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Abstract

A series of nonsteroidal anti-inflammatory drugs (NSAIDs) [S(+)-naproxen, ibuprofen isomers, and indomethacin] were evaluated for
their activation of peroxisome proliferator-activated receptor (PPAR) « and y isoforms in CV-1 cells co-transfected with rat PPAR « and
v, and peroxisome proliferator response element (PPRE)-luciferase reporter gene plasmids, for stimulation of peroxisomal fatty acyl CoA
B-oxidase activity in H4IIEC3 cells, and for comparative inhibition of ovine prostaglandin endoperoxide H synthase (PGHS)-1 and PGHS-2
and arachidonic acid-induced human platel et activation. Each drug produced a concentration-dependent activation of the PPAR isoformsand
fatty acid B-oxidase activity, inhibition of human arachidonic acid-induced platelet aggregation and serotonin secretion, and inhibition of
PGHS-1 and PGHS-2 activities. For PPAR« activation in CV-1 and H4IIEC3 cells, and the stimulation of fatty acyl oxidase activity in
HA4IIEC3 cells, the rank order of stereoselectivity was §+)- ibuprofen > R(—)-ibuprofen; §(+)-ibuprofen was more potent than
indomethacin and naproxen on these parameters. On PPARYy, the rank order was S(+)-naproxen > indomethacin > §+)-ibuprofen >
R(-)-ibuprofen. Each drug inhibited PGHS-1 activity and platelet aggregation with the same rank order of indomethacin > §(+)-
ibuprofen > S(+)-naproxen > R(-)-ibuprofen. Notably, the §+)-isomer of ibuprofen was 32-, 41-, and 96-fold more potent than the
R(-)-isomer for the inhibition of PGHS-1 activity, human platelet aggregation, and serotonin secretion, respectively. On PGHS-2, the
ibuprofen isomers showed no selectivity, and indomethacin, S+ )-ibuprofen, and S(+)-naproxen were 6-, 27-, and 5-fold more potent as
inhibitors of PGHS-1 than PGHS-2 activity. These results demonstrate that the mechanisms of action of NSAIDs on these cell systems are
different, and we propose that the pharmacological effects of NSAIDs may be related to both their profile of inhibition of PGHS enzymes
and the activation of PPAR« and/or PPARYy isoforms. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

NSAIDs possess anti-inflammatory, analgesic, and anti-
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platelet-rich plasma; PPAR, peroxisome proliferator-activated receptor;
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pyretic activity [1,2]. Aspirin, ibuprofen, naproxen, and
ketoprofen are available over the counter in the United
States and there are over 20 additional prescription NSAIDs
[3]. Naproxen and carprofen are the only NSAIDs sold
worldwide as the S-enantiomer [3]. They are used to treat
chronic inflammatory diseases such as rheumatoid and os-
teoarthritis, and pain from dysmenorrhea or muscle sprain.
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It is believed that the molecular basis for the therapeutic
actions of these NSAIDs is through inhibition of PGHS
activity, which inhibits the production of pro-inflammatory
prostaglandins. There are two PGHS enzymes called
PGHS-1 and PGHS-2 [4,5], which catalyze the conversion
of AA to prostaglandin endoperoxide G, and H, (PGG, and
PGH,) by dioxygenase and peroxidase reactions, respec-
tively. The two PGHS isozymes have different patterns of
expression. PGHS-1 is expressed in most tissues and is
probably involved in the production of prostaglandins in-
volved in cellular housekeeping functions, such as coordi-
nating the actions of circulating hormones and regulating
vascular homeostasis [6,7]. In contrast, PGHS-2 is rapidly,
but transiently, induced in a variety of cell types following
inflammation [8] or treatment with mitogens, growth fac-
tors, cytokines [9], and tumor promoters including the ac-
tion of phorbol esters in fibroblasts [10] and lipopolysac-
charides in monocytes and macrophages [11]. Prostaglandins
produced through the action of PGHS-2 may be specifically
involved in cellular differentiation and proliferation [7].
PGHS-1 had been proposed initialy to be the pharmaco-
logical target of aspirin and NSAIDs [12,13]; however,
evidence suggests that PGHS-2 may be the target of
NSAIDs acting in their anti-inflammatory capacities [14—
17]. The development of selective PGHS-2 inhibitors has
proven useful for the treatment of inflammation and has
reduced adverse ulcerogenic effects on the gastrointestinal
tract [18—20].

