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Abstract Sulindac is a non-selective inhibitor of cyclo-
oxygenases (COX) used to treat inflammation and pain.
Additionally, non-COX targets may account for the drug’s
chemo-preventive efficacy against colorectal cancer and
reduced gastrointestinal toxicity. Here, we demonstrate that
the pharmacologically active metabolite of sulindac, sul-
indac sulfide (SSi), targets 5-lipoxygenase (5-LO), the key
enzyme in the biosynthesis of proinflammatory leukotrienes
(LTs). SSi inhibited 5-LO in ionophore A23187- and LPS/
fMLP-stimulated human polymorphonuclear leukocytes
(ICsp = 8-10 uM). Importantly, SSi efficiently suppressed
5-LO in human whole blood at clinically relevant plasma
levels (IC5o = 18.7 uM). SSi was 5-LO-selective as no
inhibition of related lipoxygenases (12-LO, 15-LO) was
observed. The sulindac prodrug and the other metabolite,
sulindac sulfone (SSo), failed to inhibit 5-LO. Mechanistic
analysis demonstrated that SSi directly suppresses 5-LO
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with an ICsq of 20 uM. Together, these findings may pro-
vide a novel molecular basis to explain the COX-
independent pharmacological effects of sulindac under

therapy.
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Abbreviations

AA Arachidonic acid
Ada Adenosine deaminase
COX Cyclooxygenase

cPLA;-alpha
FLAP

Cytosolic phospholipase A,-alpha
5-Lipoxygenase-activating protein

fMLP N-formyl-methionyl-leucyl-phenylalanine

5-HETE 5(8)-hydroxy-8,11,14-cis-6-trans-eicosa-
tetraenoic acid

12-HETE 12(S)-hydroxy-5,8-cis-10-trans-14-cis-
eicosatetraenoic acid

15-HETE 15(S)-hydroxy-5,8,11-cis-13-trans-
eicosatetraenoic acid

12-HHT 12(S)-hydroxy-5-cis-8,10-trans-
heptadecatrienoic acid

LC-MS/MS  Liquid chromatography coupled with
tandem mass spectrometry

5-LO 5-Lipoxygenase

LPS Lipopolysaccharide

LT Leukotriene

NSAID Non-steroidal anti-inflammatory drug

PGE, Prostaglandin E,

SA Sodium arsenite

SC Sodium chloride

SSi Sulindac sulfide

SSo Sulindac sulfone

Sul Sulindac
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Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) are the
most commonly used medication for the treatment of pain
and inflammation. Traditional NSAIDs, such as diclofenac,
indomethacin, or sulindac inhibit both cyclooxygenase
(COX) isoforms, which are the key enzymes in the con-
version of arachidonic acid (AA) to prostaglandins (PGs).
The constitutively expressed COX-1 primarily maintains
homeostasis, whereas COX-2 functions as an induced
response to growth factors and cytokines [1].

Although NSAIDs share COX-1 and COX-2 as common
molecular targets, each drug possesses an individual
pharmacodynamic profile. These differences extend to
adverse drug reactions and blood pressure increases, as
well as to beneficial pharmacological actions, such as a
chemopreventive activity against colorectal cancer [2] and
may partly relate to COX-independent mechanisms.

Sulindac is an extensively investigated low-ulcerogenic
NSAID that possesses strong anti-inflammatory, analgesic,
and anti-pyretic effects. It also efficiently prevents pre-
cancerous colorectal polyps in humans by interacting with
COX-independent targets [3]. Sulindac is a prodrug that is
reversibly metabolized by the liver into the metabolite
sulindac sulfide (SSi), which inhibits COX. Metabolism
into the sulfone derivative (SSo), which does not inhibit
COX, is irreversible [4]. Although the sulfide metabolite
primarily imparts the chemopreventive activity [5], an anti-
neoplastic efficacy against certain tumor types has also
been attributed to SSo [6].

Similarly to PGs, leukotrienes (LTs) derive from AA
and exert pivotal biological functions as well as pathogenic
effects in inflammation, cancer, and atherosclerosis [7].
In the first step of LT biosynthesis, AA is metabolized by
5-LO to LTA4, which serves as a precursor for bioactive
LTs, such as LTB,4 and the cysteinyl-LTs C4, Dy, and E4
[8]. In view of the combination of the exceptional phar-
macological profile of sulindac and the pathophysiological
effects of LTs, we investigated the possibility of an inter-
ference of LT biosynthesis by the pharmacologically active
metabolite of sulindac, i.e., SSi.

