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Abstract

Paracetamol has mild analgesic and antipyretic properties and is, along with acetylsalicylic acid, one of the most popular “over
the counter” analgesic agents. However, the mechanism underlying its clinical effects is unknown. Another drug whose mechanism
of action is unknown is caffeine, which is often used in combination with other analgesics, augmenting their effect. We investigated
the inhibitory effect of paracetamol and caffeine on lipopolysaccharide (LPS)-induced cyclooxygenase (COX)- and prostaglandin
(PG)E2-synthesis in primary rat microglial cells and compared it with the effect of acetylsalicylic acid, salicylic acid, and dipyrone.
Furthermore, combinations of these drugs were used to investigate a possible synergistic inhibitory effect on PGE2-synthesis. Both
paracetamol (IC50=7.45 µM) and caffeine (IC50=42.5 µM) dose-dependently inhibited microglial PGE2 synthesis. In combination
with acetylsalicylic acid (IC50=3.12 µM), both substances augmented the inhibitory effect of acetylsalicylic acid on LPS-induced
PGE2-synthesis. Whereas paracetamol inhibited only COX enzyme activity, caffeine also inhibited COX-2 protein synthesis. These
results are compatible with the view that the clinical activity of paracetamol and caffeine is due to inhibition of COX. Furthermore,
these results may help explain the clinical experience of an adjuvant analgesic effect of caffeine and paracetamol when combined
with acetylsalicylic acid. 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Prostaglandins (PGs) play an important role in central
nervous system (CNS) functioning, including the gener-
ation of fever (Stiit, 1991), the transmission of pain
(Horiguchi et al., 1986), and the control of the sleep-
wake cycle (Hayaishi, 1991). PGs are produced by the
enzyme cyclooxygenase (COX), which exists in two iso-
forms, a constitutive COX-1 and an inducible COX-2.

Abbreviations:COX, cyclooxygenase; LPS, lipopolysaccharide;
NSAID, nonsteroidal antiinflammatory drug; PG, prostaglandin; SDS,
sodium dodecyl sulfate.
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COX-1 is constitutively expressed by a variety of tissues
including kidney, stomach, platelets and glial cells
(astrocytes/microglia) in the CNS (for review, see Pairet
and Engelhardt, 1996; Deininger and Schluesener,
1999). In contrast to COX-1, COX-2 is an enzyme
whose activity is mainly induced during inflammatory
conditions. In the periphery, COX-2 is expressed in sev-
eral tissues, including monocytes and macrophages
(Pairet and Engelhardt, 1996). In the CNS, COX-2 is
constitutively expressed in neurons of the cortex, hippo-
campus and amygdala in the rat and can be induced by
seizures or NMDA-dependent synaptic activity
(Yamagata et al., 1993). The distribution of COX-2
immunoreactive neurons in the rat CNS suggests that
this isoform may be involved in the regulation of sensory
input and the elaboration of behavioral and autonomic
responses (Breder et al., 1995). In addition to neuronal
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cells, COX-2 is expressed in microglial cells and astro-
cytes which appear to be an important source of PGs
during inflammatory conditions (Bauer et al., 1997;
Minghetti and Levi, 1995; O’Banion et al., 1996). COX-
2 and subsequent PG synthesis can be induced in cul-
tured microglial cells by different inflammatory stimuli
including lipopolysaccharide (LPS) and adenosine
(Fiebich et al., 1996a; Minghetti and Levi, 1995). Cul-
tured microglial cells therefore represent a useful model
to study the regulation of COX expression and pro-
duction of PGs in the CNS (Bauer et al., 1997; Fiebich
et al., 1996b).