A recent report has indicated that NSAIDs activate and
bind to PPAR isoforms, « and vy [21]. The PPAR isoforms
are members of the nuclear receptor superfamily of ligand-
dependent transcription factors, and there are three isoforms
named «, v, and & in various species [22]. The PPAR «
and vy isoforms have been shown to play a role in the
regulation of inflammatory processes in the body, and
they have also been shown to be activated by several
NSAIDs and AA and its metabolites [21,23]. Based upon
the regulation of pro-inflammatory mediators and angio-
genesis, a greater role for PPAR « and vy in the anti-
inflammatory actions of NSAIDs has been suggested by
Gilroy and Colville-Nash [20].

The PPARa isoform is expressed primarily in tissues
that are involved in the metabolism of fatty acids. The
functions of PPAR« in the liver are to degrade fatty acids
and detoxify various xenobiotics primarily by the w-hy-
droxylation and B-oxidation pathways. Leukotriene B, is a
potent chemotactic agent that coordinates and amplifies the
inflammatory response, and has been shown to be an acti-
vating ligand for the transcription factor PPAR«. Since
these receptors regulate the oxidative degradation of fatty
acids, AA, prostaglandins, and leukotrienes [24], afeedback
mechanism has been proposed. In this regard, Devchand et
al. [23] provided evidence that the catabolism of |eukotriene
B,, a proinflammatory eicosanoid, to an inactive metabolite
is mediated through its activation of PPARa. A recent
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Fig. 1. Chemical structures of ibuprofen, naproxen, and indomethacin. An
asterisk indicates the presence of a chira carbon atom.

report suggests that activators of PPAR« improve insulin
sensitivity without adipocyte differentiation, and may have
value in the treatment of diabetes [25].

PPARYy activation has been demonstrated to regulate
adipocyte differentiation and glucose homeostasis [24]. In
addition, activation of this PPAR isoform inhibits the ex-
pression of inducible nitric oxide synthase, gelatinase B,
and scavenger receptor A genes in response to synthetic
ligands, and opposes the actions of several cytokines in-
cluding tumor necrosis factor-«, interferon-vy, interleukin-1
and -6, and transforming growth factor-B [26—28]. Re-
cently, Staels et al. [29] showed that PPAR<y activation
inhibits the induction of PGHS-2. These data strongly sug-
gest that PGHS-2 may be pivotal in processes of inflamma-
tion and/or mitogenesis, and that activation of the PPAR
isoforms may contribute to the anti-inflammatory activity of
NSAIDs.

The PGHS enzymes are proposed as the target site of
aspirin and other NSAIDs[7,17]. However, the inhibition of
PGHS isozymes may not be the only mechanism of phar-
macological action for this class of compounds [3,20]. Our
hypothesis is that the anti-inflammatory actions of NSAIDs
are dependent upon an interaction with more than one cel-
lular target, and our approach is to examine the degree of
selectivity of common NSAIDs (ibuprofen isomers, S(+)-
naproxen and indomethacin) on PGHS enzymes and PPAR
isoforms. In this paper, we have determined if these
NSAIDs (Fig. 1). selectively activate PPAR isoforms and
peroxisomal fatty acid B-oxidation, and have also estab-
lished their comparative abilities to inhibit PGHS-2 and
PGHS-1 enzymes. The ibuprofen isomers were used to
determine the stereo-dependency for the inhibition or acti-
vation of these cellular targets. The effects of these agents
on human platelet PGHS-1-mediated aggregatory and se-
cretory responses were correlated with the inhibitory activ-
ities against the PGHS-1 enzyme. We aso examined the
functional effects of these NSAIDs on endogenous PPAR«
and peroxisomal ACO activity in H4IIEC3 cells.



