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1 5-Lipoxygenase (5-LO) is a crucial enzyme in the synthesis of the bioactive leukotrienes (LTs) from
arachidonic acid (AA), and inhibitors of 5-LO are thought to prevent the untowarded
pathophysiological effects of LTs.

2 In this study, we present the molecular pharmacological profile of the novel nonredox-type 5-LO
inhibitor CJ-13,610 that was evaluated in various in vitro assays.

3 In intact human polymorphonuclear leukocytes (PMNL), challenged with the Ca2þ -ionophore
A23187, CJ-13,610 potently suppressed 5-LO product formation with an IC50¼ 0.07mM. Supple-
mentation of exogenous AA impaired the efficacy of CJ-13,610, implying a competitive mode of
action.

4 In analogy to ZM230487 and L-739.010, two closely related nonredox-type 5-LO inhibitors, CJ-
13,610 up to 30mM failed to inhibit 5-LO in cell-free assay systems under nonreducing conditions, but
inclusion of peroxidase activity restored the efficacy of CJ-13,610 (IC50¼ 0.3mM).

5 In contrast to ZM230487 and L-739.010, the potency of CJ-13,610 does not depend on the cell
stimulus or the activation pathway of 5-LO. Thus, 5-LO product formation in PMNL induced by
phosphorylation events was equally suppressed by CJ-13,610 as compared to Ca2þ -mediated 5-LO
activation. In transfected HeLa cells, CJ-13,610 only slightly discriminated between phosphorylatable
wild-type 5-LO and a 5-LO mutant that lacks phosphorylation sites.

6 In summary, CJ-13,610 may possess considerable potential as a potent orally active nonredox-type
5-LO inhibitor that lacks certain disadvantages of former representatives of this class of 5-LO
inhibitors.
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Introduction

Upon stimulation, certain inflammatory cell types, mainly

granulocytes and monocytes/macrophages, possess the ability

to release leukotrienes (LTs) and related lipid metabolites such

as 5(S)-hydro(pero)xyeicosatetraenoic acid (5-H(P)ETE).

These bioactive lipids are generated by the initial conversion

of arachidonic acid (AA) to 5-HPETE and LTA4 via the

enzyme 5-lipoxygenase (5-LO). The subsequent conversion of

LTA4 by LTA4 hydrolase gives LTB4, whereas metabolism

by LTC4 synthase leads to the cysteinyl-LTs C4, D4, and E4

(Samuelsson et al., 1987; Funk, 2001). LTB4 is a potent

chemotactic and chemokinetic mediator that activates granu-

locytes (Claesson & Dahlen, 1999) and augments phagocytosis

of macrophages (Mancuso et al., 1998). The cysteinyl-LTs

cause smooth muscle contraction, mucus secretion, plasma

extravasation, vasoconstriction, and recruitment of eosino-

phils (Funk, 2001). Aside of these functions, more recent

studies suggest a role of 5-LO products also in carcinogenesis

and cell survival (Romano & Claria, 2003), in the metabolism

of bone (Chen et al., 1994; Garcia et al., 1996), and finally in

atherosclerotic processes (Mehrabian & Allayee, 2003; Dwyer

et al., 2004). Accordingly, anti-LT therapy is beneficial in

the treatment of asthma and other inflammatory diseases

(Steinhilber, 1999), but may have potential also in the treatment

of pancreatic and prostate cancer (Ghosh & Myers, 1998; Ding

et al., 1999; Romano & Claria, 2003), osteoporosis (Alanko

et al., 1998), and atherosclerosis (Mehrabian & Allayee, 2003;

Dwyer et al., 2004).

5-LO contains a nonheme iron in the active site. In the resting

state of the enzyme the iron is in the ferrous (Fe2þ ) form,

whereas the ferric (Fe3þ ) form is necessary to enter the catalytic

cycle (for a review see Rådmark, 2002). Accordingly, reducing

compounds and iron-ligand inhibitors (such as zileuton, which

is approved for the therapy of asthma in the U.S.) are direct 5-

LO inhibitors acting at the active site iron. Despite their high

potency in vitro, these compounds exhibit only poor bioavail-

ability and only modest selectivity for 5-LO (Steinhilber, 1999).
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In search of potent and selective 5-LO inhibitors, nonredox-

type 5-LO inhibitors such as ZD2138 and its ethyl analogue

ZM230487 were identified as highly potent, orally active

inhibitors of LT biosynthesis that specifically and enantio-

selectively interact with 5-LO. Although these compounds

significantly reduced a number of acute inflammatory re-

sponses (McMillan & Walker, 1992; Smith et al., 1995), they

failed to inhibit more chronic inflammatory processes (Nasser

et al., 1994; Turner et al., 1996). It was found that an elevated

peroxide tone decreases the potency of ZM230487 that may

limit the therapeutic value under chronic inflammatory

conditions, connected to increased peroxide levels (Werz

et al., 1998). Moreover, the potency of ZM230487 depends

on the 5-LO activation pathway (Fischer et al., 2003). Thus,

the sensitivity of 5-LO for ZM230487 in polymorphonuclear

leukocytes (PMNL) was about 10- to 100-fold lower for 5-LO

activated by phosphorylation as compared to Ca2þ -mediated

enzyme activation. Finally, due to poor aqueous solubility and

moderate oral absorption, the compounds exhibit unsatisfac-

tory bioavailability.