The anti-inflammatory, analgesic and antipyretic
actions of nonsteroidal anti-inflammatory drugs
(NSAIDs) such as acetylsalicylic acid (aspirin) are
thought to be due to an inhibition of COX-2, whereas
the unwanted side effects such as irritation of the stom-
ach and toxic effects on the kidney are due to inhibition
of the constitutive enzyme, COX-1. The mild analgesic
paracetamol (acetaminophen), however, does not fit in
with this hypothesis of COX-inhibition. All studies per-
formed to date show that paracetamol is a very weak or
ineffective inhibitor of peripheral COX activity as meas-
ured in mononuclear cells (Brune et al., 1984; Grossman
et al., 1995; Tordjman et al., 1995; Vane and Botting,
1995). Nevertheless, paracetamol has clear analgesic and
antipyretic properties and has been shown to intensify
the effects of acetylsalicylic acid when the two are given
simultaneously (Engelhardt, 1984). The ineffectiveness
of paracetamol in inhibiting monocyte/macrophage
COX-2 activity led to different hypothesis about its
mechanism of action, namely that COX from different
regions of the body may show different sensitivity to
drugs, that there may be different tissue-specific iso-
forms of COX, or that there may even be a COX-3 on
which paracetamol has a preferential action (Vane,
1994). Due to the clinical observation that paracetamol is
analgesic and antipyretic (central actions), but not anti-
inflammatory (a peripheral action), Flowers and Vane
(1972) proposed that specific inhibition of a COX-iso-
form in the CNS may explain its activity. However, the
underlying mechanisms of such a central action have not
been elucidated so far.

Although a direct analgesic effect of caffeine when
given alone is still controversial, an adjuvant analgesic
effect when given in combination with mild analgesics,
especially acetylsalicylic acid is well established. This
has been demonstrated in various animal experiments
(Engelhardt et al., 1997; Vinegar et al., 1976) and in a
number of clinical studies (Forbes et al., 1991; Laska et
al., 1984; Migliardi et al., 1994; Schachtel et al., 1991;
Ward et al., 1991). The mechanism of this adjuvant
effect of caffeine is also not known.

In the present study, we investigated the inhibitory
effect of paracetamol and caffeine on LPS-induced
COX- and PGE2-synthesis in primary rat microglial

cells. These cells were used to investigate effects of
those drugs on COX and PGE2-synthesis in brain cells
to test the hypothesis of a “brain-cell-specific” inhibitory
effect of paracetamol and caffeine. The effects of the
drugs were compared with the effects of NSAIDs such
as acetylsalicylic acid, salicylic acid, and dipyrone,
whose inhibitory effect on COX activity has been well-
documented in peripheral systems (Mitchell et al., 1993).
Furthermore, combinations of these drugs were used to
investigate a possible synergistic inhibitory effect on
PGE2-synthesis.

2. Materials and methods

2.1. Materials

Acetylsalicylic acid, dipyrone, salicylic acid, and lipo-
polysaccharide (LPS) (Escherichia coli) were purchased
from Sigma (Deisenhofen, FRG), caffeine from RBI
(Biotrend, Köln, FRG). Rabbit polyclonal antibodies
recognizing COX-1 or COX-2 protein were purchased
from Santa Cruz (Heidelberg, FRG).

2.2. Cell culture

Primary astroglial cell cultures were established from
cerebral cortices of one-day neonatal Wistar rats as
described previously (Keller et al., 1985). Briefly, fore-
brains were minced and gently dissociated by repeated
pipetting in Hank’s balanced salt solution (HBSS). Cells
were collected by centrifugation, resuspended in Dul-
beccos modified Eagle’s medium (DMEM) containing
10% fetal calf serum (FCS) and antibiotics and cultured
on 10 cm cell culture dishes (Falcon, 5× 105 cells/plate)
in 5% CO2 at 37°C. Medium was prepared taking
extreme care to avoid LPS contamination (Gebicke-
Haerter et al., 1989). Floating microglia were harvested
from 10 to 14 day old mixed (astrocyte-microglia) pri-
mary cultures and re-seeded into 35 mm cell culture dis-
hes in fresh complete medium to give pure microglial
cultures (2× 104 cells/dish). Microglial cultures were
washed 1 h after seeding to remove non-adherent cells.
The purity of the microglial culture was.98% as pre-
viously determined by immunofluorescence and cytoch-
emical analysis (Gebicke-Haerter et al., 1989).

