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Abstract

Paracetamol (acetaminophen), is a centrally-acting antipyretic analgesic drug, which can also
lower body temperature. Despite a century of clinical use, its mechanism of pharmacological
action has not been completely elucidated. Previously, we demonstrated significant
attenuation in the paracetamol induced hypothermia in parallel with its inhibitory action on
the synthesis of brain prostaglandin E> (PGE>) in cyclooxygenase-1 (COX-1) knockout mice
in comparison to wild-type mice. The above reported pharmacological actions by
paracetamol were completely retained in COX-2 knockout mice. We thus concluded that the
mechanism of hypothermic action of paracetamol is dependent on inhibition of a COX-1
gene-derived enzyme. In the current investigation, we provide further support for this notion
by demonstrating that the paracetamol-induced hypothermia is not mediated through
inhibition of COX-1 as neither the COX-1 selective inhibitor, SC560, nor the COX-1/COX-2
dual inhibitor, indomethacin, induced hypothermia at pharmacologically active doses in mice.
In addition, using a COX-2-dependent and PGE>-mediated model of endotoxin-induced
fever, paracetamol induced anti-pyretic and hypothermic actions in COX-1 wild-type mice.
These effects were fully or partially attenuated in COX-1 knockout mice after prophylactic or
therapeutic administration, respectively. Therapeutically-administered paracetamol also
reduced hypothalamic PGE> biosynthesis in febrile COX-1 wild-type mice, but not in febrile
COX-1 knockout mice. In conclusion, we provide further evidence which suggests that the
hypothermic and now anti-pyretic actions of paracetamol are mediated through inhibition of a

COX-1 variant enzyme.
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1. Introduction

Paracetamol (acetaminophen) is an analgesic antipyretic drug with weak anti-inflammatory
actions; commonly used for the treatment of acute pain and fever in adults and children
(Roberts and Morrow, 2001). Despite its widespread clinical use for over a century, the
totality of the mechanism of pharmacological actions of paracetamol has not been
satisfactorily explained.

The mechanism of action of aspirin and other non-steroidal anti-inflammatory drugs
(NSAIDs) is dependent on inhibition of cyclooxygenase (COX) activity (Vane 1971). Unlike
NSAIDs, paracetamol was shown to reduce prostaglandin E» (PGE>) synthesis more potently
in the brain than in peripheral (e.g. spleen) tissues (Flower and Vane 1972) suggesting
specificity of action. Several in vivo studies confirmed this hypothesis (Ayoub et al. 2004;
Ayoub et al. 2006; Feldberg et al., 1972; Muth-Selbach et al. 1999; Yaksh and Malmberg,
1993).

Paracetamol produced weak inhibition of COX-1 and COX-2 activities in in vitro inhibitory
assays (Mitchell et al. 1993), thus inhibition of these two enzymes could not provide a
satisfactory explanation for the reduction of CNS PGE; synthesis by paracetamol. From in
vitro experiments, it was shown that paracetamol worked as a reducing agent to inhibit COX
activities and that this inhibitory action was therefore dependent on the intracellular lipid
hydroperoxide tone. (Boutaud et al., 2002; Hanel and Lands, 1982; Oulellet and Percival,
2001).

In 2002, Simmons and colleagues identified a novel cyclo-oxygenase species, COX-3, in
canine tissues as a new catalytically active splice variant of COX-1, which unlike COX-1,
retained intron-1 in its mRNA and protein sequences. Paracetamol potently inhibited COX-3
activity in a cell based assay, but not COX-1 or COX-2 (Chandrasekharan et al. 2002). As
COX-3 was shown to be highly expressed in the CNS, it was therefore thought that it could

provide the long sought after target for the pharmacological actions of paracetamol. However,



Retention of intron-1 in rodent and human COX-1 mRNA was shown to result in an out-of-
frame sequence that terminated translation, producing a truncated catalytically inactive
protein (Chandrasekharan et al. 2002; Dinchuk et al. 2003; Schwab et al. 2003). Despite this,
COX-3 protein has been detected in rodent and human tissues (Ayoub et al. 2006; Qin et al.
2005; Shaftel et al. 2004; Snipes et al. 2005). It has been suggested that removal of one or
more nucleotides from the intron-1 mRNA sequence prior to translation could lead to an in-
frame sequence (Qin et al. 2005).

Previously, we provided evidence that the hypothermic action of paracetamol in
normothermic mice is dependent on inhibition of a COX-1 gene-derived protein (Ayoub et
al., 2004). This conclusion is derived from the demonstration that the brain PGE;-dependent
paracetamol-induced hypothermia was significantly attenuated in COX-17" mice, and was
completely retained in COX-2"", in comparison to the respective littermate wild-type
controls. The two likely targets for the paracetamol-induced hypothermia are either COX-1
or its variant COX-3.

In the current study, we provide evidence that the target for the paracetamol-induced
hypothermia in normothermic mice is not COX-1 as the COX-1 selective inhibitor SC560
and dual inhibitor indomethacin both failed to induce hypothermia at pharmacologically
active doses. We also investigated the mechanism of antipyretic action of paracetamol, and
we provide evidence that, unlike NSAIDs, the antipyretic action of paracetamol is not

dependent on inhibition of COX-2, but on a COX-1 gene-derived protein.



2. Materials and methods

2.1. Animals

Male C57BL/6J mice (20+2g) were supplied from Harlan UK (Bicester, UK). COX-17",
COX-2"" (Langenbach et al. 1995; Morham et al. 1995) and littermate wild-type mice (COX-
17" and COX-2"*) were from stocks bred at Bart’s and the London School of Medicine and
Dentistry. All strains of mice were maintained under a 12-h/12-h light/dark cycle at 22°C+£1.
Food and water were provided ad libitum. Experimental procedures were conducted in

accordance with the United Kingdom Home Office Guidelines.

2.2. Reagents

Paracetamol (Sigma, Poole, UK) was dissolved in 12.5% (v/v) 1,2-propanediol. SC560 and
celecoxib (kind gifts from Schering Aktiengesellschaft, Berlin, Germany) were initially
dissolved in 100% dimethyl sulphoxide (DMSO) then diluted to the appropriate doses in a
solution containing 10% cremophor oil, 10% ethanol and 80% saline reducing the
concentration of DMSO to 0.1%. Indomethacin was dissolved in a 5% solution of sodium
bicarbonate. Lipopolysaccharide (LPS) from Escherichia coli (serotype 0111:B4) purified by
trichloroacetic acid extraction was purchased from Sigma and constituted in pyrogen-free

saline (PFS).

2.3. Measurement of body temperature

To measure core body temperature of freely moving mice, temperature-sensitive transponders
(Plexx B.V. AB Elst, The Netherlands) were implanted subcutaneously under light isoflurane
anaesthesia. Mice were immediately placed under warming lamps to aid with recovery from
the anaesthetic with a piece of tissue paper placed between the light source and mice to
protect their eyes from direct light exposure. Implantation of the temperature-sensitive

transponders was done one week prior to the experiment. Temperature measurements were



made using a temperature-sensitive scanner held 3cm above the back of the animals. Seven
days prior to the experiment, the body temperature of mice was measured and recorded on a
daily basis to familiarize (condition) mice to the temperature scanner in order to reduce stress

and also to monitor their body temperature.