Materials and methods
Reagents used for the experiments

Sulindac, SSi, SSo, BWA4C, MK-886, indomethacin,
diclofenac, calcium ionophore A23187, GSH (glutathione),
arachidonic acid, LPS (lipopolysaccharide), and fMLP
(N-formyl- methionyl-leucyl-phenylalanine) were pur-
chased from Sigma-Aldrich (Munich, Germany) and Ada
(adenosine desaminase) was purchased from Calbiochem

(La Jolla, USA). Merck Frosst (Canada) kindly provided
MK-591.

Isolation of human neutrophil granulocytes
from venous blood

Human polymorphonuclear leukocytes (PMNL) were
freshly isolated from leukocyte concentrates obtained from
St. Markus Hospital (Frankfurt, Germany) or from the Blood
Center, University Hospital, Tuebingen, Germany. In brief,
venous blood was collected from fasted, adult, healthy vol-
unteers, with consent. The subjects had no apparent
inflammatory conditions and had not taken anti-inflamma-
tory drugs for at least 10 days prior to blood collection. The
blood was centrifuged at 4,000g and RT for 20 min for
preparation of leukocyte concentrates. PMNL were
promptly isolated by dextran sedimentation, centrifugation
on Nycoprep cushions (PAA Laboratories, Linz, Austria),
and hypotonic lysis of erythrocytes as described previously
[9]. PMNL (7 x 10° cells ml™"; purity >96-97%) were
finally resuspended in phosphate-buffered saline pH 7.4
(PBS) plus 1 mg ml™! glucose and 1 mM CaCl, (PGC
buffer).

Expression and purification of 5-LO
from Escherichia coli

5-LO was expressed in E. coli B121 (DE3) cells, transformed
with pT3-5L0, and purification of 5-LO was performed as
described previously [10]. In brief, E. coli were harvested
and lysed in 50 mM triethanolamine/HCI, pH 8.0, 5 mM
EDTA, soybean trypsin inhibitor (60 pg/ml~"), 1 mM phe-
nylmethylsulphonyl fluoride (PMSF), 1 mM DTT and
lysozyme (1 mg/ml), homogenized by sonication (6 x 10 s)
and centrifuged at 10,000g for 15 min followed by centri-
fugation at 100,000g for 70 min at 4°C. The supernatant was
then applied to an ATP-agarose column (Sigma A2767;
Deisenhofen, Germany), and the column was eluted as
described previously [11]. Partially purified 5-LO was
immediately used for in vitro activity assays.

Determination of 5-LO product formation of intact cells

For determination in intact cells, 7 x 10° freshly isolated
PMNL were resuspended in 1 ml PGC buffer. After pre-
incubation with the test compounds or vehicle (DMSO) at
37°C for 10 min, 5-LO product formation was started by the
addition of the stimuli, that is, 2.5 uM A23187, 10 uM
sodium arsenite (SA), 300 mM sodium chloride (SC) toge-
ther with or without AA as indicated. After 10 min at 37°C,
the reaction was stopped by addition of 1 ml ice-cold
methanol and 5-LO metabolites formed were extracted and
analyzed by HPLC as described previously [12]. For
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stimulation with fMLP, cells were primed with 1 pg/ml LPS/
0.2 U/ml Ada 30 min prior to the incubation with 1 pM
fMLP for 5 min. Test compounds or vehicle (DMSO) were
added 10 min before treatment with fMLP. The further
procedure was performed as described for the other stimuli.

Determination of product formation
of recombinant 5-LO

For determination of the activity of recombinant 5-LO,
partially purified 5-LO (~0.5 pg producing ~ 800 ng
5-LO products in control) was added to 1 ml of a 5-LO
reaction mix (PBS, pH 7.4, 1 mM EDTA, 1 mM ATP,
5 mM GSH). After incubation with the test compounds or
vehicle (DMSO) for 15 min at 4°C, samples were pre-
warmed for 30 s at 37°C and 2 mM CaCl, and 20 uM AA
were added. The reaction was stopped after 10 min by the
addition of 1 ml ice-cold methanol and 5-LO products
formed were analyzed by HPLC as described above.