2.3. Determination of PGE2

Microglial cells were seeded in 24-well cell culture
plates and pre-incubated with the test substance for 30
min. Thereafter, cells were treated with LPS (100 ng/ml)
for 24 h. Supernatants were harvested, centrifuged at
10 000g for 10 min and levels of PGE2 in the media
were measured by enzyme immunoassay (EIA)
(Biotrend, Köln, FRG) according to the manufacturer’s
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instructions. Standards from 39 to 2500 pg/ml were used,
sensitivity of the assay was 36.2 pg/ml.

2.4. Western blotting

Microglial cells were seeded into cell culture flasks
overnight before medium was replaced with 10 ml of
fresh medium. Cells were then exposed to LPS (100
ng/ml) in the presence or absence of the test substance
for 24 h. Cells were then washed with phosphate buff-
ered saline (PBS) and lyzed in 1.3× SDS (sodium dode-
cyl sulfate) sample buffer containing 100µM orthovan-
adate (Laemmli, 1970). Lysates were homogenized
through a 26-gauge-needle and measured for protein
content using the bicinchonic acid method. For western
blotting, 60µg of protein for each sample was subjected
to 10% SDS-PAGE (polyacrylamide gel electrophoresis)
under reducing conditions. The protein was then trans-
ferred onto a polyvinylidene fluoride (PVDF) membrane
(Millipore) by semi-dry blotting. The membrane was
blocked using Rotiblock (Roth, Karlsruhe, FRG) for 1 h
at room temperature. It was then incubated with rabbit
anti-COX-2 serum (M19, Santa Cruz, 1:1000) or rabbit
anti-COX-1 (M20, Santa Cruz, 1:1000) in tris-buffered
saline (TBS) containing 0.1% Tween-20 (Merck, Darm-
stadt, FRG) and 1% bovine serum albumin (BSA)
(Sigma) for 2 h. After extensive washing, COX-2 or
COX-1 protein was detected with a peroxide-coupled
rabbit anti-goat IgG (Santa Cruz) using electrochemical
luminescence (ECL) reagents (Amersham). Western blot
films were scanned densitometrically using ScanPack 2.0
Software from Biometra. Data were analysed by
ANOVA with post hoc Bonferroni tests.

2.5. Data analysis

The concentrations resulting in 50% inhibition (IC50)
were calculated as follows. The reduction of PGE2

induced by different concentrations of the test substance
was first corrected for the amount of PGE2 in non-stimu-
lated cultures. These values were then expressed as the
percent of the stimulated group without test substance.
The resulting concentration-response relationship was
analyzed using linear regression analysis with 95% con-
fidence limits (Fieller, 1944; Linder, 1964: 148–162).

3. Results

The inhibitory effect of different analgesics on PGE2

synthesis was investigated in primary rat microglial
cells. Basal production of PGE2 in these cells (i.e.
unstimulated conditions) was 0.17±0.064 ng (mean±
SD) PGE2/ml over 24 h. The addition of increasing
amounts of bacterial LPS led to a concentration-depen-
dent increase of PGE2 synthesis in these cells, which was

maximal with 100 ng/ml LPS (data not shown; Bauer et
al., 1997). At this concentration, which was used in all
experiments presented here, PGE2 release from
microglial cells increased approximately 5-fold to
0.89±0.39 ng PGE2/ml media.