2.4. Induction of fever and drug administration

At 8:00am the animals were transferred to a warm air system (Vet Tech Solutions Limited,
UK) set to the murine thermoneutral zone of 30°C. Prior to the start of the experiments, body
temperatures were measured twice in order to screen for any abnormally high or low body
readings. At 9:00am LPS (see results section for doses used) was administered
intraperitoneally. Paracetamol at a dose of 200mg/kg was administered subcutaneously either
prophylactically (0.5h prior to LPS) or therapeutically (2h after LPS). In each experiment the
time-profile of body temperature, usually up to Sh was determined. In other experiments,
normothermic mice housed at standard 22°C were treated intraperitoneally with either
300mg/kg paracetamol, 15mg/kg SC560, 15mg/kg celecoxib or 5 - 10mg/kg indomethacin

(subcutaneously) in order to determine whether these drugs induce hypothermia.

2.5. Measurement of hypothalamic PGE:

2.5.1. Dissection of hypothalamus

At the end of the experiments the mice were killed by cervical dislocation and the brains were
quickly removed from the skull, placed on ice and immediately washed with cool 10uM
indomethacin (constituted in 5% w/v biocarbonate buffer). Whole brains or hypothalamic
tissues were removed and snap-frozen in liquid nitrogen. All tissues were stored at -80°C

ready for PGE; extraction and subsequent measurement.



2.5.2. PGE; extraction and measurement

The same procedures as previously published (Ayoub et al. 2004; Ayoub et al. 2006; Ayoub
et al. 2008) were followed. Briefly, hypothalamic tissues or whole brains were pulverized
with a nitrogen bomb (Biospec Products, Bartlesville, OK). One millilitre of 15% (v/v)
ethanol (diluted in distilled water and then acidified to pH 3) was added to each tissue
sample. The tissue homogenates were left at 4°C for 10 min and then spun at 375g for 10min
at 4°C. C-18 Sep-Pak cartridges (Waters, Milford, MA, USA) were conditioned with 4ml of
ethanol followed by 4ml of distilled water. The supernatant from tissue homogenates were
then applied to the columns at a flow rate of 5 ml/min. The columns were then washed in 4ml
of distilled water followed by 4ml of 15% ethanol in distilled water. The samples were finally
eluted with 2 ml of ethyl acetate. The samples were dried in a Speed-Vac and then stored at -
80°C.

Measurement of hypothalamic PGE: was performed using a commercial enzyme
immunoassay kit from Cayman Chemicals (Ann Arbor, MI, USA), according to the
manufacturer’s instructions. The concentration of PGE in the samples was determined by
comparing the calculated percentage binding of PGE: in the samples with a standard PGE»

curve (15.6-2,000pg/ml).

2.6 Quantification of paracetamol in plasma

After the subcutaneous administration of 200mg/kg paracetamol to wild-type C57BL/6J
mice, plasma was collected from mice at 0.5, 1, 2, 3 and 4h and the concentration of
paracetamol was measured using a colorimetric method (Cambridge Life Science). This
method relies on the enzymatic conversion of paracetamol by aryl acyl amidohydrolase to
acetate and 4-aminophenol. 4-aminophenol then reacts with o-cresol in the presence of

ammoniacal copper sulphate to give a blue indophenol dye which is measured at 630nm. The



paracetamol concentrations were measured against standards of 0.02-5mmol/L (Campbell et

al., 1983; Slater 1987; Smith et al., 1991).

2.7. Statistical analysis

The results were analysed using Graph Pad Prism 3.0 (San Diego, CA, USA) and, after
checking that it was normally distributed, expressed and presented graphically as
meantS.E.M. Statistical analysis was performed using unpaired Students t-test to compare
different treatments at the same time point. A P-value of <0.05 was considered to be

statistically significant.



3. Results

3.1. Selective inhibition of COX-1 or COX-2 does not result in hypothermia

At pharmacologically active doses, the selective COX-1 and COX-2 inhibitors, SC560
(15mg/kg) and celecoxib (15mg/kg), respectively (Smith et al. 1998) administered
intraperitoneally failed to induce hypothermia in normothermic mice housed at 22°C ambient
temperature over a 4h observation period (Fig. 1A). As a positive control, 300mg/kg
paracetamol induced significant hypothermia (P<0.05), 0.5h (34.13°C) and 1h (33.0°C) after
administration, resulting in 2.5 and 3.63°C decreases in core body temperature, respectively.
Paracetamol was given at a pharmacological dose of 300mg/kg (Crawley et al. 2008;
Dalmann et al. 2015; Kanashiro et al. 2009; Muth-Selbach et al. 1999) for consistency with
our previously published research (Ayoub et al. 2004).

At the same pharmacological dose of 15mg/kg, SC560 significantly (P<0.01) reduced brain
PGE: synthesis in comparison to vehicle treated mice resulting in 76% reduction in PGE>
synthesis (Fig. 1B) demonstrating that the absence of a hypothermic effect with this

compound is not related to pharmacokinetic limitations.

3.2. LPS-induced fever is PGE>-mediated and COX-2-dependent

To study the anti-pyretic mechanism of paracetamol, we developed and characterised a model
of pyrexia in mice. We observed that 10pug/kg LPS (i.p.) resulted in a significant increase of
core body temperature in mice housed at 30°C ambient temperature from 0.5h (0.75°C
increase) to 4h (1.18°C increase) post-administration (Fig. 2A). Administration of 100pg/kg
LPS (i.p.) did not cause any significant changes in body temperature whilst, paradoxically,
1000pg/kg LPS (i.p.) resulted in an initial increase of body temperature at 0.5h, immediately
followed by persistent hypothermia. This is consistent with previously published research in
which 1000pg/kg LPS produced polyphasic changes in body temperature (Rudaya et al.

2005; Steiner et al. 2009). Based on the fact that 10ug/kg LPS gave a consistent mono-phasic
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increase in body temperature (fever), this dose of LPS was used in subsequent experiments
for the induction of fever in mice.

Administration of 10pg/kg LPS to mice housed at 30°C ambient temperature significantly
increased (P<0.05) the hypothalamic levels of PGEz, 2 and 4h post-administration, in
comparison to PFS-treated mice; with 61% and 53% increases, respectively (Fig. 2B). No
statistically significant difference in the hypothalamic concentrations of PGE: between LPS
and PFS-treated mice at Oh (immediately after injection) was found (Fig. 2B). The increases
in hypothalamic PGE> synthesis induced by 10ug/kg LPS are temporally consistent with the
induction of fever.