M.S. Jaradat et al. / Biochemical Pharmacology 62 (2001) 1587-1595 1589

2. Materials and methods
2.1. Materials

Ibuprofen isomers were obtained from Spacer Inc. Y +)-
Naproxen was a gift from Popat N. Patil (Division of Phar-
macology, The Ohio State University). The plasmid prepa-
ration kit was purchased from Qiagen, and the luciferase
assay kit (Luclite) was purchased from Packard. Assay kits
for ovine PGHS-1 and PGHS-2 were obtained from Oxford
Biomedical Research, Inc. and the Cayman Chemica Co.,
respectively. These enzymes were purified from ram semi-
nal vesicle. Hematin and AA were purchased from the
Sigma Chemical Co. and NuChek Preps, respectively. All
chemicals were of reagent grade.

2.2. Vector constructions

The plasmid pRSrPPAR was constructed by direction-
ally cloning the rat PPARacDNA seguence into the Kpnl/
BamH]I sites located downstream from the RSV-LTR pro-
moter in the previously described pRSY mammalian
expression plasmid [30]. Response element plasmids were
generated by inserting the synthetic oligonucleotides repre-
senting the regulatory AB site sequence on the fatty ACO
gene [31] into the Xhol site 5’ of the thymidine kinase (tk)
promoter in the previously described pBLtk-luciferase vec-
tor [32]. The construction of the pPPREaP2-tk-luc PPARYy
reporter is described by Yuan [33]. A 518 bp EcoRI/Xbal
fragment extending from -5.4 kb to -4.9 kb in the promoter
of the mouse adipocyte fatty acid binding protein gene was
generated from mouse genomic DNA using polymerase
chain reaction (PCR) technologies and the primers 5'-
GAATTCCAGCAGGAATCAGG-3' and 5'-TCTAGAAG-
GAAAACCAGGG-3'. This fragment, containing previ-
oudy reported PPARvy-specific response element motifs
[34], was subcloned into the Xhol site located 5’ of the tk
minimal promoter in the previously described pBLtk-lucif-
erase(luc) reporter vector [32] to generate pPPREaP2-tk-
luc. The integrity of all constructs was verified by DNA
sequencing.

2.3. Activation of PPAR isoforms in H4lIEC3 and CV-1
cells

Conditions for the handling and incubation of drugs with
these cells were as described previously [35]. HAIIEC3 cells
(500,000/well, 48 microtiter plate) and CV-1 cells (40,000/
well, 96 microtiter plate) were grown in Dulbecco’s modi-
fied Eagle’s medium (DMEM) containing 10% (v/v) fetal
bovine serum and were plated 24 hr prior to transfection at
50% confluency. Transfection of a peroxisome proliferator
response element-luciferase reporter (PPRE-luc) plasmid
gene (5 wg/100 ul cell suspension) in HAIIEC3 cells, and
of both PPAR (2.5 ug/100 ulL cell suspension) and PPRE-
luc (5 wg/100 uL cell suspension) gene constructsin CV-1

cells, was performed by electroporation (Square €lectropo-
rator model T820, at 190 V for H4IIEC3 cells and at 150 V
for CV-1 cells for 70 msec and 1 pulse). After 24 hr, the
medium was replaced, and drugs were added. After incu-
bation with drugs for 48 hr, the cells were lysed, and the
luciferase activity was determined in a luminometer (Pack-
ard Instrument Co.). The data obtained for ligands were
normalized to percent response of control cells for PPARy
and of 30 uM ciprofibrate for PPARa.

2.4. Peroxisomal ACO assay

H4I1EC3 cells (100,000/well, 24 microtiter plate) were
grown as described above for 24 hr. Agents were added to
cells for 48 hr, and the ACO assay was performed by the
fluorometric method of Walusimbi-Kisitu and Harrison [36]
as reported previoudly [37]. The data obtained for ligands
were normalized to the percent response of 30 uM ciprofi-
brate.

