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1 Acetaminophen, an analgesic and antipyretic drug with weak antiin¯ammatory properties, has
been suggested to act as a tissue-selective inhibitor of prostaglandin H synthases (PGHSs) (e.g.
COX-1 and COX-2) through its reducing activity, that is in¯uenced by the di�erent cellular levels of
peroxides.

2 We have studied the e�ects of acetaminophen on inducible and constitutive prostanoid
biosynthesis in monocytes and platelets in vitro. To discriminate between the inhibitory e�ect of the
drug on PGHS-isozymes vs PGE-synthases (PGESs), parallel measurements of PGE2 and
thromboxane (TX) B2 were carried out. Since antioxidant enzymes and cofactors, present in
plasma, may a�ect acetaminophen-dependent inhibition of prostanoids, comparative experiments in
whole blood vs isolated monocytes were performed.

3 Acetaminophen inhibited LPS-induced whole blood PGE2 and TXB2 production, in a
concentration-dependent fashion [IC50 mM (95% con®dence intervals): 44 (27 ± 70) and 94 (79 ±
112), respectively]. Therapeutic plasma concentrations (100 and 300 mM) of the drug more
profoundly reduced PGE2 than TXB2 (71+3 vs 54+4 and 95+0.8 vs 78+2%, respectively,
mean+s.e.mean, n=6, P50.01).

4 Di�erently, in isolated monocytes stimulated with LPS, both PGE2 and TXB2 production was
maximally reduced by only 60%.

5 At 100 and 300 mM, the drug caused a similar and incomplete inhibition of platelet PGE2 and
TXB2 production during whole blood clotting (45+4 vs 54+4 and 75+2 vs 75+1%, respectively,
mean+s.e.mean, n=4).

6 In conclusion, therapeutic concentrations of acetaminophen caused an incomplete inhibition of
platelet COX-1 and monocyte COX-2 but in the presence of plasma, the drug almost completely
suppressed inducible PGE2 biosynthesis through its inhibitory e�ects on both COX-2 and inducible
PGES.
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Introduction

Acetaminophen is an e�ective analgesic and antipyretic agent
that, unlike nonsteroidal antiin¯ammatory drugs (NSAIDs),

has been reported to have little antiin¯ammatory e�ects
(Temple, 1983). It has been suggested to act as a tissue-
selective inhibitor of prostaglandin H synthases (PGHSs), the

key enzymatic step in the biosynthesis of prostanoids,
through its reducing activity (Ouellet & Percival, 2001), that
is in¯uenced by the di�erent cellular levels of peroxides
(Boutaud et al., 2002).

Prostanoids are formed by the coordinate activity of three
consecutive enzymatic reactions: (1) release of arachidonic

acid (AA) from membrane phospholipids carried out by
phospholipase (PL)s, primarily PLA2s (Dennis, 2000; Fitzpa-
trick & Soberman, 2001); (2) transformation of AA to the

unstable endoperoxide PGH2 by PGHS, which exists in two
isoforms, COX-1 and COX-2 (Smith & Langenbach, 2001);
and (3) metabolism of PGH2 to the di�erent prostanoids by
terminal synthases, which have di�erent structures and

exhibit a cell- and tissue-speci®c distribution (Jakobsson et
al., 1999; Tanioka et al., 2000; Mancini et al., 2001; Ueno et
al., 2001).

COX-1 displays the characteristics of a `housekeeping gene'
and is constitutively expressed in virtually all tissues.
Di�erently, the induction of COX-2 is an absolute require-
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ment for delayed prostanoid biosynthesis, which lasts for
several hours in response to proin¯ammatory stimuli (Smith
& Langenbach, 2001).

COX-1 and COX-2 are haemoproteins that catalyze the
same reactions, i.e. the conversion of AA to PGG2 by their
cyclooxygenase activity and, then, the reduction of PGG2 to
PGH2 by their peroxidase activity. The reactions catalyzed by

PGHS-isozymes are controlled by a complex balance between
hydroperoxide generation and removal at the level of the cell.
The initiation of PGHS activity requires the generation of a

hydroperoxide tone (higher for COX-1 than for COX-2)
(Kulmacz & Wang, 1995) while high levels of hydroperoxides
cause an irreversible loss of PGHS activity (Wu et al., 1999).