Western blot analysis of 5-LO in subcellular fractions
of PMNL

Subcellular localization of 5-LO in PMNL by cell fraction-
ation was investigated as described previously [13]. In brief,
freshly isolated PMNL (3 x 107) in 1 ml PGC buffer were
pre-incubated with the compounds or vehicle (DMSO) for
15 min at 37°C. Then, 2.5 yM A23187 was added, the
samples were further incubated for 5 min, and subsequently
chilled on ice to stop the reaction. Nuclear and non-nuclear
fractions were obtained after cell lysis by 0.1% NP-40. Ali-
quots of these fractions were immediately mixed with the
same volume of 2 x SDS-PAGE sample loading buffer,
heated for 6 min at 95°C, and analyzed for 5-LO protein by
SDS-PAGE and Western blotting using the 5-LO anti-serum
1551, AK-7 (raised in rabbit, diluted 1:25) that was kindly
provided by Dr. Olof Radmark, Stockholm, Sweden.

Determination of 5-LO product synthesis and formation
of 12-HHT in human whole blood

For assays in whole blood, freshly withdrawn blood was
obtained by venipuncture and collected in monovettes
containing 16 IE heparin/ml. Aliquots of 2 ml (A23187) or
3 ml (LPS and fMLP) were pre-incubated with the test
compounds or with vehicle (DMSO) for 10 min at 37°C, as
indicated, and formation of 5-LO products and of 12(S)-
hydroxy-5-cis-8,10-trans-heptadecatrienoic acid (12-HHT)
was either started by addition of fMLP (1 uM) following
priming of blood with 1 pg/ml LPS, or by addition of
A23187 (30 uM). The reaction was stopped on ice after 15
(LPS priming and stimulation with fMLP) or 10 (stimula-
tion with A23187) min and the samples were centrifuged

(600g, 10 min, 4°C). Aliquots of the resulting plasma
(500 pl) were then mixed with 2 ml of methanol and
200 ng PGB, were added as internal standard. The samples
were placed at —20°C for 2 h and centrifuged again (600g,
15 min, 4°C). The supernatants were collected and diluted
with 2.5 ml PBS and 75 @I 1 N HCIl. Formed 5-LO
metabolites and 12-HHT were extracted and analyzed by
HPLC as described for intact PMNL.

Determination of COX-2 product synthesis in human
whole blood

Aliquots of heparinized human whole blood (500 pl) were
incubated with LPS (10 pg/ml) plus test compound or
vehicle (DMSO) for 24 h at 37°C. Platelet COX-1 activity
was halted by the addition of aspirin (100 uM). Plasma was
separated by centrifugation at 1,000g and 4°C for 15 min
and PGE, in the plasma supernatant was analyzed by LC—
MS/MS (liquid chromatography coupled with tandem mass
spectrometry) using an API 4000 triple quadrupole mass
spectrometer (Applied Biosystems, Darmstadt, Germany)
as described previously [14].

Determination of 12-H(P)ETE formation in human
washed platelets

Freshly isolated platelets (10%/ml PBS containing 1 mM
CaCl,) were pre-incubated with the test compounds for
5 min at room temperature. After addition of 5 uM AA and
further incubation for 5 min at 37°C, the reaction was
stopped by addition of 1 ml ice-cold methanol and
12-H(P)ETE was extracted and analyzed by HPLC as
described [15].

Statistics

All data are presented as mean + SEM. GraphPad Prism
version 5.0 (GraphPad Software, San Diego, California,
USA) was used for statistical analysis. Data were subjected
to one-way ANOVA coupled with two-sided Tukey’s post
test for multiple comparisons. The ICs, values were cal-
culated using GraphPad Prism version 5.0 and a sigmoid
concentration—response curve-fitting model with a variable
slope.