2.5. COX activity

AA-induced PGHS-1 and PGHS-2 activities were as-
sayed by monitoring oxygen consumption with an oxygen
electrode [38]. A closed microelectrode system was used to
measure oxygen consumption in the presence of AA (10
uM) and various drug concentrations. Incubation mixtures
contained enzyme (60—120 U), hematin (10 wM), and phe-
nol (1 mM) inafinal volume of 600 wL. In general, no more
than 10% of the oxygen was consumed with AA in the
absence and presence of drugs. Drug inhibitions of oxygen
consumption were determined as a percent inhibition of the
initial slope value obtained with AA alone. For data analy-
sis, a computer interfaced with the oxygen electrode and a
data acquisition system called Workbench software were
used for the collection of 5 data points/sec to monitor
oxygen consumption, and initial rates were calculated over
10-sec periods by linear regression using customized soft-
ware [38].

2.6. Platelet aggregation and serotonin secretion studies

Platelet aggregation was performed according to the tur-
bidometric method of Born [39] as modified by Mustard et
al. [40]. Aggregation was quantified using a dual channel
aggregometer with constant stirring of samplesat 1100 rpm.
The aggregometers were interfaced to a microcomputer, and
data were collected, analyzed, and displayed graphicaly
using origina software [41].

PRP samples (0.35 mL) were incubated for 1 min at 37°
prior to the addition of inducers to initiate aggregation. All
inhibitors of platelet aggregation were added to PRP during
the 1-min time period, and AA was then added to produce
aggregation. In al experiments, the minimal concentration
of AA (150-300 M) that produced irreversible aggrega
tion was used. Aggregation responses were measured as the
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percent of maximal light transmission against PPP over 4
min.

For serotonin release studies, [**C] serotonin (0.2 wCi/0.5
mL) was added to PRP, and the labeled serotonin was
sequestered into dense granules during a 20-min incubation
at room temperature. This allows sufficient time for maxi-
mal uptake of labeled serotonin, which is stored in a non-
metabolic pool in dense granules [42]. Following aggrega-
tion, serotonin secretion was measured after centrifuging
the platelet sample in a microfuge for 2 min at room tem-
perature. A 0.1-mL aliquot of the supernatant was mixed
into 2 mL of scintillation fluid (Thrift-Solv), and the sam-
ples were counted in a liquid scintillation spectrometer.

The background counting rate (BKG CPM) with no
secretion present was determined from the supernatant of
unstimulated samples after centrifugation (16,000 g for 2
min at room temperature) and represented less than 10% of
thetotal count. The percent secretion of label was calcul ated
using the following formula:

(sample CPM — BKG CPM) X 100

0, I =
V6 Secretion (total CPM — BKG CPM)

where CPM = counts per minute [43].

2.7. Satistical analyses

Comparisons of means were analyzed for differences
using Student’s t-test at the 1 or 5% level of significance.

3. Results and discussion

The demonstration of NSAID activation of the PPAR
class of nuclear receptors is very limited. In the report of
Lehmann et al. [21], NSAIDs were found to activate
PPARa and PPARYy isoforms; however, these experiments
used only fixed concentrations of the NSAIDs. Of the com-
pounds used in the present study, indomethacin, §(+)-
naproxen, and racemic [(RS-mixture)] ibuprofen are used
clinically [3]. The structures of the drugs used in this study
are given in Fig. 1. The results of the present study dem-
onstrate that several NSAIDs produced concentration-de-
pendent activations of these PPAR isoforms. Fig. 2 shows
that the rank order of PPARa activation in rat hepatoma
(H4I1EC3) cells was S-ibuprofen > R-ibuprofen > indo-
methacin > S-naproxen. The same stereosel ective order of
activity for the ibuprofen isomers (S > R) existed for acti-
vation of PPAR« in CV-1 cells, whereas indomethacin and
S-naproxen were inactive (Fig. 3). On the other hand, the
order of activation of PPARy was S-naproxen > indometh-
acin > Sibuprofen > R-ibuprofen (Fig. 4), which indicates
that a different rank order of potency exists with these
NSAIDs for the activation of the two PPAR isoforms. The
ibuprofen isomers were examined for their stimulation of
ACO activity in H4IIEC3 cells (Fig. 5), which contain
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Fig. 2. Concentration—response curves of NSAIDs for activation of rat
PPARa activity in HAIIEC3 cells transfected with PPREAB-luc plasmid.
Key: (O0) indomethacin, (®) S-naproxen, (®) Sibuprofen, and (©) R-ibupro-
fen. Results are expressed as percent response of ciprofibrate (30 wM) run
in the same experiment, with respect to luciferase activity assessed by light
production. Each point on the curve is the mean = SEM of 5-7 experi-
ments. Each concentration in an experiment was done in duplicate. The
presence of one (*) or two (**) asterisks indicates that the mean values of
S and R-ibuprofen isomers were significantly different at the 5 and 1%
level, respectively.