3.1. Dose-dependent inhibitory effects of various
analgesics on PGE2 synthesis in LPS-stimulated
microglial cells

The inhibitory effects of acetylsalicylic acid, salicylic
acid (i.e. the active metabolite of acetylsalicylic acid in
vivo), caffeine, paracetamol, or dipyrone (used as a con-
troal analgesic) were tested on LPS-induced PGE2 syn-
thesis in rat microglial cells. Acetylsalicylic acid, sali-
cylic acid and dipyrone inhibited PGE2 synthesis in LPS-
stimulated microglial cells in a concentration-dependent
manner (Fig. 1). Acetylsalicylic acid and dipyrone were

Fig. 1. Dose-dependent inhibitory effect of paracetamol, salicylic
acid or acetylsalicylic acid (a) and caffeine or dipyrone (b) on PGE2

synthesis in LPS-stimulated microglial cells. Cells were pre-incubated
with the test substances at the indicated concentrations for 30 min
and subsequently treated with LPS (100 ng/ml) for 24 h. PGE2 in the
supernatants was measured by an enzyme immunoassay as described
in Materials and methods. Data are expressed as mean± SE from.6
(a) and.12 (b) replicates per concentration.
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the most potent inhibitors under these conditions with
an IC50 of 3.12 and 3.84µM, respectively (Table 1).
Salicylic acid was 5-times less potent than acetylsalicylic
acid (IC50 of 15.9 µM, Table 1), giving an order of
potency acetylsalicylic acid. dipyrone. salicylic acid.
As seen in Fig. 1A, paracetamol also inhibited PGE2

synthesis in a concentration-dependent manner with an
IC50 of 7.45 µM (Table 1), indicating that it is 2-times
more potent than salicylic acid and half as potent as
acetylsalicylic acid. Fig. 1B shows that caffeine inhibited
PGE2 synthesis in LPS-stimulated microglial cells in a
concentration-dependent manner also. However, caffeine
was only a weak inhibitor of PGE2 synthesis when given
alone (IC50 42.5 µM, Table 1). In addition, the slope of
the concentration-activity curve was less steep than that
of acetylsalicylic acid and the other mild analgesics, sug-
gesting another mechanism of action.

3.2. Synergistic inhibitory effect of various
combinations of analgesics on PGE2 synthesis in LPS-
stimulated microglial cells

When combined with 1 or 3µM paracetamol, acetyl-
salicylic acid was a more potent inhibitor of PGE2 syn-
thesis at all concentrations tested. Thus, in this system,
both substances demonstrated a synergistic action (Fig.
2). This was also reflected in the reduction in a change
of IC50 values from 3.12µM with acetylsalicylic acid
alone to 0.13µM and 0.034µM with the addition of 1
µM and 3µM paracetamol, respectively. In other words,
the combination of acetylsalicylic acid and 3µM parace-
tamol was 90-times more potent than acetylsalicylic acid
alone in inhibiting LPS-induced PGE2 synthesis.

Also the addition of caffeine at concentrations of 1
and 10µM to acetylsalicylic acid intensified the inhibi-
tory activity against PGE2 synthesis in LPS-stimulated
microglial cells, particularly at lower concentrations of
acetylsalicylic acid (Fig. 3A). However, the slope of the
concentration response curve of the combination of
acetylsalicylic acid with caffeine, like that of caffeine
alone, was less steep than that of acetylsalicylic acid
alone (Fig. 3A). The combination of acetylsalicylic acid
and 10 µM caffeine was 30-times more potent than
acetylsalicylic acid alone in inhibiting LPS-induced

Table 1
Inhibitory effect of different analgesics on LPS-induced PGE2 syn-
thesis in rat microglial cells in vitro

95% Confidence
Compound IC50 (µM)

Intervals

Acetylsalicylic acid 3.12 2.16–4.51
Salicylic acid 15.9 9.91–27.0
Paracetamol 7.45 4.48–11.9
Dipyrone 3.84 2.29–5.86
Caffeine 42.5 22.2–89.3

Fig. 2. Synergistic inhibitory effect of paracetamol and acetylsali-
cylic acid on PGE2 synthesis in LPS-stimulated microglial cells. Cells
were pre-incubated with the test substances at the indicated concen-
trations for 30 min and subsequently treated with LPS (100 ng/ml) for
24 h. PGE2 in the supernatants was measured by an enzyme immunoas-
say as described in Materials and methods. Data are expressed as mean
± SE from 4–6 replicates per concentration.

