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a b s t r a c t

Because cyclooxygenases (COX) convert arachidonic acid into pro-inflammatory cyclic endoperoxides,
inhibition of these enzymes and especially the inducible COX-2 form is an important therapeutic approach
to manage inflammatory diseases and possibly prevent cancer. Due to side effects of existing non-selective
and COX-2 selective non-steroidal anti-inflammatory agents, the discovery of new COX inhibitors con-
tinues to be an area of active investigation. Since existing assays are slow or lack specificity, a liquid
chromatography–tandem mass spectrometry (LC–MS–MS) based COX inhibition assay was developed
C–MS–MS
OX-1
OX-2
yclooxygenase
rostaglandin E2

and validated for the rapid and accurate quantitative analysis of the COX product prostaglandin E2. The
assay was validated using four COX inhibitors, celecoxib, indomethacin, resveratrol, and diclofenac that
exhibit different selectivities towards COX-1 and COX-2. The IC50 values of celecoxib and resveratrol
for ovine and human COX-2 were compared, and the Km values were determined. Since considerable
inter-species variation was observed, human COX-2 should be used for the discovery of COX inhibitors
intended for human use. This sensitive and accurate LC–MS–MS based assay is suitable for the rapid
screening of ligands for COX-1 and COX-2 inhibition and for IC50 determinations.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

Cyclooxygenase (COX)-1 and/or COX-2 are the targets of widely
sed non-steroidal anti-inflammatory drugs (NSAIDs). Expressed
onstitutively in all tissues, COX-1 is essential for such physi-
logical processes as maintenance of the gastrointestinal tract,
enal function and fever [1]. COX-2 is normally undetectable in
ost tissues but is induced during inflammatory, degenerative,

nd neoplastic processes. COX-1 and COX-2 catalyze the con-
ersion of arachidonic acid to the endoperoxide prostaglandin
2 (PGH2) (see Fig. 1) which is then metabolized to form
rostaglandins, thromboxanes and prostacyclin by non-rate limit-

ng enzymes [2]. In aqueous solution, unstable PGH2 can rearrange
on-enzymatically to form PGD2 and PGE2. By inhibiting COX-
and/or COX-2, NSAIDs prevent the enzymatic conversion of

rachidonic acid to pro-inflammatory cyclic endoperoxides. Based
n the assumption that selective inhibition of COX-2 might

educe the side effects of NSAIDs, the discovery of selective COX-

inhibitors has become an important area of pharmaceutical
esearch.

∗ Corresponding author. Tel.: +1 312 996 9353; fax: +1 312 996 7107.
E-mail address: breemen@uic.edu (R.B. van Breemen).

731-7085/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2010.08.001
To facilitate the discovery of new COX inhibitors, in vitro
screening assays have been developed that utilize cells in cul-
ture [3] or purified enzymes. By carrying out enzyme assays
using COX-1 and COX-2, the selectivity of inhibitors may be
determined based on the ratio of their IC50 values (IC50 is
the concentration of a compound that inhibits enzyme activ-
ity by 50%) [4]. Since assays using purified enzymes are
faster, more convenient and less expensive than cell-based
assays, purified COX-1 and COX-2 were used in this investiga-
tion.

Several functional COX assays using purified or recombinant
enzymes have been reported and include an oxygen consump-
tion assay [5], a peroxidase co-substrate oxidation assay [5], a
radiolabeled chemical inhibition assay [6], and an enzyme-linked
immunosorbant assay (ELISA) [5]. The oxygen consumption assay
uses a relatively insensitive O2 sensor and requires more COX
than most other assays. The peroxidase co-substrate oxidation
assay lacks accuracy since it can respond to various free radi-
cal intermediates formed during COX catalysis or might fail to
respond when the test inhibitor is an antioxidant [7]. Alterna-

tively, COX inhibition activity can been determined by assessing
PGE2 production using an ELISA or using radiolabeled arachi-
donic acid and HPLC with radioactivity detection [8]. The ELISA
requires almost 2 days per assay and lacks selectivity since it might
respond to several prostaglandins, and the radioisotope method

dx.doi.org/10.1016/j.jpba.2010.08.001
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:breemen@uic.edu
dx.doi.org/10.1016/j.jpba.2010.08.001
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Fig. 1. Arachidonic acid metabolism through the COX pathway. Cyclooxygenases
COX-1 and COX-2 convert arachidonic acid to the intermediate prostaglandin PGG2
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nd then to PGH2 which either spontaneously decomposes to form primarily PGE2

nd PGD2 or is converted by other enzymes to thromboxane-A2, prostacyclin-GI2,
r prostaglandins such as PGE2, PGD2 and PGF2. (*sites of deuterium labeling in the
urrogate standards d4-PGE2 and d4-PGD2.)

equires specialized licensing, training, handling, and disposal of
astes.

