later rejected [173,174]. Undoubtedly, 
paracetamol holds a unique place as a familiar 
and widely used analgesic antipyretic drug which 
for many decades has puzzled pharmacologists in 
regards to its mechanism of pharmacological 
actions (Prevailing theories on the mechanisms of 
pharmacological actions discussed in this review 

are summarized in Figure 9). From a clinical per-
spective, withdrawal of paracetamol from the mar-
ket would leave a void for the management of mild 
pain and fever whether through physicians recom-
mendation or patients’ own self-medication endea-
vors and the search for a drug to replace 
paracetamol may be the way ahead, but equally 
not necessarily provide a safer alternative. It is 
worth remembering that a wealth of knowledge 
on the paracetamol-induced toxicity has accumu-
lated over the many decades of clinical use. Several 
measures have been put in place to help reduce the 
paracetamol-induced toxicity that include limits 
on package size, which has had limited impact 
[175,176]. Therefore, more steps to help prevent 
overdosing with paracetamol are needed. Such 
steps may include helping to provide general 
awareness on the risks linked to overdosing with 
paracetamol [177–179]. From a pharmacological 
perspective, the search for the molecular target 
for paracetamol continues, which may provide us 
with a new way to treat pain and fever in the 
future.

Figure 9. Schematic representation of the prevailing theories on the mechanisms of pharmacological actions of paracetamol 
discussed in this review.
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