Fig. 3. Synergistic inhibitory effect of caffeine and acetylsalicylic
acid (A) or paracetamol (B) on PGE2 synthesis in LPS-stimulated
microglial cells. Cells were pre-incubated with the test substances at
the indicated concentrations for 30 min and subsequently treated with
LPS (100 ng/ml) for 24 h. PGE2 in the supernatants was measured by
an enzyme immunoassay as described in Materials and methods. Data
are expressed as mean± SE from 8–12 replicates per concentration.
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PGE2 synthesis (Table 2). The combination of caffeine
and paracetamol resulted in a weaker additive effect than
the combination of caffeine and acetylsalicylic acid (Fig.
3B). The combination of paracetamol and 30µM caf-
feine was only about 7-times more potent than paraceta-
mol alone in inhibiting LPS-induced PGE2 synthesis
(Table 2).

3.3. Effect of various analgesics on COX-2 expression
synthesis in LPS-stimulated microglial cells

Western blot analysis showed that a protein corre-
sponding to the mass of COX-2 was elevated in samples
from LPS-stimulated cultures, and was not detectable in
unstimulated microglial cells (Figs. 4 and 5). Two bands
at approximately 70 kDa are visible, probably showing
different glycosylation forms of COX-2 recognized by
the antibody. When LPS-stimulated cultures were pre-
incubated with acetylsalicylic acid, salicylic acid, para-
cetamol or dipyrone, COX-2 protein levels were not
influenced. This was true for all concentrations tested,
including those sufficient to almost completely inhibit
LPS-induced PGE2 synthesis (Fig. 4). In contrast, caf-
feine at concentrations between 10 and 1000µM reduced
the amount of COX-2 protein in a concentration-depen-
dent manner (Fig. 5). Table 3 shows the summary of the
COX-2 Western blots when scanned densitometrically,
confirming that caffeine significantly inhibited COX-2
protein synthesis, whereas the other analgesics had no
significant inhibitory effect on COX-2 levels.

Table 2
Effect of drug combinations on the inhibition of LPS-induced PGE2

synthesis in rat microglial cells in vitro

Drug combination IC50 (µM) 95%
Confidence
Intervals

Acetylsalicylic acid – 3.12 2.16–4.51
Acetylsalicylic acid 0.1µM 4.91 2.19–8.90

Caffeine
Acetylsalicylic acid 1.0µM 0.74 0.37–1.32

Caffeine
Acetylsalicylic acid 10µM 0.12 0.035–0.31

Caffeine
Acetylsalicylic acid 1.0µM 0.13 0.019–0.33

paracetamol
Acetylsalicylic acid 3.0µM 0.034 0.016–0.061

paracetamol
Paracetamol – 7.45 4.48–11.9
Paracetamol 10µM 4.05 1.11–9.40

Caffeine
Paracetamol 30µM 1.16 0.54–2.23

Caffeine

Fig. 4. No effect of acetylsalicylic acid (ASA; a), paracetamol (Para;
b), dipyrone (Dipy; b) or salicylic acid (SA; c) on COX-2 synthesis
in LPS-stimulated microglial cells. Cells were either left untreated
(lane 1) or were stimulated with LPS (100 ng/ml) for 24 h in the
absence (lane 2) or presence of different concentrations of acetylsali-
cylic acid (ASA; a lanes 3–6), paracetamol (Para; b, lanes 3–5), dipy-
rone (dipy; b, lane 6) or salicylic acid (SA; c, lanes 3–5). Western
blotting with an anti-COX-2 antibody was used to detect the amount
of COX-2 protein in whole cell lysates as described in Materials
and methods.

