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Abstract

Since the pharmacological profiles of various non-steroidal anti-inflammatory drugs (NSAIDs)
might depend on their differing selectivity for cyclooxygenase 1 (COX-1) and 2 (COX-2), we
developed a new screening method using human peripheral monocytes. Monocytes from
healthy volunteers were separated, and the cells were incubated with or without lipopoly-
saccharide (LPS). Monocytes without LPS stimulation exclusively expressed COX-1 on Western
blotting analysis, whereas LPS stimulation induced COX-2 expression. Unstimulated monocytes
(COX-1) and LPS-stimulated monocytes (COX-2) were then used to determine the COX selectivity
of various NSAIDs. The respective mean 1C50 values for COX-1 and COX-2 IC50 (#m), and the
COX-1/COX-2 ratio of each NSAID were as follows: celecoxib, 82, 6.8, 12; diclofenac, 0.076,
0.026, 2.9; etodolac, > 100, 53, > 1.9; ibuprofen, 12, 80, 0.15; indometacin, 0.0090, 0.31, 0.029;
meloxicam, 37, 6.1, 6.1; 6-MNA (the active metabolite of nabumetone), 149, 230, 0.65; NS-398,
125, 5.6, 22; piroxicam, 47, 25, 1.9; rofecoxib, > 100, 25, > 4.0;S-2474, > 100, 8.9, > 11; SC-560,
0.0048, 1.4, 0.0034. The percentage inhibition of COX-1 activity at the 1C50 of COX-2 also
showed a wide variation among these NSAIDs. The bioassay system using human monocytes to
assess the inhibitory effects of various NSAIDs on COX-1 and COX-2 may become a clinically
useful screening method.

Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) produce both their therapeutic
and toxic effects by decreasing the biosynthesis of prostaglandins (PG) and other
proinflammatory agents (Vane 1971). NSAIDs have been shown to decrease the
production of proinflammatory PGs by inhibition of cyclooxygenase (COX) or
PGG/H synthase (Flower et al 1972). Subsequent studies (Kujubu et al 1991; Xie
etal 1991) have revealed that COX exists as two isozymes, which differ in their basal
levels of expression, tissue localization, and inducibility during inflammation (Vane
& Botting 1996). COX-1 is constitutively expressed and has been detected in every
type of cell examined to date (O’Neill & Ford-Hutchinson 1992). In contrast, COX-
2 expression is nearly undetectable in unstimulated cells, but this isozyme is
inducible (Crofford et al 1994) and its induction coincides with an increase of
inflammatory PGs in-vivo (Masterrer et al 1994).

Expression of COX-2 varies over the course of the inflammatory response
(Appleton et al 1994; Anderson et al 199¢). It has been proposed that inhibition of
COX-1 in gastric mucosal cells and the resulting decrease of PG synthesis leads to
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the loss of local protection, and that this accounts for
the significant gastric toxicity of NSAIDs (Emery 1996).
COX-2 activity, which leads to the production of pro-
inflammatory substances, is clearly a more selective
therapeutic target for NSAIDs.

The relative potency and selectivity of NSAIDs ap-
pear to correspond to their gastric toxicity, with the
more COX-2-selective agents causing a lower incidence
of gastric injury (Kawai 1998%). Previous studies com-
paring the inhibition of COX-1 and COX-2 by NSAIDs
have been performed using various systems, which can
be categorized as enzyme systems or intact cell systems.
Direct enzyme assay systems may be influenced by subtle
changes of conditions, including variation in the in-
cubation time (Lanecuville et al 1994), so assay systems
using living cells are more informative about the actual
COX selectivity of NSAIDs (Kawai et al 1998 ; Warner
et al 199 ; Yamazaki et al 1999). However, previous
studies have usually employed different kinds of cells to
assess COX-1 and COX-2, or have used mixed cell
cultures. The present study was designed to characterize
the COX-1 and COX-2 inhibitory activities of various
NSAIDs using human monocytes alone.