To overcome the limitations of previous assays, we developed
n in vitro COX inhibition assay based on the selective and rapid
C–MS–MS quantitative analysis of PGE2. Although similar to exist-
ng ELISA and radioisotope methods and therefore not novel, this
ssay has technical advantages that include more selective mea-
urement of PGE2 than either the ELISA or radioisotope assays
ue to the combination of HPLC separation and tandem mass
pectrometric detection, faster analysis than ELISA (less than 1 h
otal including extraction, reaction and analysis), and no need for
adioisotopes. The assay was validated using a range of potent and
eak inhibitors of COX-1 and COX-2 inhibitors including celecoxib,

ndomethacin, resveratrol, and diclofenac.

. Experimental

.1. Materials

Ovine COX-1 (oCOX-1), ovine COX-2 (oCOX-2), human recom-
inant COX-2 (hCOX-2), arachidonic acid, PGE2, d4-PGD2, and
2-PGE2 (labeled with deuterium atoms at positions 3 and 4, see
ig. 1) were purchased from Cayman Chemicals (Ann Arbor, MI).
he co-factors (−)epinephrine and hematin, and the COX inhibitors

ndomethacin, resveratrol and diclofenac were purchased from
igma–Aldrich (St. Louis, MO). Celecoxib was purchased from 3B
harmaChem International (Wuhan, China). All organic solvents
ere HPLC grade or better and were purchased from Thermo Fisher

Hanover Park, IL). Formic acid was purchased from EMD Chemicals
iomedical Analysis 54 (2011) 230–235 231

(San Diego, CA). Purified water was prepared by using a Milli-
pore Milli-Q purification system (Millipore, Billerica, MA). All other
chemicals and solvents were ACS reagent grade, unless stated oth-
erwise.

2.2. COX inhibition assay

In an Eppendorf tube, 146 �L of 100 mM Tris–HCl (pH 8.0)
buffer, 2 �L of 100 �M hematin (co-factor) and 10 �L of 40 mM l-
epinephrine (co-factor) were mixed at room temperature. Next,
20 �L of Tris–HCl (pH 8.0) buffer containing 0.2 �g COX-2 or
0.1 �g COX-1 (approximately 1 unit of enzyme; 1 unit COX uti-
lizes 1 nmol O2/mg/min at 37 ◦C) was added, and the solution was
incubated at room temperature for 2 min. A 2 �L aliquot of the
COX inhibitor in DMSO was added to the enzyme solution and
preincubated at 37 ◦C for 10 min. Negative controls were identi-
cal except that 2 �L aliquots of DMSO without inhibitor were used
instead.

Each COX reaction was initiated by adding 20 �L of arachidonic
acid in Tris–HCl (pH 8.0) buffer to give a final concentration of 5 �M;
and the reaction was terminated after 2 min by adding 20 �L of
2.0 M HCl. The surrogate standards d4-PGE2 and d4-PGD2 (10 �L
aliquot of 50 ng/mL solution in methanol) were added to correct
for errors or degradation during sample handling and for varia-
tion in injection volume or instrument response during LC–MS–MS.
After 30 min, PGE2, PGD2 and their surrogate standards were
extracted from each incubation mixture using 800 �L hexane/ethyl
acetate (50:50, v/v). The organic phase was removed, evaporated
to dryness, and reconstituted in 100 �L methanol/water (50:50,
v/v) for analysis using LC–MS–MS (see details in the next sec-
tion).

The concentration of PGE2 in each sample was measured using
LC–MS–MS, and the percent of COX inhibition by each test solution
was determined by comparing the amount of PGE2 produced in the
experiment with that produced in the negative control incubation.
The formation of PGD2 was measured for quality control purposes,
since the levels of PGD2 should be proportional to those of PGE2.
For IC50 value determination, 12 different concentrations of each
inhibitor were assayed three times. The IC50 value of each inhibitor
toward COX-1 or COX-2 was determined by plotting and analyzing
the inhibition curve data using Graph Pad Prism 5 software (Moun-
tain View, CA). The selectivity of each inhibitor towards COX-2 was
calculated as the ratio of the IC50 values (COX-2/COX-1). Using 7
concentrations of arachidonic acid from 0 �M to 32 �M, the ini-
tial rates of formation of PGE2 were determined for ovine COX-1,
ovine COX-2 and human COX-2 using LC–MS–MS. From these data,
Michaelis–Menten curves were plotted, and the Km values were
determined using SigmaPlot 9 software (Systat Software; San Jose,
CA).