PGHS-cyclooxygenase activation depends on the reduction of
a peroxide by PGHS-peroxidase activity that yields the
generation of a higher oxidative state of the haeme (Marnett

et al., 1999). This is an essential requirement for the
generation of the tyrosyl radical (Tyr-385 in COX-1 and
Tyr-371 in COX-2) that catalyzes the ®rst step of cyclo-
oxygenase reaction, i.e. removal of the 13-pro-S-hydrogen

with the generation of an AA-radical.
At least two glutathione (GSH)-dependent forms of

terminal synthases, involved in the production of PGE2,

have been recently identi®ed (Jakobsson et al., 1999;
Forsberg et al., 2000; Tanioka et al., 2000; Mancini et al.,
2001; Uematsu et al., 2002). One isoform, present in the

cytosol (cPGES), constitutively expressed and unresponsive
to proin¯ammatory stimuli, is identical to the heat shock
protein 90-associated protein p23 and promotes COX-1-

mediated rapid PGE2 biosynthesis (Tanioka et al., 2000). The
other isoform (mPGES), localized to the microsomal
compartment, is coordinately induced with COX-2 in
response to proin¯ammatory stimuli (Murakami et al.,

2000; Stichtenoth et al., 2001).
Acetaminophen has been reported to inhibit PGHS-

isozymes by reducing the higher oxidative state of PGHS to

the resting state, a process in which acetaminophen serves as
a cosubstrate for the peroxidase activity (Ouellet & Percival,
2001). Recently, it has been reported that cellular levels of

peroxides may antagonize the reducing activity of acetami-
nophen towards PGHSs (Boutaud et al., 2002). This may
explain the cellular selectivity of the drug. Thus, acetamino-
phen has been reported to be an e�cient inhibitor of PGHS

in the brain, containing low peroxide levels (Flower & Vane,
1972). On the contrary, in an in¯ammatory milieu, pre-
sumably containing high levels of peroxides, acetaminophen

has been shown to be a weak inhibitor of prostanoid
biosynthesis (Mitchell et al., 1993). This is supported by the
®nding that the potency of acetaminophen against both

puri®ed ovine COX-1 and human COX-2 is increased
approximately by 30 fold in the presence of GSH peroxidase,
that causes the GSH-dependent reduction of alkyl hydroper-

oxides and H2O2 (Ouellet & Percival, 2001).
We have studied the e�ects of acetaminophen on inducible

and constitutive prostanoid biosynthesis in monocytes and
platelets in vitro. To discriminate between the inhibitory e�ect

of the drug on PGHS-isozymes vs PGESs, parallel measure-
ments of PGE2 and TXB2 were carried out. Since antioxidant
enzymes and cofactors, present in plasma, may a�ect

acetaminophen-dependent inhibition of prostanoids, com-
parative experiments in whole blood vs isolated monocytes
were performed.

Methods

Subjects

Seven healthy volunteers (®ve females and two males: aged
29+9 years) were enrolled to participate in the study after its
approval by the Ethical Committee of `G. D'Annunzio'

University of Chieti. Informed consent was obtained from
each subject. The same healthy volunteers were studied on
di�erent occasions.

Time-course of COX-2, COX-1 and mPGES expression
and prostanoid biosynthesis in LPS-stimulated monocytes

Mononuclear cells were separated from human whole blood
containing heparin (10 IU ml71) by Ficoll-Paque, as pre-

viously described (Patrignani et al., 1994). The cell suspension
was constituted by 490% of monocytes. The cells
(2 ± 36106 ml71) were incubated in RPMI-1640 [0.5% foetal
calf serum (FCS)] with LPS (10 mg ml71) at 378C for 0, 4 and

24 h. PGE2 and thromboxane (TX) B2 levels were measured
in the medium by radioimmunoassay (RIA), while COX-1,
COX-2 and mPGES levels were evaluated in monocyte

lysates by Western blot.