Results

Sulindac sulfide inhibits the formation of 5-LO
products in isolated PMNL

Sulindac is reversibly metabolized to SSi or irreversibly
metabolized to SSo when administered orally (Fig. 1a).
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Fig. 1 Effect of SSi and related compounds on LO product formation
in intact PMNL and platelets. The experimental procedures were
performed as described in “Materials and methods”. All results are
mean + SEM comparatively to vehicle control (100%). a Chemical
structures of sulindac, SSi, SSo, indomethacin, diclofenac, and MK-
886. b Effect of SSi on 5-LO product formation in intact PMNL
evoked by 2.5 uM A23187 in absence or presence of AA (2 or
20 uM). 5-LO product formation in untreated control was
1529 £ 30.2ng (no AA), 255+ 123ng (2 uM AA), and
1,181.3 £ 192 ng (20 uM AA); n > 3 ¢ 5-LO-inhibitory effect of
the indicated concentrations of SSi, SSo, sulindac, diclofenac,

The effects of sulindac and its metabolites on 5-LO product
(LTB,, its all-trans isomers, and 5-H(P)ETE) formation
were analyzed in human PMNL, the major 5-LO product-
forming cells in peripheral blood [16]. The first series of
experiments utilized A23187 as a stimulus, in order to
activate 5-LO directly by increase of intracellular Ca** to
circumvent receptor signaling (e.g., receptor-mediated
MAPK activation leading to phosphorylation of 5-LO).
Exogenous AA (2 and 20 uM) as a supplement ensured
ample substrate supply for 5-LO. Both measures were
taken to exclude interference of the compounds with sig-
naling pathways and AA release. Concentration—response
studies revealed that SSi potently inhibited 5-LO product
formation in A23187-stimulated PMNL in the absence as
well as in the presence of exogenously added AA (2 and
20 uM), without significant differences in the potencies
(IC59 = 9-10.6 uM; Fig. 1b). Furthermore, sulindac, SSo,
indomethacin (a structural analog of SSi), and diclofenac
(30 uM  each; Fig. la) failed to inhibit 5-LO activity.
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indomethacin, and BWA4C in intact PMNL stimulated with 2.5 pM
A23187 + 20 uM AA; n > 3. ***¥p < (0.001. d Effect of SSi on 5-,
12-, and 15-LO product formation. For analysis of 5-LO and 15-LO,
PMNL preparations were incubated with increasing concentrations of
SSi and stimulated with 40 pM AA and 2.5 uM A23187. For analysis
of 12-LO, human platelets were pre-treated with SSi and incubated
with 5 uM AA; n > 3. Product formation in controls (100%) was
979.4 + 139.4 ng (5-LO products), 136.9 £ 31.4 ng (15-HETE), and
844.6 + 176.2 ng (12-HETE). BWA BWAA4C, Dic diclofenac, Ind
indomethacin, SSi sulindac sulfide, SSo sulindac sulfone, Sul sulindac

BWAA4C, a well-recognized 5-LO inhibitor, was used as
control (Fig. lc).

Since  PMNL preparations (purity > 95%) contain
eosinophils expressing 15-LO-1, we also analyzed the
effects of SSi on the concomitant formation of 15-H(P)ETE.
In contrast to 5-L.O synthesis, formation of 15-H(P)ETE was
hardly affected by SSi (Fig. 1d). In addition, the effect of SSi
on platelet-type 12-LO was investigated. 12-H(P)ETE
product formation was elicited in platelets by 5 pM AA. SSi
up to 30 pM failed to suppress, but rather increased
12-H(P)ETE product formation (Fig. 1d). SSi therefore
selectively inhibited cellular 5-LO, but not 12- or 15-LO.

In a second series of experiments, PMNL were primed
with LPS in the presence of Ada and then challenged by the
natural chemoattractant fMLP. These assay conditions
were designed to closely mimic pathophysiological con-
ditions in the body [16] and therefore offer an estimate of
the efficacy of 5-LO inhibitors in vivo [17]. Generation of
5-LO products in PMNL following stimulation with fMLP
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Fig. 2 Effect of SSi on 5-LO product formation of intact PMNL
triggered by different stimuli. The experimental procedures were
performed as described in “Materials and methods”. All results are
mean + SEM comparatively to vehicle control (100%). a Effect of
SSi in intact PMNL stimulated with 1 pg/ml LPS/Ada 0.2 U/ml/1 uM
fMLP; n > 3. 5-LO product formation in untreated control was
10.2 ng/10 cells. b Effect of SSi in intact PMNL stimulated with SA,
SC and A23187. Cells were preincubated with SSi at the indicated
concentrations for 15 min at 37°C. SA (10 pM) and SC (300 mM)
were added 3 min prior to the addition of 20 uM AA, ionophore
A23187 (2.5 uM) was added together with 20 uM AA; n = 3. 5-LO
product formation in controls (100%) was 1,143.5 £ 74.7 ng
(A23187), 361.1 £ 13.2 ng (SC), and 313.4 £ 86.8 ng (SA). SA
Sodium arsenite, SC sodium chloride