2.3. LC–MS–MS

Negative ion electrospray tandem mass spectrometric mea-
surement of PGE2 was carried out using an Applied Biosystems
(Foster City, CA) API 4000 triple quadrupole mass spectrome-
ter equipped with a Shimadzu (Columbia, MD) Prominence HPLC
system based on the method of Cao et al. [9]. A Waters (Mil-
ford, MA) XTerra MS C18 analytical column (2.1 mm × 50 mm,
3.5 �m) was used for HPLC separations with an isocratic
mobile phase consisting of acetonitrile/aqueous 0.1% formic acid
(35:65; v/v) at a flow rate of 200 �L/min. The deprotonated

molecules of m/z 351 and m/z 355 corresponding to PGE2 and
the surrogate standard d4-PGE2, respectively, were selected for
collision-induced dissociation at a collision energy of −23 eV. The
abundant product ions of m/z 271 and m/z 275, corresponding
to the [M−H–2H2O–CO2]− product ions of PGE2 and d4-PGE2,
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espectively, [9] were measured using selected reaction monitor-
ng.

. Results and discussion

.1. Assay optimization

Beginning with the COX incubation conditions cited in the lit-
rature [10], multiple parameters were optimized including the
nzyme level, the substrate concentration, the reaction time, and
he post-reaction extraction time. A preincubation of at least 10 min
as found to be necessary before adding the arachidonic acid sub-

trate because potent COX-2 inhibitors such as celecoxib are often

ime-dependent and require several minutes of interaction with
he enzyme to reach full inhibition potency [11]. The optimum
mount of COX per incubation was approximately 1 unit which
aried from 0.1 �g to 0.2 �g according to the specific activity of the
nzyme preparation. A reaction time of 2 min was selected because

ig. 2. Michaelis–Menten curves for (A) ovine COX-1; (B) ovine COX-2; and (C)
uman COX-2. Using these data, Km values were determined to be 4.67 ± 0.56 �M,
.94 ± 0.39 �M and 3.66 ± 0.51 �M, respectively.

Fig. 3. Examples of LC–MS–MS selected reaction monitoring (SRM) data showing
the detection of PGE2 (solid line, SRM m/z 351 → m/z 271, retention time 3.0 min) in
reaction mixtures after incubation of COX with arachidonic acid and (A) no inhibitor
(control); (B) 50 nM celecoxib producing 50% inhibition of PGE2 formation; and (C)
33 �M celecoxib producing >90% inhibition of PGE2 formation. The surrogate stan-
dards [d4]-PGE2 and [d4]-PGD2 (dashed line, SRM m/z 355 → m/z 275) were added

at a constant level to each sample.

the production of PGE2 was linear up to 2 min after which the reac-
tion rate declined. Under the conditions of the COX incubation, the
half-life of PGH2 was determined to be ∼5 min. Therefore, sam-
ples were extracted after 30 min to allow time for spontaneous,
non-enzymatic formation of PGE2 and PGD2 from the enzymatic
product PGH2.

Since Marnett and Kalgutkar [12] reported that substrate con-
centration can affect the selectivity of COX inhibition, this variable
was investigated using the COX-2 selective inhibitor celecoxib.
We confirmed that as the concentration of arachidonic acid was
increased, the COX-2 selectivity of celecoxib also increased. For
example, using celecoxib at 10 �M, and arachidonic acid concentra-
tions of 1 �M, 5 �M or 100 �M, the selectivity of celecoxib for ovine
COX-2 increased from 0.99 to 2.52 and then to >1000, respectively.
This observation confirmed the report of Marnett and Kalgutkar
[12].

The Km values of ovine COX-1, ovine COX-2 and human COX-
2 were determined to be 4.67 ± 0.56 �M, 1.94 ± 0.39 �M and
3.66 ± 0.51 �M, respectively. The Michaelis–Menten curves for
these determinations are shown in Fig. 2. These values are simi-
lar to those determined previously using radiolabeled arachidonic
acid for ovine and human COX-1 of 3.7 ± 0.5 �M [13] and 2.9 �M
[14], respectively. Based on this information, an arachidonic acid
concentration of 5 �M was selected for use in all subsequent COX
reactions.