endogenous PPAR«a [35], to assess the functional signifi-
cance of PPAR activation in this cell line. The results show
that ibuprofen isomers produced the same isomeric selec-
tivity (Sibuprofen > R-ibuprofen) for the stimulation of
ACO activity and the activation of PPARa (Fig. 3) in
H4I1EC3 cells. These findings indicate that these nuclear
receptors were activated in a stereo-dependent fashion by
the isomers of ibuprofen, and that the PPAR isozymes are
pharmacologically distinct in susceptibility to activation by
NSAIDs, with Sibuprofen and Snaproxen being the most
potent activators of the PPAR«a and PPARy isoforms, re-
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Fig. 3. Concentration—response curves for NSAID activation of rat PPAR«
activity in CV-1 cells transfected with rat PPARa and PPREAB-luc plas-
mid. Key: (0) indomethacin, (®) S-naproxen, (@) S-ibuprofen, and (O)
R-ibuprofen. Results are expressed as a percent response of ciprofibrate (30
uM) run in the same experiment, with respect to luciferase activity as
assessed by light production. Each point on the curve is the mean = SEM
of 5-7 experiments. Each drug concentration in an experiment was donein
triplicate. Two asterisks (**) indicate that the mean values for S and
R-ibuprofen were significantly different at the 1% level.



M.S. Jaradat et al. / Biochemical Pharmacology 62 (2001) 1587-1595 1591

2000

15004

1000

5004

Percent Normalized Luciferase
Response (Control = 100%)

0 T T

107 10® 10+ 10+ 10 102
Concentration [M]

Fig. 4. Concentration—response curves for NSAID activation of rat PPARy
activity in CV-1 cells transfected with rat PPARy and PPREaP2-luc plas-
mid. Key: (0) indomethacin, (W) S-naproxen, (@) S-ibuprofen, and (O)
R-ibuprofen. Results are expressed as percent-fold induction over control
(cell without treatment), with respect to luciferase activity assessed by light
production. Each point on the curve is the mean = SEM of 5-7 experi-
ments, each in triplicate. The asterisk (*) indicates that the mean values for
S and R-ibuprofen were significantly different at the 5% level.

spectively. Based upon the different profiles of biological
activity for PPAR activations, we suggest that both PPAR
isoforms may be involved in the anti-inflammatory actions
of NSAIDs, as has been suggested by others [20,21].
Initial measurements of COX activity established that the
effective concentration-50 values for AA [Ecg, values ~ 4
uM] were essentially the same for both PGHS enzymes. AA
(10 uM) was used in all subsequent oxygenase assays to
determine the inhibitory concentration-50 (icgy) values of
various NSAIDs; the use of this AA concentration concurs
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Fig. 5. Concentration-response curves of ibuprofen isomers for activation
of peroxisomal ACO activity in H4IIEC3 cells. Key: (®) Sibuprofen and
(O) R-ibuprofen. Results are expressed as percent normalized to ciprofi-
brate 30 uM within the same experiment. Each point on the curve is the
mean = SEM of 3—-4 experiments. Within each experiment, the individual
drug concentrations were done as duplicate or triplicate determinations. An
asterisk (*) indicates that the mean values for S and R-ibuprofen were
significantly different at the 5% level.