Materials and Methods

Reagents

RPMI-1640 medium, penicillin—streptomycin (PC-SM)
solution, and fetal bovine serum (FBS) were obtained
from Gibco BRL (Gaithersburg, MD). Ficoll-paque
and Rainbow-colored protein molecular weight markers
were obtained from Amersham Pharmacia Biotech
(Buckinghamshire, UK). Lipopolysaccharide (LPS; E.
coli 055: B5) was obtained from Difco Laboratories
(Detroit, MI). Aspirin, diclofenac, ibuprofen, indo-
metacin and piroxicam were purchased from Sigma
Chemical Co. (St Louis, MO). Celecoxib and rofecoxib
were synthesized according to Penning et al (1997) and
International Patent Publication W095,/00501, respect-
ively. Etodolac (Wyeth Lederle Japan, Tokyo, Japan),
meloxicam (Nippon Boehringer Ingelheim Co., Ltd,
Hyogo, Japan), 6-methoxy-2-naphthylacetic acid (the
active metabolite of nabumetone: 6-MNA ; SmithKline
Beecham Japan, Tokyo, Japan), S-2474 (Shionogi &
Co., Ltd, Osaka, Japan) and SC-560 (Searle, Skokie,
IL) were obtained from the listed companies. A DC
Protein Assay kit (Bio-Rad, Hercules, CA), HistoScan
(Biomeda, Foster City, CA), and acrylamide slab gels
and polyvinylidene difluoride membranes (Atto Co.,
Tokyo, Japan) were also used. Arachidonic acid, N-
(2-cyclohexyloxy-4-nitrophenyl) methanesulfonamide

(NS-398), ovine anti-COX-1 monoclonal antibody, hu-
man anti-COX-2 monoclonal antibody, and an enzyme-
linked immunosorbent assay kit for PGE2 were obtained
from Cayman Chemical Co. (Ann Arbor, MI). All other
chemicals were purchased from Wako Pure Chemical
Industries (Osaka, Japan).

Western blotting

Approval for the study was obtained from the Ethical
Committee of St Marianna University. The purpose of
the study was explained to all the participating volun-
teers, who gave written consent to the use of their
samples for research. Western blotting was performed
by a modification of the previously described method
(Kawai et al 199¥). Peripheral venous blood was col-
lected from the healthy volunteers and mononuclear
cells were prepared as described previously (Kawai et al
1989). The cells were plated onto plastic plates (2.5 x 10°
cells mL™) containing RPMI-1640 medium with 0.5 %
FBS and PC-SM (at a final concn of 100 U mL™" and
100 g mL™", respectively), and were incubated at 37°C
in a 5% CO, atmosphere for 2 h. Non-adherent cells
were then removed by washing the plates three times
with serum-free RPMI-1640 medium, and the adherent
cells were used as monocytes. The monocytes were
incubated with or without 10 ug mL™" LPS for 20 h,
followed by lysis in 25 mm Tris-HCI (pH 7.5), 2 mm
EDTA, 1% Tween-20, and 1 mm phenylmethylsulfonyl
fluoride, and then centrifugation at 10000 g for 10 min
at 4°C. The supernatants were collected and the protein
content was determined using the DC Protein Assay
with bovine serum albumin as the standard. Cell lysates
containing 40 ug of protein were subjected to sodium
dodecylsulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) on 10 % (w/v) acrylamide slab gels under
reducing conditions. The proteins were then electro-
transferred to polyvinylidene difluoride membranes.
After blocking with 5% powdered skim-milk, the
membranes were reacted with an anti-COX-1 mono-
clonal antibody at a concentration of 50 ug mL™' or
with an anti-COX-2 antibody at 1ug mL™'. Im-
munoreactive bands were visualized with biotinylated
anti-mouse immunoglobulin G (IgG), streptavidin-
peroxidase conjugate, and 3-amino-9-ethylcarbazole as
the substrate (HistoScan).

COX-1 assay system

Monocytes prepared by the method described above
were used directly for the assay of COX-1 activity. Cells
were washed in RPMI-1640 medium without PC-SM or
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Figure 1 Western blotting analysis of cyclooxygenase 1 (COX-1)
and 2 (COX-2) protein expression by human monocytes. Cell lysates
containing 40 ug of protein were subjected to 10% SDS-PAGE.
Proteins transferred to polyvinylidene difluoride membranes were
treated with specific mouse monoclonal antibodies against ovine
COX-1 or human COX-2, and were visualized using biotinylated
anti-mouse IgG, streptavidin-peroxidase conjugate, and 3-amino-
9-ethylcarbazole as the substrate.

Table 1 IC50 values (uM) of various non-steroidal anti-inflam-
matory drugs (NSAIDs) for human monocyte cyclooxygenase 1
(COX-1) and 2 (COX-2).

NSAID n COX-1 COX-2 COX-1/COX-2
ratio
Celecoxib 4 82436 6.8+54 12
Diclofenac 10 0.07640.018 0.026+0.010 2.9
Etodolac 4 >100 53445 > 1.9
Ibuprofen 8 12+1 80+52 0.15
Indometacin 9 0.0090+0.0012 0.314+0.20 0.029
Meloxicam 4 37411 6.1+3.8 6.1
6-MNA 6 149425 230+ 16 0.65
NS-398 7 125429 5.64+2.6 22
Piroxicam 3 47418 2546 1.9
Rofecoxib 4 >100 25+18 > 4.0
S-2474 4 >100 8.944.38 > 11
SC-560 3 0.0048+0.0026 1.440.3 0.0034

IC50 data are mean +s.e., of n experiments.