(after priming with LPS/Ada) was potently suppressed by
SSi with an ICsy = 7.7 uM (Fig. 2a). Previous studies
showed that the type of stimulus and the signal transduc-
tion pathways mediating 5-LO activation can lead to
different efficacies of 5-LO inhibitors in PMNL [10].
Hence, we compared the potencies of SSi in PMNL stim-
ulated with A23187, hyperosmotic shock (0.3 M SC) and
genotoxic stress using SA [9]. All incubations contained
exogenous AA (20 uM). ICso values ranged between 8.6
and 14 pM (Fig. 2b), but in contrast to A23187-activated
cells, SSi failed to completely reduce 5-LO product syn-
thesis in PMNL challenged by cell stress, reaching a
plateau where approximately 30% 5-LO activity still
remained.
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Fig. 3 Effect of SSi and control agents on recombinant 5-LO product
formation. The experimental procedures were performed as described
in “Materials and methods”. All results are mean + SEM compar-
atively to vehicle control (100%). a Inhibition of partially purified
human recombinant 5-LO by SSi compared to sulindac and SSo;
n = 4. b Effect of SSi, SSo, sulindac, indomethacin and BWA4C at
the concentrations indicated on recombinant 5-LO activity. 5-LO
product formation in controls (100%) was 774.3 &+ 118 ng; n > 3.
**¥p < 0.001. BWA BWAA4C, Ind indomethacin, SSi sulindac sulfide,
SSo sulindac sulfone, Sul sulindac

SSi directly inhibits the activity of 5-LO in a cell-free
assay

We next investigated whether SSi directly interferes with
the catalytic activity of 5-LO. Recombinant human 5-LO,
expressed in E. coli and purified by ATP-affinity chroma-
tography, was pre-incubated with SSi, and 20 uM AA was
added as substrate. Indomethacin and BWA4C were used
as negative and positive controls, respectively. SSi signif-
icantly inhibited 5-LO product formation with an
ICsp = 20 uM (Fig. 3a). Incubation with SSo led to a
moderate but non-significant reduction of 5-LO activity.
Treatment with sulindac showed no suppressive effects.
These data demonstrate that SSi is a direct inhibitor of
purified 5-LO, although with a somewhat lower potency
compared with intact PMNL (IC5q = 7.7-14 uM). Also, in
contrast to BWA4C (Fig. 3b), SSi did not entirely reduce
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Fig. 4 Effect of SSi and other control agents on A23187-induced
subcellular redistribution of 5-LO in intact PMNL. Cells were
preincubated with the compounds for 15 min at 37°C, A23187
(2.5 uM) was added and nuclear and non-nuclear fractions were
prepared by mild detergent (0.1% NP-40) lysis and analyzed for 5-LO
expression using western blot as described in “Materials and
methods”. A representative out of three independent experiments is
shown. BW BWA4C, MK MK-886, non-nuc non-nuclear, nuc nuclear,
SSi sulindac sulfide, SSo sulindac sulfone, Sul sulindac

5-LO activity in the cell-free assay and about 30% of the
activity remained at 50 uM SSi.

Sulindac sulfide suppresses 5-LO translocation
and inhibits 5-LO product synthesis in an additive
manner with the FLAP inhibitor MK-886

Since SSi was more effective in the context of intact
PMNL than purified recombinant 5-LO, the inhibitor may
affect additional 5-LO stimulatory mechanisms in intact
cells, such as FLAP (5-lipoxygenase-activating protein). In
fact, sulindac exhibits structural similarity to the FLAP
inhibitor MK-886 (Fig. 1a). FLAP inhibitors share the
ability to reverse agonist-induced translocation of 5-LO
from the cytosol to the nuclear envelope in PMNL [18]. SSi
(10-100 pM), but not SSo or Sul, partially reversed 5-LO
redistribution from the cytosol to the nucleus in PMNL
evoked by A23187 with an efficacy comparable to MK-886
(100 nM). As observed in previous experiments [19], the
5-LO inhibitor BWA4C did not affect A23187-induced
5-LO redistribution (Fig. 4).