Effects of acetaminophen on prostanoid biosynthesis and
COX-isozyme expression in LPS-stimulated monocytes

Acetaminophen (0.05 ± 150 mM) was dissolved in dimethyl

sulphoxide (DMSO) and 2 ml aliquots of the solutions
were pipetted into test tubes containing 2 ± 36106 mono-
cytes per millilitre to give a ®nal concentration of 0.1 to
300 mM. The same amount of DMSO was added in the

control tubes (i.e. without the drug). The cells were
incubated at 378C for 24 h in the presence of LPS
(10 mg ml71). PGE2 and TXB2 released into the medium

were assayed by RIA, while COX-1 and COX-2 levels
were evaluated in monocyte lysates by Western blot.
Moreover, we studied the e�ects of exogenous GSH

(5 mM, dissolved in 0.9% NaCl) on the inhibition of
LPS-induced monocyte PGE2 and TXB2 production by
acetaminophen (100 and 300 mM).

Effects of acetaminophen, indomethacin and MK-886 on
prostanoid biosynthesis in LPS-stimulated whole blood

Acetaminophen (0.05 ± 150 mM), indomethacin (0.015 ±
15 mM) and MK-886, a 5-lipoxygenase activating protein
(FLAP) inhibitor that also a�ects mPGES activity (Mancini

et al., 2001), (50 ± 150 mM) were dissolved in DMSO and
2 ml aliquots of the solutions were pipetted into test tubes
to give a ®nal concentration of 0.03 to 300 mM. The same

amount of DMSO was added in the tubes not containing
the compounds. 1-ml aliquots of heparinized whole blood
samples, drawn from healthy volunteers, pretreated with
aspirin 300 mg 48 h before sampling to suppress platelet

COX-1 activity (Patrignani et al., 1982), were added into
the test tubes and incubated at 378C for 24 h in the
presence of LPS (10 mg ml71). Then, plasma was separated

by centrifugation (10 min at 2,000 r.p.m.) and kept at
7808C until assayed for immunoreactive TXB2 and PGE2

by RIA.
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Effects of acetaminophen on platelet COX-1 activity

Two-ml of increasing concentrations (0.05 ± 150 mM) of

acetaminophen were added to 1-ml aliquots of whole blood
samples, drawn from the same healthy volunteers when they
had not taken any NSAID during the 2 weeks preceding the
study, to give a ®nal concentration of 0.1 to 300 mM. The

same amount of DMSO was added in the control tubes (i.e.
without the drug). Blood samples were allowed to clot at
378C for 1 h and serum was separated by centrifugation

(10 min at 3000 r.p.m.) and kept at 7808C until assayed for
TXB2 and PGE2 by RIA. Whole blood TXB2 and PGE2

production was measured as a re¯ection of maximally

stimulated cyclooxygenase activity of platelet COX-1 by
endogenously formed thrombin (Patrono et al., 1980).

Radioimmunoassay of TXB2 and PGE2

Unextracted serum and plasma samples as well as cell culture
media were diluted in the standard diluent of the assay

(0.02 M phosphate bu�er, pH 7.4) and assayed for TXB2 and
PGE2 in a volume of 1.5 ml, at a ®nal dilution of 1 : 30 ±
1 : 20,000, as previously described (Ciabattoni et al., 1979;

Patrono et al., 1980; Patrignani et al., 1994). We used
4000 d.p.m. of [3H]-PGE2 and [3H]-TXB2 and anti-PGE2,
anti-TXB2 sera diluted 1 : 100,000, 1 : 120,000, respectively.

The least detectable concentration was 1 ± 2 pg ml71 for both
the assays.

Western blot analysis

Isolated monocytes (2 ± 36106 cells) were lysed and 10 mg
aliquots of proteins were analysed by SDS-polyacrylamide gel

electrophoresis and immunoblotting techniques using speci®c
rabbit polyclonal antisera (1 : 1,000 dilution) directed against
the carboxyl-terminal portion of human COX-2, or against

COX-1, as previously described (Patrignani et al., 1994). For
PGES detection, 100 mg of the same monocyte lysates were
resolved by SDS±PAGE, using a 16% separating gel and

transferred electrophoretically to nitrocellulose membranes as
described by Jakobsson et al. (1999). After washing the
membranes with phosphate-bu�ered saline-1% Tween-20
(PBS-Tween-20) they were probed with a 1 : 1,000 dilution

of PGES antiserum for 1 h at room temperature. Then, the
membranes were washed four times with PBS-Tween-20
containing 5% fat-free dried milk, twice with PBS-Tween-

20, and incubated with biotynilated anti-rabbit-IgG diluted
1 : 2,000 for 1 h at room temperature. All the blots were
developed with streptavidin-peroxidase.