FBS and were then incubated at 37°C with various
NSAIDs dissolved in dimethylsulfoxide (DMSO) or
with the vehicle alone. The final concentration of DM SO
was 0.1 % in every sample. After incubation for 30 min,
3 um arachidonic acid was added to each well and
COX-1 enzyme activity was assessed by measuring

Cyclooxygenase selectivity by human monocytes 1681

PGE2 production over 15min. After the specified
period, the culture medium was centrifuged at 1500 g for
3min at 4°C and the concentration of PGE2 in the
supernatant was measured using an assay kit. In this
COX-1 assay system, the basal PGE2 concentration of
control supernatant without NSAIDs ranged from 2.4
t0 9.8 ngmL™". Both intra- and interassay coefficients of
variation for measurement of the PGE2 concentration
were less than 10 %.

COX-2 assay system

For the COX-2 assay, some of the mononuclear cells
were plated in RPMI-1640 medium with 0.5% FBS,
and then 300 uM aspirin was added to irreversibly block
the constitutive expression of COX-1. After 2 h in-
cubation, plates were washed three times to remove
non-adherent cells and any residual aspirin. The ad-
herent cells (monocytes) were incubated for 20 h at 37°C
with 10 gg mL™' LPS in RPMI-1640 medium containing
5% FBS and PC-SM. Subsequently, the cells were
washed three times in RPMI-1640 medium without PC-
SM or FBS. Then the inhibition assay of de-novo
induced COX-2 was performed by incubating the cells
at 37°C with various NSAIDs dissolved in DMSO or
with the vehicle alone. After 30 min, 3 M arachidonic
acid was added to each well and COX-2 enzyme activity
was assessed by measuring PGE2 production over
15 min. After this period, the culture medium was
centrifuged at 1500 g for 3 min at 4°C and the con-
centration of PGE2 in the supernatant was measured
using an assay kit. In this LPS-stimulated COX-2 assay
system, the basal concentration of PGE2 in control
supernatant without NSAIDs ranged from 0.3 to 2.8 ng
mL™.

Data analysis

The PGE2 concentration in each supernatant was meas-
ured in duplicate. Monocytes from 14 volunteers were
used for evaluation of COX-1 and COX-2 inhibition
curves. Experiments were performed 3-10 times for
each NSAID. The 50 % inhibitory concentration (IC50)
of each NSAID was calculated using linear regression
analysis from the reduction in PGE2 produced by
different concentrations of the test drug compared with
the control preparation. Results are expressed as the
mean +s.e. of several experiments. The ratios of the
mean IC50 values of COX-1 and COX-2 were cal-
culated. To evaluate the relative potency of COX-1


Highlight

Highlight

Highlight


1682 Miyako Kato et al

Rofecoxib

S-2474

Etodolac

Celecoxib

NS-398

Meloxicam

Piroxicam

Diclofenac

Ibuprofen

6-MNA

Indometacin

SC-560

I I I I I
0 10 20 30 40

! T T T T T
50 60 70 80 90 100

% inhibition of COX-1 at the 1C50 for COX-2

Figure 2 The percentage inhibition of COX-1 at the IC50 for COX-2. The dotted line indicates equal inhibitory activity (i.e. 50 % inhibition

of both COX-1 and COX-2).

versus COX-2 inhibition by the NSAIDs, we determined
the percentage inhibition of COX-1 activity at the IC50
concentration of each drug for COX-2.

Results

Western blotting of COX-1 and COX-2

In human monocytes without LPS treatment, the anti-
COX-1 antibody recognized a major band of approxi-
mately 70 kDa, which was considered to be COX-1
protein (Figure 1). A weak band of approximately
66 kDa was also observed. There was little enhancement
of COX-1 protein expression after LPS treatment. The
anti-COX-2 antibody did not recognize a band in cells
without LPS stimulation. However, after exposure of
cells to 10 ug mL™" LPS for 20 h, the COX-2 protein
band of approximately 70 kDa was intensely stained.