3.4. COX-1 immunoreactivity is not affected by LPS
in microglial cells

In Western blot experiments, COX-1 immunoreactiv-
ity was already detected in unstimulated microglial cells.
is constitutively expressed in microglial cells (Fig. 6,
lane 1). Stimulation with LPS did not increase COX-1
immunoreactivity (Fig. 6, lane B). Since untreated cells
only marginally synthesize COX-2 and the treatment
with LPS is followed by a strong induction of COX-2
immunoreactivity (Fig. 5 and Table 3), the data suggest
that the basal PGE2 release is due to COX-1 enzyme
activity.
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Fig. 5. Dose-dependent inhibitory effect of caffeine on COX-2 syn-
thesis in LPS-stimulated microglial cells. Cells were either left
untreated (lane 1) or were stimulated with LPS (100 ng/ml) for 24 h
in the absence (lane 2) or presence of different concentrations of caf-
feine (lanes 3–5). Western blotting with an anti-COX-2 antibody was
used to detect the amount of COX-2 protein in whole cell lysates as
described in Materials and methods.

Table 3
Effects of different drugs on COX-2 protein synthesis in LPS-stimu-
lated rat microglial cells in vitro. Western blot films from three or four
independent experiments were scanned densitometrically. Data are
mean values given as percentage of the stimulation by LPS (= 100%).
Data were analysed by ANOVA with post hoc Bonferroni tests. *=
significantly different from LPS-control

Compound % of LPS control

Control , 1
LPS 100
LPS + Acetylsalicylic acid (1024 M) 112.3±14.8
LPS + Salicylic acid (1024 M) 113.8±42.9
LPS + Paracetamol (1024 M) 100.3±43.9
LPS + Caffeine (1025 M) 78.5±19.8
LPS + Caffeine (1024 M) 62.0±10.5 (p,0.01*)
LPS + Caffeine (1023 M) 21.3±10.0 (p,0.001*)

4. Discussion

Numerous findings in animals and man suggest that
aspirin-like drugs have a central analgesic activity in
addition to their peripheral analgesic effects (Bannwarth
et al., 1995; Bromm et al., 1991; Catania et al., 1991;
Devoghel, 1983; Fabbri et al., 1992; Jurna and Brune,
1990). This may be mediated by the inhibition of PG
synthesis in the CNS (Beiche et al., 1996; Levy et al.,
1998; Malmberg and Yaksh, 1992). In this study, we
were interested in potential central mechanisms of para-
cetamol and caffeine in conjunction with acetylsalicylic
acid. Here we present evidence in support of our hypoth-
esis that the central analgesic effect of paracetamol may
be due to inhibition of PGE2 synthesis in microglial
cells. Primary rat microglial cells have previously been
shown to produce increased amounts of PGE2 and COX-
2 mRNA and protein after stimulation with LPS and thus
are a useful in vitro model system to study the COX

Fig. 6. COX-1 is constitutively expressed in microglial cells. Cells
were either left untreated (lane 1) or were stimulated with LPS (100
ng/ml) (lane 2) for 24 h. Western blotting with an anti-COX-1 antibody
was used to detect the amount of COX-1 protein in whole cell lysates
as described in Materials and methods.

inhibiting activity of NSAIDs in the brain (Bauer et al.,
1997; Fiebich et al., 1996b). The forebrain microglia cell
culture is a well established and validated model for the
investigation of microglial cells in vitro. However, we
can not rule out differences to other microglia cell cul-
tures, e.g. adult spinal cord microglia, which have been
mainly investigated in vivo (Fu et al., 1999), but are
difficult to maintain as cell cultures (Whittmore et al.,
1993). Inhibition of COX activity in microglial cells may
explain the previous finding that paracetamol, as with
acetylsalicylic acid and dipyrone, suppressed the pente-
trazol-induced rise in PGE2 concentration in the rat and
mouse brain in a dose-dependent manner (Engelhardt et
al., 1996b). Our findings may also provide a cellular
mechanism for the proposal of Flowers and Vane (1972)
and Vane (1994) that paracetamol acts by inhibition of
central COX activity. However, other cell types that may
be involved in PG synthesis in the brain, such as astro-
cytes and neurons, were not investigated in the present
study and may also be involved. The expression of
COX-2 in spinal cord neurons and the reduction of
nociceptive neuronal activity by COX-2 inhibitors and
dipyrone may also contribute to the analgesic effects of
inhibitors of PG synthesis (Willingale et al., 1997; Neug-
ebauer et al., 1994). The difference in COX-inhibitory
activity in microglial cells and in peripheral cells, such
as monocytes and macrophages (Vane and Botting,
1995) may explain the specific pharmacological profile
of paracetamol, i.e. analgesic and antipyretic activity, but
only a weak anti-inflammatory activity as compared to
standard NSAIDs (Brune et al., 1984; Grossman et al.,
1995; Tordjman et al., 1995). Nevertheless, the data
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presented here were obtained in vitro and further studies
in vivo are required to investigate the central or periph-
eral site of action of paracetamol.