Materials

Acetaminophen, indomethacin DMSO, biotynilated anti-
rabbit IgG, streptavidin peroxidase, Tween 20, GSH and
LPS derived from Escherichia Coli 026:B6 were purchased
from Sigma Chemical Company (St. Louis, MO, U.S.A.).

Ficoll-Paque was purchased from Pharmacia Biotech (Milan,
Italy). RPMI-1640 medium, FCS were obtained from Mascia
Brunelli (Milan, Italy). [3H]-PGE2 and [3H]-TXB2 (speci®c

activity: 140 ± 185 Ci mmol71) were purchased from Perkin
Elmer Life Science Products (Brussels, Belgium). TXB2 and
PGE2 were from Cayman Chemical Company (Ann Arbor,

MI, U.S.A.). Anti-TXB2 and PGE2 sera were obtained in our
laboratory and their characteristics have been described
previously (Ciabattoni et al., 1979; Patrignani et al., 1982).

Electrophoresis reagents were from Bio-Rad Laboratories
(Richmond, CA, U.S.A.). Rabbit polyclonal antibodies
prepared against the COX-2 peptide (C)-NASSSRSGLD-
DINPTVLLK, which is only present in the carboxyl-terminal

(amino acid sequence 580 ± 598) of human COX-2, were
obtained from Drs J. Maclouf and A. Habib (INSERM,
Paris, France). Speci®c rabbit polyclonal antibodies directed

against COX-1 were a gift from Dr W.L. Smith (Department
of Biochemistry, Michigan State University, East Lansing,
MI, U.S.A.). Speci®c rabbit polyclonal antibodies directed

against mPGES and MK-886 were a gift from Dr J.A.
Mancini (Department of Biochemistry and Molecular Biol-
ogy, Merck Frosst, Pointe-Claire-Dorval, Canada).

Statistical analysis

The data are expressed as mean+s.e.mean. For each

experiment, the production of PGE2 and TXB2 in LPS-
stimulated whole blood and isolated monocytes was sub-
tracted from the levels of the prostanoids measured in the

presence of DMSO, without LPS and the test compounds.
The e�ects of the compounds were reported as per cent
inhibition of prostanoid production assessed in the absence of

the test compounds (control). Concentration-response curves
were ®tted, and IC50 values were derived using PRISM
(GraphPad, San Diego, CA, U.S.A.). Statistical comparisons

were made by Student's t-test.

Results

In isolated monocytes, LPS stimulated the production of
PGE2 and TXB2 with a similar time-course. At 24 h, PGE2

and TXB2 levels detected in the medium were 12+1 and
50+4 ng/106 cells (mean+s.e.mean, n=3), respectively. As
shown in Figure 1, LPS caused a time-dependent induction of

COX-2 and mPGES. In contrast, COX-1 levels, detected in
unstimulated monocytes, were not a�ected by the incubation
with LPS up to 24 h.

At 24 h of incubation with LPS, acetaminophen caused a

concentration-dependent inhibition of monocyte PGE2 and
TXB2 production with a ceiling inhibitory e�ect of only 60%
(Figure 2). Therapeutic plasma concentrations (100 and

300 mM) of the drug caused a similar inhibitory e�ect of
PGE2 and TXB2 production (38+9 vs 44+6% and 62+9 vs
57+6%, respectively, mean+s.e.mean, n=3). The similar

extent of suppression of the two prostanoids suggests an
inhibitory e�ect of the drug on COX-2 and excludes an e�ect
on mPGES. The ®nding that acetaminophen did not a�ect

LPS-induced COX-2 levels support an inhibitory e�ect of the
drug on the catalytic activity of COX-2 (Figure 2).