Intraperitoneal administration of 10pg/kg LPS to COX-17" and littermate COX-1"" mice
induced comparable pyrexia when compared to genetically matched COX-1"~ and COX-1*"*
mice treated with PFS (Fig. 3A). There was some difference in the degree of diurnal body
temperature change between COX-1"" and COX-17" treated with PFS. This is mostly due to a
small drop of temperature in PFS-treated COX-17" mice and not a decrease of temperature in
PFS-treated COX-1"" mice, as supported by observing the natural circadian changes in body
temperature in COX-1"" and COX-1"" mice from other experiments where the body
temperature at the start of the experiments was approximately 37.0°C and dropped to
approximately 36.0°C (Figs. 4 and 5). Despite this, there was still a significant increase in the
body temperature of COX-1"" mice treated with 10ug/kg LPS compared to COX-1"" mice
treated with PFS (P<0.05; Fig. 3A).

COX-2""" mice developed statistically significant pyrexia (1-5h) to 10ug/kg LPS when
compared to COX-2"* mice treated with PFS with increases in body temperature ranging
from 0.65-1.3°C (Fig. 3B). On the other hand, COX-2"" mice treated with 10pg/kg LPS
intraperitoneally failed to develop pyrexia when compared to COX-2""* mice receiving the

same treatment (Fig. 3B).
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These data demonstrate that 10pug/kg LPS induced a COX-2 and not COX-1-mediated fever,
which is associated with increased production of hypothalamic PGE; synthesis. These
findings are consistent with previously published investigation on the mechanism of LPS-
induced fever (Cao et al. 1999; Matsumura et al. 1998; Ootsuka et al. 2008; Saha et al. 2005;

Steiner et al. 2005; Ushikubi et al. 1998).

3.3. The anti-pyretic action of paracetamol is dependent on inhibition of a COX-1 gene-

derived protein

COX-17"but not COX-2"" mice were used to investigate the mechanism of anti-pyretic action
of paracetamol for two reasons. Firstly, COX-2"" mice failed to respond with a febrile
reaction in response to LPS and secondly, our previous research (Ayoub et al. 2004)
demonstrated dependency by paracetamol on a COX-1 gene-derived enzyme for the
induction of hypothermia.

1" mice with 200mg/kg paracetamol 0.5h before challenge

Prophylactic treatment of COX-
with 10pg/kg LPS, resulted in reversible and statistically significant (P<0.01 at Oh and

P<0.05 at 1h and 2h post-LPS administration) hypothermia in comparison to COX-1""" mice
treated with vehicle and LPS with 1.76°C, 1.16°C and 0.54°C hypothermia at Oh, 1h and 2h of
LPS administration, respectively (Fig. 4A). Consistent with the results presented in fig. 3,
LPS induced statistically significant fever in COX-1"* mice (P<0.01, P<0.001 and P<0.05
after 1h, 2h and 3h of LPS administration, respectively) housed at 30°C ambient temperature
in comparison to COX-1"* mice treated with PFS (Fig. 4A).

On the other hand, prophylactic administration of 200mg/kg paracetamol to COX-1"" mice
challenged with LPS, did not induce a hypothermic or anti-pyretic effect in comparison to
COX-1"" mice treated with vehicle and LPS (Fig. 4B). In fact the pyrexia observed in

paracetamol treated COX-1"" mice persisted longer than in non-paracetamol treated mice at

4-5h post-LPS administration. LPS induced statistically significant (P<0.05 and P<0.01)
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pyrexia in both the paracetamol treated and vehicle treated mice in comparison to PFS treated
mice (Fig. 4B).

In fig. 4A, after the paracetamol-induced hypothermia has subsided at 1.5h post-paracetamol

administration, COX-1""*

mice went on to develop a febrile response to LPS. Therefore it can
be assumed that paracetamol is able to induce hypothermia only in the absence of LPS. In
order to test this assumption, in fig. SA 200mg/kg paracetamol was administered
therapeutically to COX-1"" mice housed at 30°C ambient temperature 2h after the
administration of LPS, hence well beyond the establishment of a COX-2-mediated fever. In
these animals paracetamol reduced the LPS-induced febrile response and indeed, similar to
the data presented in fig. 4A, it also was able to significantly induce hypothermia (P<0.001 at
1, 2 and 3h after paracetamol administration. The maximum hypothermia observed with
paracetamol was 3h after paracetamol administration with the body temperature falling to
31.1°C. It is not clear why therapeutically administered paracetamol (2h after LPS) is able to
induce a more substantial hypothermia in comparison to prophylactically administered
paracetamol. Following on from the subcutaneous administration of paracetamol, the plasma
concentration peaked at 0.5h at a concentration of 0.7mmol/L (700uM), which then started to
steadily decline from 1h (0.56mmol/L) onwards reaching a concentration of 0.025mmo/L at

4h (Fig. 4C). The paracetamol plasma profile follows temporally follows its effect on body

temperature in COX-1"" mice (Fig. 4A).

In comparison, the substantial hypothermia induced with therapeutically administered
200mg/kg paracetamol in COX-1""" mice (32.8 - 31.1°C hypothermia), there was a moderate
reduction in febrile body temperature with therapeutically administered paracetamol (2h post-
LPS) in COX-17" mice with body temperatures ranging from 35.8 to 35.93°C (Fig. 5B). In
COX-1"" mice, paracetamol non-significantly reduced the febrile body temperature by around

0.67°C after 1h of administration (Fig. 5B). This is in comparison to the significant reduction
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of febrile body temperature in COX-1"* mice compared to LPS treated mice (4.56°C after 1h
of paracetamol administration). There was no statistically significant difference in the body
temperatures between COX-1"" and COX-1"" mice treated with LPS after 3h of LPS
administration (1h post-paracetamol administration; figs. SA and B). Hence the febrile
responses in COX-1"*" and COX-1"" mice 1h post-paracetamol administration was negligible.
The loss of paracetamol induced hypothermia in febrile COX-1"" mice in comparison to
COX-1"* mice correlated with a loss of the effect of the same dose of paracetamol on

1" mice at 1h

hypothalamic PGE, synthesis in COX-1"" mice, again, in comparison to COX-
after paracetamol administration (Fig. 5C).

In the data presented in figs. 4 and 5, non-LPS challenged paracetamol treated mice were not
included as availability of sufficient numbers of littermate COX-1"" mice was a problem.
Equally, from previous data presented in fig. 1A and previously published by us (Ayoub et al.

2004) the effect of paracetamol given to non-febrile mice on normothermic body temperature

has already been demonstrated.