COX-1 is expressed constitutively in microglia and its
synthesis is not affected by LPS stimulation. In
microglial cells, the basal release of PGE2 is low and
increases about fivefold after treatment with LPS. The
data from Western blot experiments shown here suggest
that the LPS-induced synthesis of PGE2 is due to the de
novo synthesis and activity of COX-2 and that the vari-
ous analgesics investigated here inhibit microglial PGE2

release by interfering with COX-2 synthesis or activity.
This is also supported by our previous finding that selec-
tive inhibitors of COX-2, used in concentrations at which
they do not affect COX-1 activity, inhibit the LPS-
induced release of PGE2 in microglia (Bauer et al.,
1997). However, an additional inhibitory effect of the
compounds tested here on COX-1 cannot be excluded
and may also be part of the mechanism by which acetyl-
salicylic acid, salicylic acid, paracetamol and caffeine
inhibit microglial PGE2 synthesis.

The surprising finding that caffeine inhibited PGE2

release in stimulated rat microglial cells in vitro contrasts
with observations in other systems. Caffeine in concen-
trations up to 2 mM had no effect on arachidonic acid
conversion by an enzyme preparation from bovine brain
in vitro, and the addition of 0.5 mM caffeine also had
no influence on the inhibitory effect of acetylsalicylic
acid or paracetamol in this system (Engelhardt et al.,
1997). The lack of effect observed in the bovine brain
preparation suggests that caffeine has no direct effect on
enzyme activity since only COX activity was measured
and not COX expression. In the present study, we meas-
ured both induction and activity of the COX-2 enzyme.
Unlike paracetamol and NSAIDs, caffeine diminished
the amount of COX-2 protein in a concentration-depen-
dent manner. Taken together, these results suggest that
caffeine inhibits COX-2 induction rather than COX-2
activity, in contrast to the standard NSAIDs, but we can-
not exclude effects of caffeine on the constitutive COX-
1 in this in vitro cell model system. In other cell culture
models, some NSAIDs have been shown to suppress
COX expression. Acetylsalicylic acid and naproxen but
not indomethacin reduced IL-1 induced COX-2
expression in endothelial cells (Wu et al., 1991; Zyglew-
ska et al., 1992; Xu et al., 1999), whereas acetylsalicylic
acid and naproxen failed to suppress LPS induced COX-
2 expression in a human macrophage cell line (Barios-
Rodiles et al., 1996). Paracetamol has been shown to
reduce the levels COX-2 protein in human umbilical
vein endothelilal cells (Wu et al., 1991). Acetylsalicylic
acid may fail to suppress COX-2 synthesis in our
microglia culture system due to cell type specific differ-
ences or because of differences in the involved intra-
cellular signalling pathways induced by IL-1 or LPS.

The difference in caffeine activity in microglial cells

and in peripheral cells such as monocytes/macrophages
must also be stressed. Although we have no satisfactory
explanation for these effects, it could be speculated that
caffeine acts on a specific microglial signal transduction
cascade leading to COX-2 synthesis, which is not
involved in COX-2 regulation in other cells. A parallel
can be drawn between these observations and the con-
trasting effects of caffeine on blood flow and vascular
resistance in the CNS and in the periphery. Although
caffeine causes a marked increase in cerebrovascular
resistance with accompanying decrease in cerebral blood
flow, it reduces vascular resistance in peripheral organs
such as the kidney at therapeutic doses in man (Ogilvie
et al., 1977). These effects on peripheral vascular resist-
ance are thought to be due to the stimulation of the syn-
thesis of vasodilating PGs, such as PGI2 and PGE2 (Baer
et al., 1983; Caussade and Cloarec, 1993; Engelhardt,
1996a; Naderali and Poyser 1994, 1996; Takeuchi et
al., 1981).