Since it has been postulated that acetaminophen inhibits
the cyclooxygenase activity of PGHS-isozymes through its

reducing properties, that may be in¯uenced by the cellular
levels of peroxides, we studied the in¯uence of plasma,
because of its enzymatic and non-enzymatic antioxidant

components (Halliwell & Gutteridge, 1990; Ghiselli et al.,
2000). Thus, we performed comparative experiments in LPS-
stimulated whole blood. These experiments can also allow to
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unmask the e�ect of the drug on mPGES, in the light of the
requirement of GSH, a plasma constituent, in the activity of

the enzyme (Jakobsson et al., 1999; Mancini et al., 2001).
Heparinized whole blood incubated for 24 h at 378C without
LPS produced 0.4+0.1 and 0.7+0.2 ng ml71 (mean+
s.e.mean, n=6) of PGE2 and TXB2, respectively. In the

presence of LPS, PGE2 and TXB2 levels increased and
averaged 26+5 and 18+2 ng ml71 (mean+s.e.mean, n=6),
respectively. As shown in Figure 3, acetaminophen caused a

concentration-dependent inhibition of LPS-induced prosta-
noid biosynthesis. However, the drug was 2 fold more potent
in suppressing LPS-induced whole blood PGE2 than TXB2

production [IC50 mM (95% con®dence intervals, CI): 44 (27 ±
70) and 94 (79 ± 112) mM, respectively]. Therapeutic plasma
concentrations (100 and 300 mM) of the drug more
profoundly reduced PGE2 than TXB2 production (71+7 vs

54+9%, P50.01, and 95+0.8 vs 78+2%, P50.01, respec-
tively, mean+s.e.mean, n=6) (Figure 4). These results
suggest that in the presence of plasma, the reduction of

inducible PGE2 biosynthesis by acetaminophen is the sum of
a major inhibitory e�ect on COX-2 and a marginal e�ect on
mPGES. To verify whether this e�ect on mPGES is shared

by other nonselective COX inhibitors, we compared the
inhibitory action of indomethacin on inducible PGE2 and
TXB2 production. Indomethacin reduced LPS-induced PGE2

and TXB2 production with superimposable concentration-
response curves (not shown) that had similar IC50 values
[0.34 (CI 95%: 0.2 to 0.56) mM and 0.37 (CI 95%: 0.18 to
0.74 mM), respectively].

To verify whether the limited inhibitory e�ect of
acetaminophen on mPGES activity may be due to a marginal
contribution of the enzyme to LPS-induced whole blood

PGE2 production, we studied the e�ects of MK-886, an
inhibitor of mPGES activity (Mancini et al., 2001). One
hundred mM of MK-886, a concentration that has been

shown to completely suppress recombinant rat mPGES

Figure 1 Time-course of PGHS-isozyme and mPGES expression
and prostanoid biosynthesis in LPS-stimulated monocytes. Isolated
human monocytes (2 ± 36106 ml71) were incubated for 0, 4 and 24 h
at 378C with LPS (10 mg ml71) and PGE2 and TXB2 levels were
measured in the medium by RIA while COX-1, COX-2 and mPGES
levels were evaluated in monocyte lysates by Western blot.

Figure 2 E�ects of acetaminophen on prostanoid biosynthesis and
PGHS-isozyme expression in LPS-stimulated monocytes. Increasing
concentrations (0.1 to 300 mM) of acetaminophen were incubated with
2 ± 36106 monocytes per millilitre at 378C for 24 h in the presence of
LPS (10 mg ml71). PGE2 and TXB2 released into the medium were
assayed by RIA while COX-1 and COX-2 levels were evaluated in
monocyte lysates by Western blot.