Inhibitory effect of various NSAIDs on COX-1
and COX-2

l'able 1 summarizes the IC50 (mean +s.e.) values of the
various NSAIDs for COX-1 activity and LPS-stimu-
lated COX-2 activity in human monocytes. The ratios of
the IC50 values of COX-1 and COX-2 for each NSAID
are also shown. The rank order of relative potency for
inhibition of COX-1 by these NSAIDs was SC-560,
indometacin, diclofenac, ibuprofen, meloxicam, piroxi-
cam, celecoxib, NS-398, and 6-MNA. The IC50 values
of etodolac, rofecoxib, and S-2474 for COX-1 were all
greater than 100 M. The rank order of relative potency
for inhibition of COX-2 by the NSAIDs was diclofenac,
indometacin, SC-560, N'S-398, meloxicam, celecoxib, S-
2474, rofecoxib, piroxicam, etodolac, ibuprofen, and 6-
MNA. Since the IC50 values of etodolac, rofecoxib, and
S-2474 for COX-1 could not be measured, we deter-
mined the extent of COX-1 inhibition by each NSAID
at the IC50 value for COX-2. This allowed us to assess



the relative selectivity of COX-1 versus COX-2 inhi-
bition for all the NSAIDs and the results are shown in
Figure 2.

Discussion

In this study, we established a simple assay system using
human monocytes to measure the inhibitory effect of
NSAIDs on human COX-1 and COX-2 activity. This
assay should be suitable for clinical use. Previous studies
on COX selectivity have been performed using extracted
native enzymes (Mitchell et al 1994; Yamazaki et al
1997) or recombinant enzymes (Laneuville et al 1994;
Glaser et al 1995). However, it has been suggested that
assays using intact cells are a more effective method of
screening for COX selectivity (Kawai 1998). In addition,
Morita et al (1995) have reported that intracellular
COX-1 and COX-2 show different locations in murine
3T3 cells, indicating that enzyme assays might not reflect
in-vivo cellular conditions.

Previous studies employing intact cells to assess sel-
ectivity for human COX have used the following cell
types: cos-1 cells (Laneuville et al 1994, or Chinese
hamster ovarian cells transfected with human COX-1 or
COX-2 expressing genes (Riendeau et al 1997); static
and ligand-stimulated human whole blood cells (Glaser
et al 1995; Brideau et al 199¢; Riendeau et al 1997;
Cryer & Feldman 199¥; Warner et al 1999); human
whole blood cells and interleukin-1-stimulated A549
cells (Warner et al 1999); human platelets and inter-
leukin-1-stimulated synovial cells (Kawai et al 1998);
and human platelets and ligand-stimulated mono-
nuclear cells (Grossman et al 1995; Lauter et al 1999).
Thus, all of the previous cell assay systems, including
our former method, have used different types of cells for
measuring COX-1 and COX-2 inhibition or have em-
ployed a mixed cell system. This fact may explain the
variability of the COX-1/COX-2 IC50 ratios reported
by different authors. In contrast, our present system was
designed to use a single type of cell (normal human
monocytes) for the assay of both COX-1 and COX-2.
We confirmed that unstimulated human monocytes only
expressed COX-1, and also confirmed that LPS-stimu-
lated monocytes mostly expressed COX-2 when COX-1
was inhibited by pretreatment with aspirin. The ratio of
the IC50 values for COX-1 and COX-2 can be used as
an indication of the COX-2 selectivity of a particular
NSAID. Since we made the experimental conditions for
the COX-1 and COX-2 assays as similar as possible, a
COX-1/COX-2 IC50 ratio of more than 1 indicates
preferential COX-2 selectivity.
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To elucidate the relative potency of COX-1 inhibition
by these NSAIDs, the extent of COX-1 inhibition by the
individual drugs at the IC50 of COX-2 was determined.
The mean percentage inhibition of COX-1 by rofecoxib,
S-2474, etodolac, celecoxib, NS-398 and meloxicam was
less than 20 % at the IC50 for COX-2, indicating weaker
COX-1 inhibition. S-2474 is a novel antiarthritic agent
that can suppress interleukin-1 production. It was also a
selective inhibitor of COX-2 in our assay system and in
another study (Inagaki et al 2000). In contrast, SC-560
was reported to be a selective COX-1 inhibitor by Smith
et al (1998) and we also found that SC-560 was selective
for COX-1.

Selective COX-2 inhibitors seem to cause a lower
incidence of severe gastrointestinal side-effects. In our
study, rofecoxib, S-2474, etodolac, celecoxib, NS-398,
and meloxicam all showed high selectivity for COX-2,
whereas SC-560 showed high selectivity for COX-1.
Endoscopic gastrointestinal complications related to
treatment with rofecoxib (Lanza et al 1999), etodolac
(Lanza et al 1987), celecoxib (Simon et al 1999Y), and
meloxicam (Lipscomb et al 1998) were decreased in
normal volunteers and in patients with rheumatoid
arthritis. The cumulative incidence of confirmed upper
gastrointestinal events in patients with osteoarthritis
and rheumatoid arthritis who were treated with rofe-
coxib (Bombardier et al 2000), celecoxib (Silverstein et
al 2000), and meloxicam (Distel et al 1996) was also
decreased. Our new assay systems may contribute to the
prediction of the gastrointestinal effects of new NSAIDs.
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