with that of Meade et al. [44]. Asindicated in Table 1, the
NSAIDs tested produced concentration-dependent inhibi-
tions of oxygen consumption by the two PGHS isozymes.
The propionic acid derivatives ibuprofen (including RS, S,
and R-isomers) and S(+)-naproxen inhibited PGHS-1 and
PGHS-2 activities with the same rank order of potency
(Table 1). However, substantial differences were noted be-
tween the stereoisomers of ibuprofen on these two isozymes
(Fig. 6, Table 1). Differences between the icg, values to-
ward PGHS-1 and PGHS-2 for this group of NSAIDs
ranged from about a 27:4:1:5-fold preference for PGHS-1
with Sibuprofen:RS-ibuprofen:R-ibuprofen:S-naproxen, re-
spectively (Table 1). In our studies, the rank order inhibition
of both PGHS isozymes by NSAIDs was S-naproxen =
indomethacin > S-ibuprofen. These results are in agreement
with the report of Mukherjee et al. [3] for the inhibitory
effects of these NSAIDs on PGHS-1. Our findings with
ibuprofen and its isomers show some differences on PGHS
enzyme selectivity as compared with the work of others
[16,44]. In the latter reports, there was little isozyme selec-
tivity observed for ibuprofen. We have found about a4- and
27-fold selectivity of RS and S-ibuprofen, respectively, as
inhibitors of PGHS-1 versus PGHS-2. We aso observed
that indomethacin and S-naproxen were 6- and 5-fold more
potent as inhibitors of the PGHS-1 isozyme. These varia-
tionsin relative inhibitions by NSAIDs may be explained, in
part, by differences in the assay conditions and source of
PGHS isozymes (human and murine vs ovine origins). Our
studies used ovine PGHS isozymes, and we measured initial
rates of oxygen consumption by the PGHS enzymes rather
than the end-products of AA metabolism that were used by
the other investigators [16,44].

The R-isomer of ibuprofen was found to be 32-fold less
active than S-ibuprofen as an inhibitor of PGHS-1, whereas
the isomers were weak and equally effective asinhibitors of
PGHS-2 activity (Table 1). Our findings are consistent with
the view that the R-isomers of these chiral NSAIDs possess
low inhibitory activities against prostaglandin synthesis,
and are generally ineffective as anti-inflammatory agents, in
vitro and in vivo [2,3]. However, the work of Brune and
coworkers [45] with the isomers of flurbiprofen has dem-
onstrated that both isomers exhibited potent in vivo analge-
sic properties, which differed from their reported selectivity
for inhibition of prostaglandin synthesis. Our finding of a
comparable effect of the ibuprofen isomers at high concen-
trations on PGHS-2 (1 mM concentration range) as well as
pharmacokinetic parameters [3] may provide explanations
for the observed differences in the in vivo and in vitro
activities observed with NSAID isomers.

Experiments were also conducted with these drugs to
determine their corresponding potencies for inhibiting AA
(300-500 wM)-induced aggregation and serotonin release
responses (Fig. 7, Table 2). A progressive increase in the
time lag phase of the aggregation response and a decreasein
the maximal aggregation responses to AA were observed in
the presence of increasing concentrations of each compound
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Table 1
Concentration-dependent inhibitory effects of NSAIDs on AA-induced oxygen consumption by PGHS-1 and PGHS-2 synthase enzymes
Compound PGHS-1 activity PGHS-2 activity

PICso” ICso (M) PICso” ICso (M)
S(+)-Ibuprofen 443 = 0.17* 37.2 3.00 = 0.04 1000
R(—)-1buprofen 2.93 = 0.02 1175 3.01+0.12 997
RS-Ibuprofen 3.87 = 0.10* 135 324+ 0.10 575
Indomethacin 6.17 * 0.14** 0.68 5.38 = 0.10** 4.2
S(+)-Naproxen 6.11 = 0.07** 0.78 5.38 = 0.08** 42

2Values are the means = SEM of N = 4—8 experiments. picg, is equal to the negative logarithm of the drug concentration that produces a 50% inhibition

of oxygen consumption induced by AA.

* Mean values of S- and RS-ibuprofen were significantly different (P < 0.05) from that of R-ibuprofen at P < 0.05.
** Mean values of indomethacin and S(+)-naproxen were significantly dffferent (P < 0.05) from the mean values of S-, R- and RS-ibuprofen. In addition,
the mean values of indomethacin and S(+)-naproxen were not significantly different (P > 0.05).