Marnett and Kalgutkar [12] predicted that if the COX reaction
mixture is static and is not stirred or shaken, higher COX-2 selec-
tivity might be observed for a COX inhibitor than when the reaction
mixture is agitated. This prediction was based on the hypothe-
sis that a selective COX-2 inhibitor might dissociate rapidly from
COX-1 but remain tightly bound to COX-2, resulting in a longer
duration of action against COX-2 than COX-1. Using celecoxib and
ovine COX, we found that gently shaking the COX reaction mixture
during incubation produced more reproducible results that those
obtained using static reaction conditions. However, the IC50 values
and ovine COX-2 selectivity of celecoxib were identical for both
groups regardless of agitation. Therefore, all subsequent COX reac-

tions were carried out using gentle shaking to mix the samples and
thereby enhance the reproducibility of the measurements.
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ig. 4. Determination of IC50 values for the inhibition of COX-1 and COX-2 by indom
ased assay. The IC50 values of these compounds for human COX-2, ovine COX-2 an

.2. COX inhibition assay validation

During LC–MS–MS, the chromatographic peaks correspond-
ng to PGE and PGD were separated completely with retention
2 2
imes of 3.0 min and 3.5 min, respectively (see LC–MS–MS chro-

atograms in Fig. 3). Since an isocratic mobile phase was used,
amples could be injected onto the LC–MS–MS system at least every
min. The surrogate standards d4-PGE2 and d4-PGD2 co-eluted

ig. 5. Determination of the IC50 values of celecoxib, a COX-2 selective inhibitor, for the
OX-2. These data were obtained using the LC–MS–MS based assay. Note that human CO
in, resveratrol and diclofenac. These data were obtained using the new LC–MS–MS
e COX-1 that were determined from these data are shown in Table 1.

with the corresponding unlabeled prostaglandins providing cor-
rection factors for errors during sample preparation or fluctuations
in mass spectrometer response. Since the concentration of PGE2
always exceeded that of PGD (Fig. 3), PGE levels were used instead
2 2
of PGD2 levels for the determination of COX inhibition and IC50 val-
ues. The ratio of PGE2 to PGD2 remained a constant value of 4.6 for
these reaction conditions. Any deviation in this ratio would be an
indication of assay problems such as contamination of the samples

inhibition of purified ovine COX-1, purified ovine COX-2 and human recombinant
X-2 was more sensitive to inhibition by celecoxib than was ovine COX-2.
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Table 1
IC50 values and selectivity of standard COX inhibitors determined using LC–MS–MS quantitative analysis of PGE2.

COX inhibitor Measured IC50 (�M) (N = 3; ±std. dev.) Selectivity

Ovine COX-1 Ovine COX-2 Human COX-2 Ovine COX1/ovine COX2 Ovine COX1/human COX2

Resveratrol 0.86 ± 0.10 0.15 ± 0.06 3.06 ± 2.06 5.57 0.28
5 ± 0
5 ± 2
0 ± 0
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Celecoxib 30.0 ± 15.3 3.16 ± 2.16 0.0
Indomethacin 0.42 ± 0.21 1.32 ± 0.49 2.7
Diclofenac 0.06 ± 0.02 0.79 ± 0.21 0.4

ith PGE2 or PGD2, contamination of COX with prostaglandin syn-
hases, or co-eluting substances interfering with the LC–MS–MS
nalysis.

The calibration curve for the measurement of PGE2 was linear
r2 > 0.999) over the range 0.10–500 ng/mL. The limit of detection
nd limit of quantitation were 20 pg/mL and 100 pg/mL, respec-
ively. The intraday and interday accuracies of PGE2 measurement
ere from 99.4% to 100.8% and the precision was within 3.2% for

oncentrations of 500 pg/mL to 10 ng/mL. For additional details
oncerning the measurement of PGE2 using LC–MS–MS, see Cao
t al. [9].

The IC50 values for the inhibition of COX by the NSAIDs celecoxib,
ndomethacin, diclofenac, and the natural product resveratrol are
hown in Table 1, and the inhibition curves used to calculate the IC50
alues of these compounds are shown in Figs. 4 and 5. The inhibition
f ovine COX-1, ovine COX-2 and human COX-2 were evaluated,
ut no human COX-1 was available from commercial sources for
his study. Diclofenac is a potent, non-selective inhibitor of COX
hat exhibits a time-dependent two-step mechanism of inhibition
15]. The IC50 values for diclofenac inhibition of ovine COX-1, ovine
OX-2 and human COX-2 were 0.06 �M, 0.79 �M and 0.40 �M,
espectively, and the IC50 ratio (ovine COX-1/human COX-2) was
.15. Diclofenac did not show any species differences when com-
aring the data for ovine COX-2 and human COX-2. Dannhardt and
lbrich [16] reported similar results with IC50 values for COX-1
nd COX-2 that were 0.01 �M and 0.03 �M, respectively, and an
C50 ratio (COX-1/COX-2) of 0.33. Please note that Dannhardt et al.,
sed bovine aortic coronary endothelial cells for the evaluation of
OX-1 and COX-2 inhibitors instead of purified enzymes.