To gain further understanding of the inhibitory mecha-
nism of SSi, its ability to suppress cellular 5-LO product
formation in an additive manner with MK-886 was inves-
tigated. PMNL were incubated with 5 pM MK-886 and
subsequently stimulated with a mixture of A23187 and
40 uM AA. In the presence of ample exogenous AA
(40 uM), the effectiveness of FLAP inhibitors is typically
reduced [20] and even high concentrations of MK-886
(5 pM) failed to completely inhibit 5-LO product forma-
tion, and approx. 45% 5-LO activity still remained (Fig. 5).
This basal activity is considered a FLAP-independent
conversion of AA by 5-LO. In line, the failure of co-
incubation of MK-886 and the FLAP inhibitor MK-0591
(ICsp = 3.1 nM [21]) to further reduce 5-LO product
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Fig. 5 Effects of SSi and related compounds on A23187-induced
5-LO product formation in PMNL in presence of MK-886. Cells were
preincubated with the compounds and 5 M MK-886 for 10 min and
the reaction was started by addition of 40 pM AA and 2.5 tM
A23187. 5-LO product formation was assayed as described in
“Materials and methods” and expressed relatively to vehicle control
(100%). Results are mean + SEM; n = 3-6. Total 5-LO product
formation in the control (100%) was 717 + 100.2 ng. ***p < 0.001

formation demonstrated this independence. By contrast,
co-incubation of SSi (=10 uM) together with MK-886
further suppressed 5-LO product synthesis suggesting that
SSi has molecular targets other than FLAP. Co-incubation
of MK-886 with zileuton, a well-known direct 5-LO
inhibitor, also reduced activity to a near zero level (Fig. 5).

SSi inhibits the formation of 5-LO products in human
whole blood

Several inhibitors of LT biosynthesis have demonstrated high
potency in isolated leukocytes but failed to efficiently inter-
fere with 5-LO product formation in whole blood, due to
plasma protein binding or to competition with other mole-
cules, such as fatty acids [22]. Thus, the ability of a given
compound to suppress LT formation in the whole blood assay
may provide some perspective of its efficacy in vivo. SSi was
therefore added to venous blood from healthy volunteers at
concentrations achieved under standard oral therapy with
sulindac (up to 40 puM [4]). After 10 min, the blood was either
pre-incubated with LPS for 30 min and then stimulated with
1 pM fMLP or stimulated with A23187 alone. The formation
of 5-LO products was concentration-dependently inhibited
by SSi with ICsy values of 18.7 (fMLP) and 41.4 uM
(A23187) (Fig. 6a). Both sulindac and SSo failed to signifi-
cantly inhibit 5-LO product formation at concentrations up to
100 uM, whereas the 5-LO inhibitor BWA4C (3 uM; con-
trol) did suppress 5-LO, as expected (Fig. 6b). Furthermore,
the formation of 12-H(P)ETE in the same samples of
A23187-challenged blood was only moderately inhibited
(34.5 £ 14% at 100 pM SSi, data not shown).

In order to compare the inhibiting potency of SSi towards
5-LO and COX enzymes, human whole blood was incubated
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Fig. 6 Effect of SSi on 5-LO product formation triggered by
different stimuli in human whole blood. The experimental procedures
were performed as described in “Materials and methods”. All results
are mean + SEM comparatively to vehicle control (100%). a Effect
of SSi on 5-LO product formation in human venous whole blood
stimulated with A23187 (30 pM) or the combination of LPS 1 pg/ml
and 1 pM fMLP; n > 3. 5-LO product formation in untreated plasma
was 234.1 ng/ml (A23187) and 59.2 ng/ml (LPS/fMLP). b Inhibitory
effect of SSi, SSo, sulindac and BWA4C on 5-LO product formation
in human whole blood; n > 3. ***p < 0.001, *p < 0.05. BWA
BWAA4C, SSi sulindac sulfide, SSo sulindac sulfone, Sul sulindac

with SSi, stimulated with LPS for 24 h and analyzed for
prostanoids by LC-MS/MS. 12-HHT (mainly formed via the
COX-1 pathway) and PGE, synthesis (COX-2-derived) were
effectively suppressed by SSi with ICs, values of 3 and
3.9 uM, respectively (Fig. 7a). The 1Csy value for 5-LO
product formation was 18.7 pM. In addition, COX product
formation was not or only moderately inhibited by sulindac
and SSo, an observation which is in line with the reported
lack of inhibition of 5-LO by these molecules (Fig. 7b).