3.4. Indomethacin is antipyretic, but does not induce hypothermia

To compare the hypothermic and antipyretic profile of paracetamol (as reported in the current
study and previously: Ayoub et al. 2004) with an NSAID, indomethacin was selected as a
non-selective dual COX-1/COX-2 inhibitor (Mitchell et al. 1993). At pharmacological doses
of 5 and 10mg/kg (Crawford et al. 1979; Masferrer et al. 1994) indomethacin administered
subcutaneously failed to induce hypothermia over a 5h period (Fig. 6A), despite resulting in a
statistically significant inhibition (P<0.05) in the synthesis of brain PGE> measured at 1h
after administration (Fig. 6B). Despite the lack of hypothermia in normothermic mice housed
at 22°C ambient temperature (Fig. 6A), Smg/kg indomethacin (administered subcutaneously)
resulted in a statistically significant drop in the febrile response (P<0.05) induced by 10pg/ml

LPS in mice housed at 30°C ambient temperature at 4h and in a statistically non-significant
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decrease at 1, 2 and 3h post-LPS administration (Fig. 6C). Indomethacin was administered
prophylactically 0.5h before LPS. Compared to PFS, LPS resulted in statistically significant
increases in core body temperature from 0.5-4h post administration and with increase of body

temperatures ranging from 0.8-1.44°C (Fig. 6C).
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4. Discussion

Previously we demonstrated significant attenuation in brain PGE>-mediated paracetamol-
induced hypothermia in COX-17, but not COX-2"" mice, leading us to conclude that this
action of paracetamol is dependent on the inhibition of a centrally expressed COX-1 gene-
derived protein (Ayoub et al. 2004). With the identification of COX-3 as a splice variant of
COX-1 (Chandrasekharan et al. 2002), which is present in mouse tissues at the expected
molecular size (Ayoub et al. 2006; Shaftel et al. 2004), there are two possible targets for the
paracetamol-induced hypothermia; either COX-1 or a COX-1 variant protein. Since the
selective COX-1 inhibitor SC560 and the dual COX-1/COX-2 inhibitor indomethacin at
pharmacologically active doses (Fig. 1B; Crawford et al. 1979; Masferrer et al. 1994; Smith
et al. 1998), failed to induce hypothermia, we conclude that the target for the paracetamol-

induced hypothermia is not COX-1 and is likely to be a variant of COX-1.

Contrary to the generally accepted notion, Brennies (2006) reported that SC560 was
equipotent as an inhibitor of COX-1 and COX-2 in cultured cells. These findings do not alter
our conclusion that inhibition of a COX-1 variant enzyme mediates the paracetamol-induced
hypothermia because whether SC560 is COX-1 selective or is non-selective for COX-1 and
COX-2, does not indicate potential inhibition of COX-1 variant proteins. In fact, if SC560
does inhibit both COX-1 and COX-2 in vivo, this gives more support to our theory that the
paracetamol-induced hypothermia is not mediated by inhibition of either enzymes. In
addition, indomethacin, a dual COX-1 and COX-2 inhibitor, was non-hypothermic, but is

anti-pyretic through inhibition of COX-2 at pharmacological doses.

Since paracetamol is commonly used for the treatment of fever, we also investigated the
mechanism of antipyretic action of paracetamol. As demonstrated by others (Abe et al. 2001;

Li et al. 2001) and confirmed in the current study, intraperitoneally-administered LPS induces
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COX-2-dependent and hypothalamic PGE;-mediated pyrexia. Since paracetamol has
previously been shown to induce hypothermia in mice after 0.5h of administration (Ayoub et
al. 2004), it was expected that prophylactic paracetamol would result in hypothermia prior to
LPS treatment. Consistent with our previous study (Ayoub et al. 2004), we also find that this
hypothermic action is also abolished in febrile COX-17" mice compared to littermate wild-
type controls. The evidence to support the notion that paracetamol induces an anti-fever
effect through inhibition of a COX-1 gene-derived enzyme is provided by the finding that
paracetamol administered therapeutically induced potent hypothermic and anti-pyretic actions
in COX-1"* mice with established pyrexia and that this effect was partly lost in COX-17
mice. The induction of hypothermia by therapeutically administered paracetamol in febrile
mice was also observed by Li and colleagues (2008). Moreover the loss of hypothermia in
febrile COX-17" mice was also associated with loss in the reduction of hypothalamic PGE»
synthesis by paracetamol. We therefore, make the assumption that paracetamol reduces body
temperature through the induction of hypothermia through inhibition of a constitutively
expressed COX-1 variant enzyme (Ayoub et al. 2004; Satinoff, 1972), whilst NSAIDs induce
antipyretic actions through inhibition of the inducible COX-2 enzyme expressed in
hypothalamic endothelial cells (Li et al. 2001).
In contrast, Li et al. (2008) showed that the hypothermic and anti-pyretic actions of
paracetamol were not attenuated in COX-1"" mice in comparison to wild-type mice. These
authors used mice housed at 23°C ambient temperature, which is well below the well-
established 30°C thermoneutral temperature for mice (Fraifeld et al. 1995; Kozak et al. 1998);
a key requirement for the reliable induction of fever in mice (Rudaya et al. 2005; Steiner et
al. 2009). The anti-pyretic activity of paracetamol reported by Li et al (2008) cannot be
attributed to inhibition of inducible COX-2 protein as it was observed 1h following on from
LPS administration, which is insufficient time for the induction of COX-2 (Ryseck et al.

1992). However when we tested the anti-pyretic action of paracetamol 2h after LPS
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administration, the anti-pyretic action of paracetamol was maintained in COX-1"* mice and
partly attenuated in COX-1"" mice. The discrepancy between our results and those of Li and
colleagues (2008) could be due to phenotypic differences between the COX-17" mice used in
Li’s study and those used in the current study. For example, Ballou et al. (2000) reported a
significantly lower number of writhing counts in COX-17" mice in comparison to wild-type

mice, whereas we found no such difference (Ayoub et al., 2006).

It has been argued by several groups that both the antipyretic and analgesic target for
paracetamol is COX-2. Hinz and colleagues in 2007 demonstrated a 4.4 fold selectivity by
paracetamol for the inhibition of human COX-2 (ICso = 25.8umol/L) over COX-1 (ICso =
113.7umol/L) and argued that the weak inhibitory effect by paracetamol on COX-2 activity
during inflammation and hence its weak anti-inflammatory activity is dictated by its lower
potency for COX inhibition under elevated intracellular lipid hydroperoxide tone (Hanel and
Lands 1982). It is noteworthy that to date the link between the lipid hydroperoxide tone and
the inhibition of COX enzymes by paracetamol has only been demonstrated in vitro (Boutaud
et al. 2002; Lucas et al. 2005; Ouellet and Percival 2001) and not shown in vivo. In fact
scavenging intracellular lipid hydroperoxides did not reverse the lack of inhibition by
paracetamol of the endotoxin-induced COX-2 activity in macrophages (Ayoub et al. 2011a).
Since COX-2"" mice fail to develop fever to LPS, Engstrom Ruud et al. (2013) went on to use
COX-2"" mice to study the mechanism of anti-pyretic action of paracetamol. At a dose which
is non-hypothermic in COX-2"* mice, 50mg/kg paracetamol actually reduced the LPS-
induced pyrexia in COX-2"" mice. It is not clear how losing one allele of the COX-2 gene
would render paracetamol more effective at reducing fever and how it can be concluded from
these results that COX-2 is the anti-pyretic target for paracetamol. In support of the notion
that the antipyretic action of paracetamol is mediated through inhibition of a constitutively

expressed enzyme, it was shown that prophylactically administered paracetamol produced the
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same decrease in body temperature as therapeutically administered paracetamol in children in
randomised controlled trials (Yalgin et al., 2008; Prymula et al., 2009). Induction of
hypothermia with paracetamol and the concomitant reduction in brain PGE; synthesis
(Ayoub et al. 2004) suggest a role for PGE: in the maintenance of normothermia. Evidence
for such a function for PGE; is scarce, however Oka and colleagues (2004) showed
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 counter-regulatory role for the EP4

receptor.