Figure 3 E�ects of acetaminophen on prostanoid biosynthesis in
whole blood stimulated with LPS or with endogenous thrombin.
Increasing concentrations of acetaminophen (0.1 ± 300 mM) were
incubated with 1-ml heparinized whole blood samples, drawn from
healthy volunteers pretreated with 300 mg of aspirin 48 h before
sampling, in the presence of LPS (10 mg ml71) for 24 h, and plasma
PGE2 and TXB2 levels were assayed by RIA as an index of inducible
monocyte prostanoid biosynthesis. The same concentrations of the
drug were also incubated with 1-ml whole blood samples (drawn
from healthy subjects when they had not taken any NSAID during
the 2 weeks preceding the study), allowed to clot for 1 h, and serum
TXB2 and PGE2 levels were measured as a re¯ection of constitutive
platelet prostanoid biosynthesis in response to endogenously formed
thrombin. Results are depicted as percentage inhibition (mean+
s.e.mean) from 4 ± 6 separate experiments.
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(Mancini et al., 2001), caused only 20+5% (mean+s.e.mean,
n=3, P50.05) reduction of LPS-induced PGE2 without

a�ecting TXB2 production (2+2%). No further inhibitory
e�ect was demonstrated at higher concentrations of this
compound (data not shown).

In order to ascertain whether the increased inhibition of
PGE2 production in whole blood vs isolated monocytes may
be due to the availability of GSH, we compared the

inhibitory e�ects of acetaminophen (100 and 300 mM) on
PGE2 and TXB2 biosynthesis in isolated monocytes
incubated for 24 h with LPS both in the absence and in
the presence of GSH (5 mM, a concentration comparable

with that detected in plasma of healthy subjects, Adams et
al., 1987). In the presence of GSH, the inhibition of PGE2

by acetaminophen was signi®cantly increased (at 100 mM:

63+4.5 vs 49+6%, P=0.029; at 300 mM: 85+5 vs 68+5,
P=0.043; mean+s.e.mean, n=5) while that of TXB2 was
not a�ected (at 100 mM: 47+6 vs 46+9%; at 300 mM:

72+10 vs 68+9, P=0.774). TXB2 and PGE2 production in
whole blood samples, obtained in aspirin-free periods,
allowed to clot at 378C for 1 h, averaged 366+66 and
17+2 ng ml71, respectively (mean+s.e.mean, n=4). Acet-

aminophen inhibited platelet TXB2 and PGE2 production, in
response to endogenously formed thrombin, with similar
IC50 values of 87 (95% CI: 71 ± 105) and 111 mM (95% CI:

82 ± 150), respectively (Figure 3). At 100 and 300 mM, the
drug caused a similar reduction of PGE2 and TXB2

production (45+4 vs 54+4% and 75+2 vs 75+1%,

respectively, mean+s.e.mean, n=4, P40.05) (Figure 4).
The similar extent of suppression of the two prostanoids
suggests an inhibitory e�ect of the drug on platelet COX-1

and excludes an e�ect on PGES.

Discussion

Acetaminophen is the ®rst-line therapy recommended by the

American College of Rheumatology for the treatment of pain
and sti�ness associated with osteoarthritis (ACR Subcommit-
tee on Osteoarthritis Guidelines, 2000) mainly because of its
assumed lower toxicity on gastrointestinal (GI) tract and

kidney as compared with NSAIDs (Schnitzer, 1998). The
drug is considered an analgesic and antipyretic agent with
weak antiin¯ammatory e�ects (Robak et al., 1980). It has

been suggested to act as a tissue-selective inhibitor of PGHSs
through its reducing activity, that is presumably in¯uenced by
the di�erent cellular levels of peroxides (Ouellet & Percival,

2001; Boutaud et al., 2002). Thus, acetaminophen a�ects
prostanoid biosynthesis in brain microsomes (Flower & Vane,
1972) and in spinal cord (Muth-Selbach et al., 1999) but it is

a weak inhibitor in spleen homogenates (Flower et al., 1972).
In the present study, we have shown that therapeutic
concentrations of acetaminophen (100 ± 300 mM) caused a
partial reduction (50 ± 70%) of inducible PGE2 biosynthesis

in isolated monocytes stimulated with LPS, through an
inhibitory e�ect on COX-2 activity. In fact, the drug did not
a�ect LPS-induced COX-2 levels analysed by Western blot.