The concentrations of caffeine used to inhibit PGE2

synthesis in activated microglial cells are also therapeuti-
cally relevant (Rall, 1985). At these concentrations, caf-
feine is a non-selective antagonist of adenosine A1- and
A2-receptors (Fredholm et al., 1994). Adenosine A2a

receptors induce intracellular signaling events that cause
an upregulation of the COX-2 gene and the release of
PGE2 in rat microglia (Fiebich et al., 1996a). Selective
adenosine A2 receptor antagonism has also been shown
to inhibit adenosine-induced COX-2 expression and
PGE2 release in rat microglial cells (Fiebich et al.,
1996a). Thus, the inhibitory effect of caffeine on COX-
2 activity in stimulated microglial cells may be due to
adenosine A2-receptor antagonism.

Other important findings in this study are that acetyl-
salicylic acid, paracetamol and caffeine have synergistic
effects in the microglia in vitro cell model. Low doses
of caffeine and paracetamol significantly decreased the
IC50 value of acetylsalicylic acid about four to 25 fold
in combination with caffeine (1 and 10µM) and approxi-
mately 25 to 90 fold in combination with paracetamol
(1 and 3µM). This might be of clinical relevance since
our data probably suggest that the combinations of ace-
tylslalicylic acid with caffeine or paracetamol are much
more effective in inhibition of microglial prostaglandin
release than acetylsalicylic acid alone. Since high doses
of acetylsalicylic acid as well as paracetamol are known
to cause severe side effects in the intestines, one could
speculate that lower doses of the drugs in combination
are as effective as the drugs alone in higher doses, but
the safety profile of the combinations is probably much
better. Since the data presented here are obtained by an
in vitro cell culture model, in vivo studies have to be
performed to validate this hypothesis.

The fact that caffeine and paracetamol strongly
enhance the effects of acetylsalicylic acid suggests, that
these compounds are acting not additively, but syner-
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gistically by using different targets in the synthesis path-
way of PGE2. This synergistic effect of the combinations
of acetylsalicylic acid with either paracetamol or caf-
feine may therefore be explained by different mech-
anisms of COX inhibition. The mechanism of action of
aspirin-like drugs on the catalytic site of the COX
enzyme has been well-established (Luong et al., 1996).
If paracetamol acts on a different site, such as the peroxi-
dation site of COX, it is likely that the combination of
acetylsalicylic acid and paracetamol would be more
effective than either compound alone. The same is true
for the combination of acetylsalicylic acid and caffeine.
If we assume that caffeine blocks the synthesis of COX-
2 protein, probably at the transcriptional level, it would
provide less enzyme for acetylsalicylic acid to inhibit,
thereby leading to enhanced COX-2 inhibition.

In conclusion, our results suggest that not only acetyl-
salicylic acid, salicylic acid, and dipyrone but also para-
cetamol and caffeine inhibit PGE2 synthesis in
microglial cells and that both paracetamol and caffeine
enhance the inhibitory effects of acetylsalicylic acid on
microglial PGE2-synthesis. This supports our hypothesis
that inhibition of PGE2 synthesis in microglial cells can
may be a possible explanation for the central analgesic
activity of paracetamol and caffeine. This hypothesis,
however, has to be further proven investigated in studies
using animal models that may overcome the limitations
of a cell culture model of brain cells. The observation
that paracetamol and caffeine intensify the effect of
acetylsalicylic acid in a synergistic manner may help
explain the clinical experience of an adjuvant analgesic
effect of caffeine when combined with acetylsalicylic
acid or paracetamol.
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