Paracetamol is regarded generally speaking as a centrally-acting analgesic (Ayoub et al.
2006; Muth-Selbach et al. 1999; Yaksh and Malmberg 1993). The same notion applies to the
temperature lowering effects of paracetamol (Ayoub et al. 2004; Feldberg et al. 1972; Massey
et al. 1982). Paracetamol-induced hypothermia is temporally correlated with reduction in
brain PGE; synthesis (Ayoub et al., 2004; Feldberg et al. 1973; Kanashiro et al. 2008;
Mirrasekhian et al., 2018). Intracerebroventricular administration of paracetamol resulted in
profound hypothermia (Clark and Alderdice, 1972) and anti-pyretic actions (Crawford et al.
1979; Massey et al. 1982). Massey et al (1982) identified that the central hypothermic action
of paracetamol was mediated predominantly by the parent compound and not its reactive
metabolite N-acetyl-p-benzoquinone imine (NAPQI). The same authors also reported that
500mg/kg of orally administered paracetamol to result a plasma concentration of 113pug/ml
(747uM) after 1.5h. We showed that 200mg/kg paracetamol administered orally to produce a
peak plasma paracetamol concentrations of 210uM after 1h (unpublished observation), which
is within a similar range reported by Hinz et al. (2007) in humans given the standard
therapeutic oral dose of 1000mg (104.8uM). We also showed that subcutaneously
administered 200mg/kg paracetamol in mice to result in a plasma concentration within the

high micromolar concentration range. These findings justify the use of 200mg/kg dose of
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paracetamol in mice as a therapeutic pharmacological dose. Indeed, doses between 100-
300mg/kg of paracetamol are considered sub-toxic and have been extensively used for
investigations on the mechanism of action of this drug (Pini et al. 1996). The therapeutic dose
for paracetamol in humans is 1000mg, whereas the therapeutic doses for celecoxib and
indomethacin are in the range of 100-200mg. When calculating the doses used for all three
drugs given to humans on a body weight basis, the differences in doses between celecoxib
and indomethacin compared to paracetamol used in mice in the current study, are comparable

to dose differences in humans.

The study by Hogetitt and colleague (2005) provided evidence of the metabolism of
paracetamol into N-acyl phenolamine (AM404) in the brain concluding that the
pharmacological actions of paracetamol, including hypothermia, may be mediated through
AM404. Indeed AM404 induces hypothermia and analgesia (Borsani et al. 2007; Mitchell et
al. 2007; Rawls et al. 2006); either through activation of endocannabinoids or the transient
receptor potential vanilloid-1 (TRPV1) channel (Beltramo et al. 1997; De Petrocellis et al.
2000). However, inhibition of the conversion of paracetamol to AM404 by inhibition of fatty
acid amido hydrolase (FAAH) did not prevent the development of hypothermia induced by
paracetamol and paracetamol induced comparable hypothermia in FAAH”" mice to wild-type
mice (Ayoub 2011b). Recently we have detected AM404 in the cerebrospinal fluid of patients
given paracetamol systemically (Sharma et al. 2017), however we do not know whether

AM404 was pharmacologically active in these patients.

5. Conclusion

In conclusion, we provide further supportive evidence that the hypothermic action of

paracetamol and also the antipyretic action of this drug are likely to be mediated through



20
inhibition of a centrally expressed (mostly likely in the hypothalamus) COX-1 gene-derived

protein.

Acknowledgements

This study was supported by the Leverhulme Trust through an Early Career Fellowship to

Ayoub SS



21
References

Abe, M., Oka, T., Hori, T., Takahashi, S., 2001. Prostanoids in the preoptic hypothalamus

mediate systemic lipopolysaccharide-induced hyperalgesia in rats. Brain Res. 1, 1-9.

Ayoub, S.S., Botting, R.M., Goorha, S., Colville-Nash, P.R., Willoughby, D.A., Ballou, L.R.,
2004. Acetaminophen-induced hypothermia in mice is mediated by a prostaglandin

endoperoxide synthase 1 gene-derived protein. Proc Natl Acad Sci U S A. 101, 11165-9.

Ayoub, S.S., Colville-Nash, P.R., Willoughby, D.A., Botting, R.M., 2006. The involvement
of a cyclooxygenase 1 gene-derived protein in the antinociceptive action of paracetamol in

mice. Eur J Pharmacol. 538, 57-65.

Ayoub, S.S., Yazid, S., Flower, R.J., 2008. Increased susceptibility of annexin-A1 null mice
to nociceptive pain is indicative of a spinal antinociceptive action of annexin-Al. BrJ

Pharmacol. 154, 1135-42.

Ayoub, S.S., Joshi, A., Chol, M., Gilroy, D.W., Seed, M.P., 2011a. Inhibition of the
diclofenac-induced cyclooxygenase-2 activity by paracetamol in cultured macrophages is not

related to the intracellular lipid hydroperoxide tone. Fundam Clin Pharmacol. 25, 186-190.

Ayoub, S.S., Pryce, G., Seed, M.P., Bolton, C., Flower, R.J., Baker, D., 2011b. Paracetamol-
induced hypothermia is independent of cannabinoids and transient receptor potential

vanilloid-1 and is not mediated by AM404. Drug Metab Dispos. 39, 1689-1695.

Ballou, L.R., Botting, R.M., Goorha, S., Zhang, J., Vane, J.R., 2000. Nociception in
cyclooxygenase isozyme-deficient mice. Proc Natl Acad Sci USA. 97, 10272-10276.

Beltramo, M., Stella, N., Calignano, A., Lin, S.Y., Makriyannis, A., Piomelli, D., 1997.
Functional role of high-affinity anandamide transport, as revealed by selective inhibition.

Science 277, 1094-1097.

Borsani, E., Labanca, M., Bianchi, R., Rodella, L.F., 2007. AM404 decreases Fos-

immunoreactivity in the spinal cord in a model of inflammatory pain. Brain Res 1152, 87-94.


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ayoub%20SS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Botting%20RM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Goorha%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Colville-Nash%20PR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Willoughby%20DA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ballou%20LR%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Proc%20Natl%20Acad%20Sci%20U%20S%20A.');
http://www.ncbi.nlm.nih.gov/pubmed/16674937
http://www.ncbi.nlm.nih.gov/pubmed/16674937
http://www.ncbi.nlm.nih.gov/pubmed/16674937
http://www.ncbi.nlm.nih.gov/pubmed/18469846
http://www.ncbi.nlm.nih.gov/pubmed/18469846

22

Boutaud, O., Aronoff, D.M., Richardson, J.H., Marnett, LJ., Oates, J.A., 2002. Determinants
of the cellular specificity of acetaminophen as an inhibitor of prostaglandin H(2) synthases.

Proc. Natl Acad. Sci. USA 99, 7130-7135.