(Fig. 7). Each drug inhibited these responses in a concen-
tration-dependent manner with a rank order of inhibitory
potency of indomethacin > S-ibuprofen > RS-ibuprofen >
S-naproxen > R-ibuprofen, and the corresponding inhibi-
tory potencies (icg, values, uM) for these drugs against
AA-induced aggregation and secretion were indomethacin
(0.49, 0.43) > Sibuprofen (1.6, 1.6) > RS-ibuprofen (5.8,
5.1) > Snaproxen (9.3, 11.8) > R-ibuprofen [66,155],
respectively (Table 2).

AA is aplatelet activator that mediates aggregation and
serotonin secretion by subsequent metabolic conversion by
COX to pro-aggregatory cyclic endoperoxides and throm-
boxane A, [46]. Our findings suggest that these NSAIDs
inhibit AA-induced platelet aggregation and secretion
through inhibition of PGHS-1. The icg, vaues for S and
R-ibuprofen on human platelet aggregation, serotonin secre-
tion, and on PGHS-1 and PGHS-2 activities were 1.6 uM/
66.1 uM, 1.6 uM/155 uM, 37.2 uM/1175 uM, and 1000
uM/997 uM, respectively. The Sisomer was 32-, 41- and
96-times more potent than the R-isomer as an inhibitor of
PGHS-1 activity, AA-induced platelet aggregation, and se-
rotonin secretion. In contrast, activities of the ibuprofen
isomers against PGHS-2 were nearly the same (see Table 1).
In these studies, the relationships between the isomers of
ibuprofen differed in PGHS-1 versus PGHS-2 inhibition;
however, the ibuprofen isomers exhibited the same stereo-
selectivity for ovine PGHS-1 and inhibition of AA-induced
human platelet aggregation and secretion, which is medi-
ated by the PGHS-1 isozyme. We propose that the observed
stereoselectivity (S-ibuprofen > R-ibuprofen) is related to
their interactions directly with the PGHS isozymes in the
cell and cell-free systems used. It is of interest that the
R-enantiomer of ibuprofen was nearly ineffective until high
concentrations were used. Previoudly, Cadwell et al. [47]
reported that R-ibuprofen (and other related arylpropionic
acids) undergoes conversion to the more active Siisomer, in
vitro and in vivo. The results of these experiments demon-
strate that the stereoselectivity of the ibuprofen isomers
remains the same in human platelets and the ovine PGHS-1
isozyme, and suggest that little interconversion of these
isomers has occurred in human platelets.

In these experiments, we demonstrated that the isomers
of ibuprofen show a differential inhibitory pattern for the
PGHS-1 and PGHS-2 enzymes, and PPAR isoforms. As
indicated by Brune et al. [45] and Mukherjee et al. [3], the
inhibition of PGHS-1 may not be the site of action of
commonly used NSAIDs as higher concentrations than
those required for inhibition of PGHS are necessary for in
vivo effectiveness. Our findings present other explanations,
namely, that the PGHS-2 and PPAR isoforms are other
cellular targets for NSAID action. For example, our results
show that NSAIDs required higher concentrations to block
PGHS-2 than PGHS-1 activity, and that similar concentra-
tion ranges for these compounds were required for the
activation of PPAR isoforms, in vitro. Thus, our results of
higher concentrations required for PGHS-2 inhibition may,
in part, explain the basis for the pharmacol ogical actions of
these NSAIDs, if indeed PGHS-2 isthe major cellular target
for these compounds. Moreover, our studies do not show a
high rank order correlation between PPAR activation and
PGHS-2 inhibition, an interaction that has been suggested
by Gilroy and Colville-Nash [20]. Any attempt to extrapo-
late the results with our studies in vitro to the in vivo
situation is specul ative, since the pharmacol ogical actionsin
vivo are dependent upon pharmacokinetic and pharmacody-
namic properties of the individual NSAIDs [3]. Neverthe-
less, based upon our results, the activation of PPAR« and
PPARYy isoforms may be involved in the anti-inflammatory
action of NSAIDs. In this regard, a new generation of drugs
(celecoxib, rofecoxib, nabumetone) has been devel oped that
exhibits higher selectivity for the inhibition of PGHS-2
activity, and these new modalities may have some benefit
for the treatment of anti-inflammatory agents in arthritis
with minimal adverse effects on the stomach and intestine
[17]. Based upon our studies, we believe that chirality can
further be used to identify additional drugs or to guide the
synthesis of new compounds to produce greater anti-inflam-
matory activity with greater inhibition of the inducible
PGHS-2 enzyme and activation of PPAR isoforms.