Discussion

Sulindac is a non-steroidal anti-inflammatory drug that also
possesses analgesic, anti-pyretic, and chemopreventive
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Fig. 7 Effect of sulindac, SSo and SSi on eicosanoid formation in
human whole blood. The experimental procedures were performed as
described in “Materials and methods”. All results are mean + SEM
comparatively to vehicle control (100%). a Effect of SSi on the
formation of COX-2-derived PGE,, COX-1-derived 12-HHT and
5-LO products in human venous whole blood; n > 3. Eicosanoid
formation in control plasma (100%) was 123.2 ng/ml (12-HHT),
59.2 ng/ml (5-LO products), and 32.76 ng/ml (COX-2 derived PGE,).
b Comparison of inhibition of 12-HHT and PGE, synthesis by SSi,
SSo, and sulindac in human whole blood; n > 3. ***p < (0.001,
*p < 0.05. SSi Sulindac sulfide; SSo sulindac sulfone, Sul sulindac

activities. However, its molecular mode of action is only
partly understood and may involve mechanisms outside
suppression of COX enzymes. In the present study, we
demonstrate that clinically relevant concentrations of SSi
suppress 5-LO product synthesis in different cellular assays
including human isolated PMNL, triggered not only by the
physiological stimuli LPS/fMLP but also by A23187 or by
cell stress, as well as in LPS/fMLP- and A23187-stimu-
lated human whole blood.

5-LO is a tightly controlled enzyme with multiple regu-
latory mechanisms. Suppression of cellular product
formation by an inhibitor could be caused by interaction at
any of the multiple regulatory nodes. Hence, in addition to
direct inhibition of 5-LO, cellular components or mecha-
nisms, such as cPLA,, FLAP, MAPKs, and Ca**
mobilization, interaction with coactosin-like protein and
nuclear membrane association modulate 5-LO activity [23]
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and thus represent potential targets for SSi. SSi inhibited
5-LO product synthesis in PMNL equipotently regardless of
whether AA was provided from endogenous sources via
cPLA, or exogenously, excluding interference of SSi with
AA supply. However, inhibition of FLAP remains an alter-
native mechanism because (1) SSi was more potent against
intact cells than purified 5-LO, (2) SSi exhibits structural
similarity to the FLAP inhibitor MK-886, and (3) SSi sup-
pressed the translocation of 5-LO in PMNL from the cytosol
to the nuclear envelope, an established feature of FLAP
inhibitors [18]. However, when FLAP was efficiently
blocked by MK-886, SSi still inhibited (FLAP-indepen-
dently) 5-LO product formation in intact PMNL. SSi may
also suppress cellular 5-LO product synthesis by blocking
the activation of MAPK, which phosphorylate and thereby
stimulate 5-LO [23]. Interference with MAPK signaling by
SSi is unlikely, however, since PMNL activation with the
Ca**-ionophore A23187 essentially circumvents receptor-
coupled signaling and thus causes MAPK/phosphorylation-
independent 5-LO activation [9]. On the other hand, SSi was
most potent against 5-LO when product synthesis was
induced by receptor-coupled pathways (using fMLP and/or
LPS) mediated by MAPKSs. Hence, under these conditions,
an interference of the drug with the downstream receptor
signaling pathways or the release of AA cannot be excluded.
Notably, strong radical scavenging activities against various
reactive oxygen species have been reported for SSi [24, 25],
which may contribute to the drug’s anti-inflammatory
activity. Considering that the 5-LO enzyme activity in intact
cells as well as in cell-free systems shows distinctive redox
dependency [26, 27], possible radical scavenging actions
may therefore contribute to inhibition of 5-LO by SSi. Col-
lectively, the present data suggest that SSi suppresses
cellular 5-LO product formation via direct inhibition of
5-LO, with the possible contribution of additional mecha-
nisms, such as inhibition of 5-LO translocation or radical
scavenging. The hypothesis of a direct interaction of SSi with
human 5-LO is further supported by previous findings of
Piazza et al. [28], who observed inhibition of 5-LO from rat
by SSi at concentrations similar to those used in the present
study.