Indomethacin is a time-dependent COX inhibitor with slightly
igher affinity for COX-1 than for COX-2 [17]. Previously, IC50 val-
es of 0.08 �M and 1 �M were reported for ovine and human COX-1
nd COX-2, respectively [17]. In this investigation, the IC50 value of
ndomethacin for ovine COX-1 was 0.42 �M, and the IC50 value for
uman COX-2 was 2.75 �M, which are similar to the literature val-
es. Indomethacin did not show any significant species differences
etween inhibition of ovine COX-2 and human COX-2 (Table 1).

The only natural product evaluated in this study, resveratrol, has
een reported to non-selectively inhibit COX-1 and COX-2 with IC50
alues of 0.83 ± 0.44 �M and 0.99 ± 0.40 �M, respectively [18]. In
hat paper, the authors did not mention whether ovine, human or
ther form of COX was used. As shown in Table 1, we found similar
C50 values of 0.86 ± 0.70 �M for ovine COX-1 and 3.06 ± 2 �M for
uman COX-2. Resveratrol showed species selectivity of ∼20-fold

or inhibition of ovine COX-2 vs. human COX-2 (Table 1).
Celecoxib is a time-dependent, high affinity COX-2 selective

nhibitor [17], that inhibited ovine COX-1 and human COX-2 with
C50 values of 30 �M and 50 nM, respectively (Table 1 and Fig.
). As expected, celecoxib showed high COX-2 selectivity (600:1)
hen comparing the ratio of the IC50 values for human COX-2 to

vine COX-1 (Table 1). However, celecoxib inhibited ovine COX-

with an IC50 value of only 3.6 �M. Our data are consistent with

he results of Penning et al. who reported celecoxib IC50 values of
0 nM toward COX-2 and 15 �M to COX-1 in in vitro COX-1 and
OX-2 assays [19]. Also, the 600-fold selectivity of celecoxib mea-
ured in our functional assay is similar to the previously reported
.03 9.49 600

.59 0.32 0.16

.13 0.08 0.16

300-fold selectivity of celecoxib for COX-2 compared to COX-1
[12,17].

Despite examining COX inhibition data for celecoxib and other
compounds in the literature, we could find no other examples of
large species differences in selectivity between ovine COX-2 and
human COX-2. The other NSAIDs that we investigated did not
show IC50 species differences for COX-2 inhibition as large as those
observed for celecoxib (Table 1). Since celecoxib showed the high-
est affinity for human COX-2 among the inhibitors evaluated in this
study, its high species selectivity might be related to a unique fit in
the human COX-2 active site that cannot occur in the structurally
different ovine COX-2 active site. Because of the possibility of strong
species selectivity of COX-2 ligands, we recommend using human
COX-2 instead of ovine COX-2 for the discovery and optimization
of new COX-2 inhibitors.

Although this LC–MS–MS COX assay is based on the formation of
PGE2, the COX-catalyzed formation of prostaglandins from arachi-
donic acid involves first, a cyclooxygenase reaction, and second,
a peroxidase reaction (Fig. 1). Therefore, drugs discovered using
this assay might inhibit the cyclooxygenase and/or the peroxidase
reactions. For newly discovered COX inhibitors, the specific mech-
anism of inhibition would need to be investigated using additional
experiments.

4. Conclusions

A COX inhibition assay based on the selective measurement of
PGE2 using LC–MS–MS has been developed, optimized and val-
idated by analyzing known COX inhibitors. This sensitive assay
uses small amounts of enzyme that are comparable to ELISA-based
assays. The assay is also fast and requires less than 5 min per sam-
ple for LC–MS–MS analysis. When comparing the IC50 values of
well characterized COX inhibitors for ovine COX-2 vs. human COX-
2, significant species differences were observed for some inhibitors
such as resveratrol and celecoxib. In view of this species selectivity
for some COX inhibitors, the use of human COX-2 is recommended
whenever possible.
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