Cao, C., Matsumura, K., Ozaki, M., Watanabe, Y., 1999. Lipopolysaccharide injected into
the cerebral ventricle evokes fever through induction of cyclooxygenase-2 in brain

endothelial cells. J Neurosci. 19, 716-725.

Campbell, R.S., Hammond, P.M., Scawen, M.D., Price, C.P. (1983). The measurement of

serum paracetamol using a discrete analyser. J Automat Chem. 5, 146—149.

Chandrasekharan, N.V., Dai, H., Roos, K.L., Evanson, N.K., Tomsik, J., Elton, T.S.,
Simmons, D.L. 2002. COX-3, a cyclooxygenase-1 variant inhibitied by acetaminophen and
other analgesic/antipyretic drugs: cloning, structure, and expression. Proc Natl Acad Sci USA

99, 13926-13931.

Clark, W.G., Alderdice, M.T., 1972. Inhibition of leukocytic pyrogen-induced fever by
intracerebroventricular administration of salicylate and acetaminophen in the cat. Proc Soc

Exp Biol Med.140, 399-403.

Crawford, I.L., Kennedy, J.I., Lipton, J.M., Ojeda, S.R., 1979. Effects of central
administation of probenecid on fevers produced by leukocytic pyrogen and PGE: in the

rabbit. J Physiol. 287, 519-533.

Crawley, B., Saito, O., Malkmus, S., Fitzsimmons, B., Hua, X.Y., Yaksh, T.L., 2008.

Acetaminophen prevents hyperalgesia in central pain cascade. Neurosci Lett. 442, 50-53.

Dalmann, R., Daulhac, L., Antri, M., Eschalier, A., Mallet, C., 2014. Supra-spinal FAAH is
required for the analgesic action of paracetamol in an inflammatory context.

Neuropharmacology 91, 63-70.

De Petrocellis, L., Bisogno, T., Davis, J.B., Pertwee, R.G., Di Marzo, V., 2000. Overlap
between the ligand recognition properties of the anandamide transporter and the VR1

vanilloid receptor: inhibitors of anandamide uptake with negligible capsaicin-like activity.

FEBS Lett 483, 52-56.



23

Engstrom, Ruud.L., Wilhelms, D.B., Eskilsson, A., Vasilache, A.M., Elander, L., Engblom,
D., Blomgvist, A., 2013. Acetaminophen reduces lipopolysaccharide-induced fever by
inhibiting cyclooxygenase-2. Neuropharmacology 71:124-129

Dinchuk, J.E., Liu, R.Q., Trzaskos, J.M., 2003. COX-3: in the wrong frame in mind.
Immunol. Lett. 86, 121.

Feldberg, W., Gupta, K.P., Milton, A.S., Wendlandt, S., 1972. Effect of bacterial pyrogen and
antipyretics on prostaglandin activity in cerebrospinal fluid of unanaesthetised cats. Br. J.

Pharmacol. 46, 550P-551P

Feldberg, W., Gupta, K.P., Milton, A.S., Wendlandt, S., 1973. Effect of pyrogen and
antipyretics on prostaglandin acitvity in cisternal c.s.f. of unanaesthetized cats. J Physiol. 234,

279-303.

Flower, R.J., Vane, J.R., 1972. Inhibition of prostaglandin synthetase in brain explains the
anti-pyretic activity of paracetamol (4-acetamidophenol). Nature 240, 410—411.

Fraifeld, V., Kaplanski, J., 1998. Brain eicosanoids and LPS fever: species and age
differences. Prog Brain Res. 115, 141-57.

Hanel, A.M., Lands, W.E., 1982. Modification of anti-inflammatory drug effectiveness by
ambient lipid peroxides. Biochem. Pharmacol. 31, 3307-3311.

Harris, R.C., McKanna, J.A., Akai, Y., Jacobson, H.R., Dubois, R.N., Breyer, M.D., 1994.
Cyclooxygenase-2 is associated with the macula densa of rat kidney and increases with salt

restriction. J, Clin, Investig, 94, 2504-2510.

Hinz, B., Cheremina, O., Brune, K., 2007. Acetaminophen (paracetamol) is a selective

cyclooxygenase-2 inhibitor in man. FASEB J. 22, 383-90.

Hogetitt, E.D., Jonsson, B.A., Ermund, A., Andersson, D.A., Bjork, H., Alexander, J.P.,
Cravatt, B.F., Basbaum, A.IL., Zygmunt, P.M., 2005. Conversion of acetaminophen to the
bioactive N-acylphenolamine AM404 via fatty acid amide hydrolase-dependent arachidonic
acid conjugation in the nervous system. J Biol Chem 280, 31405-31412.


http://www.ncbi.nlm.nih.gov/pubmed/9632934
http://www.ncbi.nlm.nih.gov/pubmed/9632934
http://www.ncbi.nlm.nih.gov/pubmed/17884974
http://www.ncbi.nlm.nih.gov/pubmed/17884974

24

Kanashiro, A., Pessini, A.C., Machado, R.R., Malvar Ddo, C., Aguiar, F.A., Soares, D.M., do
Vale, M.L., de Souza, G.E., 2009. Characterization and pharmacological evaluation of febrile
response on zymosan-induced arthritis in rats. Am J Physiol Regul Integr Comp Physiol. 296,
R1631-R1640.

Kozak, W., Conn, C.A., Kluger, M.J., 1995. Body temperature, motor activity, and feeding

behavior of mice treated with beta-chlornaltrexamine. Physiol Behav. 58, 353-62.

Langenbach, R., Morham, S.G., Tiano, H.F., Loftin, C.D., Ghanayem, B.I., Chulada, P.C.,
Mahler, J.F., Lee, C.A., Goulding, E.H., Kluckman, K.D., et al., 1995. Prostaglandin synthase
1 gene disruption in mice reduces arachidonic acid-induced inflammation and indomethacin-

induced gastric ulceration. Cell 83, 483—492.

Li, S., Ballou, L.R., Morham, S.G., Blatteis, C.M., 2001. Cyclooxygenase-2 mediates the

febrile response of mice to interleukinl []. Brain Research 910, 163-173.

Li, S., Dou, W., Tang, Y., Goorha, S., Ballou, L.R., Blatteis, C.M., 2008. Acetaminophen:
antipyretic or hypothermic in mice? In either case, PGHS-1b (COX-3) is irrelevant.
Prostaglandins Other Lipid Mediat. 85, 89-99.

Lucas, R., Warner, T.D., Vojnovic, L., Mitchell, J.A., 2005. Cellular mechanisms of
acetaminophen: role of cyclo-oxygenase. FASEB J. 19, 635-637.

Mitchell, J.A., Akarasereenont, P., Thiemermann, C., Flower, R.J. 1993. Selectivity of non-
steroidal anti-inflammatory drugs as inhibitors of constitutive and inducible cyclooxygenase.

Proc. Natl. Acad. Sci. USA 90, 11693-11697

Mitchell, V.A., Greenwood, R., Jayamanne, A., Vaughan, C.W., 2007. Actions of the
endocannabinoid transport inhibitor AM404 in neuropathic and inflammatory pain models.