Numerous COX-independent molecular mechanisms of
SSi have been observed in vitro, which may explain the
drug’s peculiar and beneficial pharmacological profile.
Inhibition of the NF-xB activation by 200 pM SSi, dis-
ruption of PPAR-0 signaling by 100 pM SSi, upregulation
of 15-LOX-1 expression in colon cancer cells at 150 uM
SSi or disturbance of the Ras-Raf-1-kinase interaction by
SSi (10-50 M) represent notable examples, but that
mostly require concentrations >100 uM [29]. The in vivo
relevance of these mechanisms is debated because SSi
plasma concentrations >100 M are not achieved in
humans [29]. After ingestion of 400 mg (the recommended

dose for treatment of arthritis), plasma drug concentrations
reach a maximum of 38.6 uM, depending on the dosing
procedure [4]. Notably, inhibition of cellular 5-LO product
synthesis occurred at lower SSi concentrations with an
IC59 ~ 8-10 puM. This value is similar to ICsy values of
SSi for COX-2 (11-14 pM) in transfected COS-1 cells
[30], and the potency of SSi to suppress COX-2
(IC50 =~ 4 uM) in whole blood was verified. Accordingly,
5-LO is a SSi target with almost equivalent susceptibility
as COX-2 supported by our whole blood data, where SSi
suppressed the LPS-induced 5-LO product formation with
an ICsq of 18.7 uM closely to the published ICsq values for
COX-2 (10.43 pM) [31]. The inhibition data in conjunction
with the pharmacokinetic data suggest that standard dosage
regimes of sulindac could reduce 5-LO product formation
by more than 50%. Notably, pharmacokinetic studies
demonstrated a prominent accumulation of SSi in colonic
epithelial cells raising the possibility of still even greater
5-LO suppression in these tissues [32].

The literature provides indirect evidence supporting the
hypothesis of inhibition of 5-LO by SSi in humans. For
example, SSi displays strong chemopreventive activities
against colorectal cancer, which may be only partly
attributed to inhibition of PG synthesis [33]. Moreover,
5-LO products participate in crucial tumor development
events, and pharmacological inhibition of 5-LO attenuates
the growth of adenomatous colonic polyps in animals [34]
and potently induces antiproliferation of cultured tumor
cells [35]. Sulindac is classified as a low-ulcerogenic
NSAID that causes markedly less gastrointestinal toxicity
as compared to related unselective COX inhibitors, such as
diclofenac, indomethacin, or naproxen [36]. In this regard,
it was shown that increased LTC, production in gastro-
intestinal tissues was a determinant for NSAID-induced
ulcerogenicity, and concomitant application of a 5-LO
inhibitor abolished the indomethacin-induced gastrotoxicity
in pigs [37]. Thus, the favorable gastrointestinal profile of
sulindac may also relate to its 5-LO-inhibitory activity. In
addition, the superior efficacy of SSi against acute gout
[38] may be associated with the drug’s 5-LO suppressive
activity since urate crystals stimulate the release of LTs
from PMNL [39] and may thereby contribute to the path-
ogenesis of the inflammatory reaction.

Considerable efforts have been made in order to develop
safe and efficient 5-LO inhibitors. However, many com-
pounds failed under in vivo conditions either due to
adverse effects (interference with other biological pro-
cesses or production of reactive radicals) [40] or a loss of
efficacy due to increased oxidative state and/or phosphor-
ylation of 5-LO in inflamed tissues [41]. Currently,
according to our data, sulindac represents the first func-
tional COX/5-LO inhibitor on the market with a proven
5-LO suppressive efficacy in whole blood at clinically
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relevant concentrations and a favorable tolerability in
humans. Elucidation of the binding mode of SSi to 5-LO is
of high interest and warrants investigation, from which
may emerge high affinity, selective, and safe inhibitors of
5-LO with in vivo efficacy.

In conclusion, we show that the pharmacologically
active metabolite of sulindac, SSi, suppresses 5-LO product
synthesis in leukocytes and in human whole blood at
clinically relevant concentrations through direct interfer-
ence with 5-LO activity. Suppression of 5-LO product
formation may contribute to the pharmacodynamic profile
of sulindac in animals and humans. Clinical studies that
address the effects of sulindac on LT biosynthesis in
patients at standard dosage regimes for prolonged periods
would be a helpful expansion of the pharmacological
actions of this drug.
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