Since aspirin and other NSAIDs are either nonselective
against PGHS-2, or are preferential inhibitors of PGHS-1
activity [44,48], as also indicated in our studies (Tables 1),



M.S. Jaradat et al. / Biochemical Pharmacology 62 (2001) 1587-1595 1593

= 125
2
o
Q
:E, 100-
(2]
c
o
% 75
o
[T
[3)
= 50
)
h—
2
E 25
X
O ML | Ty T T TorTTThaT
106 10 10+ 10 102 10
a Concentration [M]
e 125
2
-t
Q.
E 100-
(2]}
c
3
~ 754
(o]
[T
5]
e 50
0
b~
2
E 254
X
0 +———rrrrr——rrrre
10 10 10+ 103 102 10
b Concentration [M]

Fig. 6. Comparative concentration-dependent effects of ibuprofen isomers
as inhibitors of oxygen consumption induced by arachidonic acid on
PGHS-1 (upper panel) and PGHS-2 (lower panel). Key: (@) S-ibuprofen
and (O) R-ibuprofen. The results (means = SEM) are representative of at
least three experiments.

other cellular sites of action may exist, and include anti-
inflammatory actions mediated through the activation of
PPAR isoforms [20,21,49]. Furthermore, these comparisons
of inhibitor ic5, values for the selected NSAIDs on PGHS-2
(ibuprofen isomers and S-naproxen) and PPAR isoforms are
in the same concentration range. Thus, it is possible, due to
the recognized involvement of PPAR«a and PPARYy on cell
proliferation and inflammation, particularly the PPARy iso-
form, that this nuclear receptor represents another cellular
target for the action of NSAIDs.

Our studies have demonstrated that commonly used
NSAIDs are concentration-dependent, selective activators
of PPARa and PPARYy isoforms. The fact that NSAIDs
activate PPARs might add to our understanding of their
toxicity, and of the recently reported angiostatic and anti-
cancer effects of these nuclear receptors [20,50-52]. Cy-
clopenetenone metabolites of AA generated by PGHS-2
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Fig. 7. Comparative concentration-dependent effects of ibuprofen isomers
asinhibitors of arachidonic acid (AA)-induced aggregation in human PRP.
Upper panel, Sibuprofen; lower panel, R-ibuprofen. Results are represen-
tative of at least three experiments.

have been proposed to activate PPARs, and a further inves-
tigation of this interrelationship is required to increase our
understanding of the mechanism of anti-inflammatory ac-
tion for NSAIDs [20]. Our future aims will be to test
selective PGHS-2 inhibitors as regulators of PPAR iso-
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Table 2

Concentration-dependent inhibitory effects of NSAIDs on AA-induced human platelet aggregation and serotonin secretion

Compound Aggregation Serotonin secretion

PICso” ICsp (uM) PICso” ICsp (uM)
S(+)-Ibuprofen 5.79 = 0.14* 5.79 = 0.13* 161
R(—)-lbuprofen 418 * 0.17 381+ 0.32 155
RS-Ibuprofen 5.24 + 0.19* 5.29 £ 0.12** 51
Indomethacin 6.32 = 0.20** 6.37 = 0.26** 0.43
S(+)-Naproxen 5.03 + 0.13 4.93 * 0.06 118

2Values are the means = SEM of N = 4—8 experiments. picg, is equal to the negative logarithm of the drug concentration that produces a 50% inhibition

of AA-induced aggregation or serotonin release.

* Mean values of S- and RS-ibuprofen were significantly different (P < 0.05) from that of R-ibuprofen at P < 0.05.
** Mean vaues of indomethacin was significantly different (P < 0.05) from that of S(+)-naproxen.

forms, and to assess the pharmacological effects of com-
monly used NSAIDs as potential agents for the treatment of
atherosclerosis, malignant diseases, and glucose homeosta-
Sis [24,49,53].
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