Clin Exp Pharmacol Physiol 34, 1186-1190.

Masferrer, J.L., Zweifel, B.S., Manning, P.T., Hauser, S.D., Leahy, K.M., Smith, W.G.,
Isakson, P.C., Seibert, K., 1994. Selective inhibition of inducible cyclooxygenase 2 in vivo is

antiinflammatory and nonulcerogenic. Proc Natl Acad Sci USA. 91, 3228-3232.



https://www.ncbi.nlm.nih.gov/pubmed/19244587
https://www.ncbi.nlm.nih.gov/pubmed/8159730

25

Matsumura, K., Cao, C., Ozaki, M., Morii, H., Nakadate, K., Watanabe, Y., 1998. Brain
endothelial cells express cyclooxygenase-2 during lipopolysaccharide-induced fever: light

and electron microscopic immunocytochemical studies. J Neurosci. 18, 6279-689.

Mirrasekhian, E., Nilsson, J.L.A., Shionoya, K., Blomgren, A., Zygmunt, P.M., Engblom, D.,
Hogestitt, E.D., Blomqvist, A., 2018. The antipyretic effect of paracetamol occurs

independent of transient receptor potential ankyrin 1-mediated hypothermia and is associated

with prostaglandin inhibition in the brain. FASEB J. 32, 5751-5759.

Morham, S.G., Langenbach, R., Loftin, C.D., Tiano, H.F., Vouloumanos, N., Jennette, J.C.,
Mabhler, J.F., Kluckman, K.D., Ledford, A., Lee, C.A., Smithies, O., 1995. Prostaglandin

synthase 2 gene disruption causes severe renal pathology in the mouse. Cell. 83, 473-82.

Muth-Selbach, U.S., Tegeder, 1., Brune, K., Geisslinger, G., 1999. Acetaminophen inhibits
spinal prostaglandin E; release after peripheral noxious stimulation. Anesthesiology 91, 231-

239.

Oka, T., Oka, K., Saper, C.B., 2003. Contrasting effects of E type prostaglandin (EP) receptor
agonists on core body temperature in rats. Brain Res. 968, 256-262.

Ootsuka, Y., Blessing, W.W., Steiner, A.A., Romanovsky, A.A., 2008. Fever response to
intravenous prostaglandin E» is mediated by the brain but does not require afferent vagal

signaling. Am J Physiol Regul Integr Comp Physiol. 294, R1294-R1303.

Ouellet, M., Percival, M.D., 2001. Mechanism of acetaminophen inhibition of
cyclooxygenase isoforms. Arch. Biochem. Biophys. 387, 273-280.

Pini, L.A., Sandrini, M., Vitale, G., 1996. The antinociceptive action of paracetamol is
associated with changes in the serotonergic system in the rat brain. Eur J Pharmacol. 308, 31-

40.

Prymula, R., Siegrist, C.A., Chlibek, R., Zemlickova, H., Vackova, M., Smetana, J., Lommel,
P., Kaliskova, E., Borys, D., Schuerman, L., 2009. Effect of prophylactic paracetamol
administration at time of vaccination on febrile reactions and antibody responses in children:

two open-label, randomised controlled trials. Lancet. 374, 1339-50.


http://www.ncbi.nlm.nih.gov/pubmed/8521477
http://www.ncbi.nlm.nih.gov/pubmed/8521477
http://www.ncbi.nlm.nih.gov/pubmed/19837254
http://www.ncbi.nlm.nih.gov/pubmed/19837254
http://www.ncbi.nlm.nih.gov/pubmed/19837254

26

Qin, N., Zhang, S.-P., Reitz, T.L., Mei, J.M., Flores, C.M., 2005. Cloning, expression and
functional characterisation of human COX-1 splicing variants: evidence for intron 1

retention. J. Pharmacol. Exp. Ther. 315, 1298-1305.

Rawls, S.M., Ding, Z., Cowan, A., 2006. Role of TRPV1 and cannabinoid CB1 receptors in
AM 404-evoked hypothermia in rats. Pharmacol Biochem Behav 83, 508-516.

Roberts, L J., Morrow, J. D., 2001. In: The Pharmacological Basis of Therapeutics, eds.
Hardman, J. G., Limbird, L. E., Gilman, A. G. McGraw—Hill, New York, pp. 687-731.

Rudaya, A.Y., Steiner, A.A., Robbins, J.R., Dragic, A.S., Romanovsky, A.A., 2005.
Thermoregulatory responses to lipopolysaccharide in the mouse: dependence on the dose and

ambient temperature. Am J Physiol Regul Integr Comp Physiol. 289, R1244-R1252.

Ryseck, R.P., Raynoschek, C., Macdonald-Bravo, H., Dorfman, K., Mattéi, M.G., Bravo, R.,
1992. Identification of an immediate early gene, pghs-B, whose protein product has

prostaglandin synthase/cyclooxygenase activity. Cell Growth Differ. 3, 443-50.

Saha, S., Engstrom, L., Mackerlova, L., Jakobsson, P.J., Blomqvist, A., 2005. Impaired
febrile responses to immune challenge in mice deficient in microsomal prostaglandin E

synthase-1. Am J Physiol Regul Integr Comp Physiol. 288, R1100-R1107.

Satinoff, E., 1972. Salicylate: action on normal body temperature in rats. Science. 176, 532-3

Schwab, J.M., Beiter, T., Linder, J.U., Laufer, S., Schulz, J.E., Meyermann, R., Schluesener,
H.J., 2003. COX-3--a virtual pain target in humans? FASEB J. 17, 2174-5.

Shaftel, S.S., Olschowka, J.A., Hurley, S.D., Moore, A.H., O'Banion, M.K., 2004. COX-3: a
splice variant of cyclooxygenase-1 in mouse neural tissue and cells. Brain Res Mol Brain

Res. 26, 213-5.

Sharma, C.V., Long, J.H., Shah, S., Rahman, J., Perrett, D., Ayoub, S.S., Mehta, V., 2017.
First evidence of the conversion of paracetamol to AM404 in human cerebrospinal fluid. J

Pain Res. 10, 2703-2709.


http://www.ncbi.nlm.nih.gov/pubmed/1419907
http://www.ncbi.nlm.nih.gov/pubmed/1419907
http://www.ncbi.nlm.nih.gov/pubmed/14656977
http://www.ncbi.nlm.nih.gov/pubmed/14625089
http://www.ncbi.nlm.nih.gov/pubmed/14625089

27

Simmons, D.L., Botting, R.M., Hla, T., 2004. Cyclooxygenase isozymes: the biology of
prostaglandin synthesis and inhibition. Pharmacol Rev. 56, 387-437.

Slater, S. (1987). Paracetamol analysis: evaluation of a new kit for enzymatic assay.

Pathology 19, 77-79.

Smith, M., Whitehead, E., O'Sullivan, G., Reynolds, F. (1991). A comparison of serum and

saliva paracetamol concentrations. Br J Clin Pharmacol. 31, 553-5.