The ®nding that the drug caused a similar suppression of
inducible PGE2 and TXB2 excludes an e�ect on mPGES
activity. However, in the presence of plasma, the drug

inhibited PGE2 more profoundly than TXB2 (at 100 mM, 71
vs 54%, at 300 mM, 95 vs 78%). This result may suggest that
in whole blood, the reduction of inducible PGE2 biosynthesis

by acetaminophen is due to the sum of a major inhibitory
e�ect on COX-2 and a limited e�ect on mPGES. This
inhibitory e�ect of acetaminophen on mPGES is not shared
by other nonselective COX inhibitors, such as indomethacin.

Acetaminophen can be metabolized into the reactive
intermediate N-acetyl-P-benzoquinoneimine (NAPQI) by
liver cytochromes P450 (Thomas, 1993) and the respiratory

burst of blood cells, particularly neutrophils (Corbett et al.,
1992). NAPQI has been reported to react extensively with
GSH (Rosen et al., 1984) and cause its depletion (Rosen et

al., 1984; Mohandas et al., 1981). We propose that in whole
blood, the oxidation of acetaminophen to its reactive
metabolite may a�ect mPGES by reducing the availability
of plasma GSH that is an essential cofactor of its activity

(Jakobsson et al., 1999; Mancini et al., 2001). Failure of
acetaminophen to a�ect mPGES, in isolated monocytes
cultured in the presence of 0.5% FCS, may be due to a

rapid cellular GSH depletion after LPS stimulation and, in
consequence, the levels of GSH at the time of mPGES
expression (24 h, as shown in Figure 1) could be insu�cient

to activate the enzyme. This hypothesis has been con®rmed
by the ®nding that in the presence of exogenous GSH [5 mM,
a concentration comparable to that detected in plasma of

healthy subjects (Adams et al., 1987)], the inhibitory e�ect of
acetaminophen on PGE2, but not on TXB2, was signi®cantly
increased.

The results of the present study evidence, for the ®rst time,

a possible modulation of inducible PGES by acetaminophen,
even if limited. This is because mPGES contributes margin-
ally (by approximately 20%) to PGE2 biosynthesis in LPS-

stimulated whole blood, as demonstrated by the use of MK-
886, a mPGES inhibitor. However, it should be pointed out
that this compound is not a selective inhibitor of mPGES. In

Figure 4 E�ects of therapeutic concentrations of acetaminophen on
inducible and constitutive PGE2 and TXB2 production in whole
blood. One hundred and 300 mM of acetaminophen were incubated
with 1-ml heparinized whole blood samples, drawn from healthy
volunteers pretreated with 300 mg of aspirin 48 h before sampling, in
the presence of LPS (10 mg ml71) for 24 h, and plasma PGE2 and
TXB2 levels were assayed by RIA as an index of inducible monocyte
prostanoid biosynthesis. The same concentrations of the drug were
also incubated with 1-ml whole blood samples (drawn from healthy
subjects when they had not taken any NSAID during the 2 weeks
preceding the study), allowed to clot for 1 h, and serum TXB2 and
PGE2 levels were measured as a re¯ection of constitutive platelet
prostanoid biosynthesis. Results are depicted as percentage inhibition
(mean+s.e.mean) from 4 ± 6 separate experiments.
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fact, it was originally identi®ed as a potent inhibitor of
leukotriene biosynthesis (IC50 of approximately 3 nM) for its
ability to inhibit FLAP (Vickers, 1995) and recently it has

been shown to act also as a non-competitive inhibitor of
peroxisome-proliferator-activated receptor (PPAR)a, even if
at higher concentrations (10 ± 20 mM) (Kehrer et al., 2001).
Only the availability of speci®c and potent inhibitors of

mPGES will allow to characterize the contribution of
mPGES to PGE2 biosynsthesis in di�erent human tissues.
Recently, a critical role of mPGES expression in PGE2

production by mouse peritoneal macrophages in response to
LPS has been demonstrated (Uematsu et al., 2002). Anyhow,
it should be underlined that the fraction of PGE2 sensitive to

MK-886 corresponds to that inhibited by acetaminophen in
LPS-stimulated whole blood. In clotting whole blood,
acetaminophen caused a similar reduction of PGE2 and