Smith, C.J., Zhang, Y., Koboldt, C.M., Muhammad, J., Zweifel, B.S., Shaffer, A., Talley,
J.J., Masferrer, J.L., Seibert, K., Isakson, P.C., 1998. Pharmacological analysis of
cyclooxygenase-1 in inflammation. Proc Natl Acad Sci USA. 95, 13313-13318.

Snipes, J.A., Kis, B,, Shelness, G.S., Hewett, J.A., Busija, D.W., 2005. Cloning and
characterization of cyclooxygenase-1b (putative cyclooxygenase-3) in rat. J] Pharmacol Exp

Ther. 313, 668-76.

Steiner, A.A., Rudaya, A.Y., Robbins, J.R., Dragic, A.S., Langenbach, R., Romanovsky,
A.A., 2005. Expanding the febrigenic role of cyclooxygenase-2 to the previously overlooked
responses. Am J Physiol Regul Integr Comp Physiol. 289, R1253-R1257.

Steiner, A.A., Hunter, J.C., Phipps, S.M., Nucci, T.B., Oliveira, D.L., Roberts, J.L., Scheck,
A.C., Simmons, D.L., Romanovsky, A.A., 2009. Cyclooxygenase-1 or -2--which one
mediates lipopolysaccharide-induced hypothermia? Am J Physiol Regul Integr Comp
Physiol. 297, R485-R494.

Vane, J.R., 1971. Inhibition of prostaglandin synthesis as a mechanism of action for aspirin-

like drugs. Nat New Biol. 1971, 232-5.

Ushikubi, F., Segi, E., Sugimoto, Y., Murata, T., Matsuoka, T., Kobayashi, T., Hizaki, H.,
Tuboi, K., Katsuyama, M., Ichikawa, A., Tanaka, T., Yoshida, N., Narumiya, S., 1998.
Impaired febrile response in mice lacking the prostaglandin E receptor subtype EP3. Nature.

395, 281-284.


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Simmons%20DL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Botting%20RM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hla%20T%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Pharmacol%20Rev.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Snipes%20JA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kis%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Shelness%20GS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hewett%20JA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Busija%20DW%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'J%20Pharmacol%20Exp%20Ther.');
javascript:AL_get(this,%20'jour',%20'J%20Pharmacol%20Exp%20Ther.');
http://www.ncbi.nlm.nih.gov/pubmed/5284360
http://www.ncbi.nlm.nih.gov/pubmed/5284360

28

Yaksh, T.L., Malmberg, A.B., 1993. Spinal actions of NSAIDs in blocking spinally mediated
hyperalgesia: The role of cyclooxygenase products. Agents and Actions 41, 89-100

Yal¢in, S.S., Glimiis, A., Yurdakok, K., 2008. Prophylactic use of acetaminophen in children
vaccinated with diphtheria-tetanus-pertussis. World J Pediatr. 4, 127-129



29
Figure legends

Fig. 1: Selective inhibition of COX-1 with SC560 and COX-2 with celecoxib does not
result in hypothermia. A: Male C57BL/6 mice were treated with 15mg/kg SC560, 15mg/kg
celecoxib or 300mg/kg paracetamol intraperitoneally and their body temperatures monitored
for 4h. B: SC560 at the same non-hypothermic dose resulted in statistically significant
reduction in brain levels of PGE: after 1h treatment, *P<0.05 vehicle versus paracetamol,

n=4.

Fig. 2: Intraperitoneally administered 10ug/kg LPS induces consistent PGE: dependent
pyrexia. A: dose-response to LPS (10-1000pg/kg) for the induction of pyrexia in male
C57BL/6 mice (expressed as change in core body temperature relative to zero time-point for
the same treatment group). B: in comparison to pyrogen-free saline (PFS) treated mice,
10pg/kg LPS resulted in significant increases in hypothalamic levels of PGE; after 2 and 4h,

n=3-4.

Fig. 3: Intraperitoneally administered 10pg/kg LPS induced COX-2, but not COX-1-
dependent pyrexia. Time-profile of LPS-induced pyrexia in COX-1"" (A) and COX-2"" (B)
mice compared to littermate wild-type control mice. A: *P<0.05 and **P<0.01 COX-1""" PFS
versus COX-1"" LPS; #P<0.05 COX-1"" PFS versus COX-1"~ LPS. B: *P<0.05, **P<0.01

and ***P<0.001 COX-2""* PFS versus COX-2""* LPS; n=3-4.

Fig. 4: The antipyretic effect of prophylactically administered paracetamol correlates
with the paracetamol plasma concentration and is abolished in COX-1 knockout mice.
The antipyretic effect of 200mg/kg paracetamol administered subcutaneously 0.5h prior to
10pg/kg LPS was examined in COX-17" (A) and COX-17" (B) mice. A: *P<0.05, **P<0.01

and ***P<0.001 vehicle and PFS versus vehicle and LPS; #P<0.05 and ##P<0.01 vehicle and
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LPS versus paracetamol and LPS. B: *P<0.05 and **P<0.01 vehicle and PFS versus vehicle
and LPS; ##P<0.01 vehicle and LPS versus paracetamol and LPS; n=3-5. C: the paracetamol
plasma concentration in C57BL/6J mice peaked at 0.5h, which correlated with the peak of

hypothermia in COX1+/+ mice.

Fig. 5: The antipyretic and inhibitory effect of therapeutically administered
paracetamol on hypothalamic PGE: synthesis was abolished in COX-1 knockout mice.
The antipyretic effect of 200mg/kg paracetamol administered subcutaneously 2h after
10pg/kg LPS was examined in COX-1"" (A) and COX-1"" (B) mice. Panel C shows
comparisons of the effect of therapeutically administered 200mg/kg paracetamol on
hypothalamic PGE; levels 1h 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.

Fig. 6: Indomethacin reduced brain PGE: synthesis, but did not induce hypothermia in
wild-type mice, while reducing the LPS-induced fever. Indomethacin was administered
subcutaneously at 5 and 10mg/kg to male C57BL/6 mice housed at 22°C and their body
temperature was monitored for 5h (A) and brain PGE; synthesis was compared between mice
treated with vehicle and Smg/kg indomethacin 1h after administration (B). Indomethacin
(5mg/kg) administered subcutaneously 0.5h before LPS significantly reduced the febrile
response induced by intraperitoneally administered 10pug/ml LPS at 0.5, 2, 3 and 4h post-LPS
administration. B: *P<0.05 vehicle versus Smg/kg indomethacin. C: **P<0.01 and
**%P<(.001 vehicle and PFS versus vehicle and LPS; #P<0.05 vehicle and LPS versus

indomethacin and LPS; n=3-6.
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Figure 3

Body temperature ( °C)

Body temperature ( °C)

A

35.0

33

—=— COX-1+/+ PFS
—&— COX-1+/+ LPS
—6— COX-1-/- PFS
—— COX-1-/- LPS

—B—COX-2+/+ PFS
—8— COX-2+/+ LPS
—— COX-2-/- PFS
—e— COX-2-/- LPS




Figure 4
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Figure 5
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