TXB2 that suggests its inhibitory e�ect on COX and excludes
that on PGES. The production of the two prostanoids in
serum of healthy subjects is mainly of platelet origin,
presumably through the activity of constitutive COX-1. In

fact, COX-2 is undetectable in platelets of healthy subjects
using Western blot techniques (Patrignani et al., 1999) and it
has been observed coexpressed with mPGES in 510% of

circulating platelets using immunocytochemistry (Rocca et
al., 2002). Thus, a di�erent PGES isoform may be involved in
the production of PGE2 by activated platelets. Recently, a

cPGES expressed ubiquitously in a wide variety of cells that
is capable of converting COX-1-, but not COX-2-derived
PGH2 to PGE2 has been identi®ed (Tanioka et al., 2000).

Our results demonstrate that therapeutic concentrations of
acetaminophen cause a similar inhibition of inducible PGE2

biosynthesis to that obtained by clinical e�ective doses of
coxibs and NSAIDs (e.g.570%) (Van Hecken et al., 2000).

However, acetaminophen is only a modulator of PGHS
(Ouellet & Percival, 2001; Boutaud et al., 2002) and mPGES
activities and its inhibitory e�ects may be in¯uenced by the

presence of di�erent components of cellular and extracellular
milieu (e.g. reduced inhibition by hydroperoxides and
enhanced inhibition by GSH). This may lead to a wide

intersubject variability in the clinical e�cacy of the drug that
is presumably involved in the preference of NSAIDs over
acetaminophen by rheumatic patients (Pincus et al., 2000;
Wolfe et al., 2000). This is further con®rmed by the lower

clinical e�cacy shown by acetaminophen (4 g per day) vs the
selective COX-2 inhibitor rofecoxib (25 mg per day) during a
6-week controlled trial in osteoarthritis patients (Geba et al.,

2002).

In addition to an inhibitory e�ect on COX-isozymes and
mPGES, it has been claimed that the potent analgesic/
antipyretic e�ects of acetaminophen may involve the

inhibition of a COX-1 variant, referred to as COX-3
(Chandrasekharan et al., 2002). The improved renal and GI
safety pro®le of acetaminophen over NSAIDs is not
con®rmed by population-based observational studies. In fact,

Garcia Rodriguez & Hernadez-Diaz (2001) have shown that
similarly to oral steroids and aspirin, acetaminophen use was
associated with a 2 fold increased risk of upper GI

complications when taken at daily doses 52 g. This e�ect
might be due to an inhibitory action of acetaminophen on
gastric prostanoid biosynthesis (Konturek et al., 1981).

However, this ®nding has been contradicted by other studies
that have shown no e�ect or even an increase of gastric PGE2

biosynthesis by acetaminophen (Peskar, 1977; Van Kolfscho-

ten et al., 1981).
As shown in the present study, therapeutic concentrations

of acetaminophen may inhibit platelet COX-1 activity in vitro
by 50 ± 80%. However, the administration of 1 g of the drug

to healthy subjects caused only 44% inhibition of platelet
COX-1 activity ex vivo that was not associated with any
signi®cant inhibitory e�ect on AA-induced platelet aggrega-

tion (Catella-Lawson et al., 2001). These results may suggest
that the toxicity of the drug in vivo is only marginally
dependent on the inhibition of prostanoid biosynthesis but

may involve its capacity to induce drug-protein adducts and
oxidative stress (Hinson et al., 1995; Delanty et al., 1996).
Thus, acetaminophen use was associated with increased risk

of chronic renal failure (Fored et al., 2001) despite its
inability to reduce renal prostanoid biosynthesis (Bippi &
Frolich, 1990).
In summary, therapeutic concentrations of acetaminophen

caused an incomplete inhibition of monocyte COX-2 but in
the presence of plasma, the drug almost completely
suppressed inducible PGE2 biosynthesis through its inhibitory

e�ects on both COX-2 and mPGES. However, acetamino-
phen is only a modulator of PGHS and mPGES activities
and its inhibitory e�ects may be in¯uenced by the levels of

tissue-speci®c constituents (i.e. antioxidant enzymes, GSH
and hydroperoxides).
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