Recently, novel ionizable imidazolylphenyl analogues of

ZD2138 with improved solubility and better oral absorption

were developed, with an in vitro activity comparable to that of

ZD2138 (Mano et al., 2003). Structural modification led to

improved pharmacokinetic and toxicological characteristics,

exemplified by CJ-13,454, a practical lead for orally active

nonredox-type 5-LO inhibitors (Mano et al., 2004). In this

study, we evaluated the molecular pharmacology of CJ-13,610,

a recently developed analogue of these imidazolylphenyl

compounds, using various in vitro test systems with relevance

for the in vivo pharmacology.

Methods

Materials

CJ-13,610 was provided by Glaxo Smith Kline (Stevenage,

U.K.). The materials and sources were: Dulbecco’s modified

Eagle’s medium (DMEM), GibcoBRL, Life Technologies

(Rockville, MD, U.S.A.); fetal calf serum, bovine insulin,

Ca2þ -ionophore A23187, arachidonic acid, dithiothreitol

(DTT), glutathione peroxidase (GPx), sodium arsenite (SA),

Sigma (Deisenhofen, Germany); HPLC solvents, Merck

(Darmstadt, Germany); 13(S)-hydroperoxy-9Z,11E-octadeca-

dienoic acid (13(S)-HPODE), Cayman; oligonucleotides,

Cyber Gene (Huddinge, Sweden).

Cell culture, plasmids, and transient transfections

Human PMNL were freshly isolated from leukocyte concen-

trates obtained at St Markus Hospital (Frankfurt, Germany).

In brief, venous blood was taken from healthy adult donors

and subjected to centrifugation at 4000� g for 20min at 201C

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 (Werz

et al., 2002a). PMNL (7.5� 106 cellsml�1; purity 496–97%)

were finally resuspended in phosphate-buffered saline pH 7.4

(PBS) plus 1mgml�1 glucose (PG buffer), or alternatively in

PBS plus 1mgml�1 glucose and 1mM CaCl2 (PGC buffer) as

indicated.

HeLa cells were maintained in DMEM, supplemented with

10% fetal calf serum and 100mgml�1 streptomycin and

100Uml�1 penicillin at 371C in a 5% CO2 incubator. Plasmid

DNA (pcDNA3.1-5LO (Provost et al., 2001) or pcDNA3.1-

5LO-S271A-S663A (Werz et al., 2002b), 10mg each) was

transiently transfected into HeLa cells using the calcium

phosphate method, cultured for 48 h, and assayed for 5-LO

product formation as described elsewhere (Fischer et al., 2003).

Expression and purification of 5-LO from Escherichia
coli

Expression of 5-LO was performed in E. coli JM 109 cells,

transfected with pT3-5LO, and purification of 5-LO was

performed as described previously (Fischer et al., 2003). In

brief, cells were lysed by incubation in 50mM triethanolamine/

HCl pH 8.0, 5mM EDTA, soybean trypsin inhibitor

(60mgml�1), 1mM phenylmethylsulfonyl fluoride (PMSF),

and lysozyme (500mgml�1), homogenized by sonication

(3� 15 s) and centrifuged at 19,000� g for 15min. Proteins

including 5-LO were precipitated with 50% saturated ammo-

nium sulfate during stirring on ice for 60min. The precipitate

was collected by centrifugation at 16,000� g for 25min and

the pellet was resuspended in 20ml PBS containing 1mM

EDTA and 1mM PMSF. After centrifugation at 100,000� g
for 70min at 41C, the 100,000� g supernatant was applied to

an ATP-agarose column (Sigma A2767), and the column was

eluted as described previously (Brungs et al., 1995). Partially

purified 5-LO was immediately used for in vitro activity assays.

Determination of 5-LO product formation in intact cells

For assays of intact cells, 7.5� 106. freshly isolated PMNL or

2� 106 HeLa cells were finally resuspended in 1ml PGC

buffer. After preincubation with the indicated compounds at

371C, 5-LO product formation was started by the addition of

the indicated stimuli plus exogenous AA as indicated. After

10min at 371C, the reaction was stopped with 1ml of methanol

and 30 ml of 1N HCl, 200 ng prostaglandin B1, and 500 ml of
PBS were added. Formed 5-LO metabolites were extracted and

analyzed by HPLC as described (Werz & Steinhilber, 1996).

5-LO product formation is expressed as ng of 5-LO products

per 106 cells that includes LTB4 and its all-trans isomers,

5(S),12(S)-di-hydroxy-6,10-trans-8,14-cis-eicosatetraenoic

acid (5(S),12(S)-DiHETE), and 5(S)-hydro(pero)xy-6-trans-

8,11,14-cis-eicosatetraenoic acid (5-H(p)ETE). Cysteinyl LTs

(LTC4, D4, and E4) were not detected and oxidation products

of LTB4 were not determined.

Determination of 5-LO product formation in cell-free
systems

For the determination of 5-LO activity in cell homogenates,

7.5� 106 freshly isolated PMNL were resuspended in PBS

containing 1mM EDTA, sonicated (3� 10 s) at 41C, and 1mM

ATP was added. For determination of the activity of

recombinant isolated 5-LO, partially purified 5-LO (0.5 mg in

5ml) was added to 1ml of a 5-LO reaction mix (PBS, pH 7.4,

1mM EDTA, 25 mgml�1 phosphatidylcholine, 1mM ATP, and

20 mgml�1 g-globulin). Samples of either cell homogenates or
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partially purified 5-LO were supplemented with DTT (1mM),

GSH (1mM), GPx-1 (30mU), and CJ-13,610 as indicated.

After 5–10min at 41C, samples were prewarmed for 30 s at

371C and 2mM CaCl2 and AA at the indicated concentrations

were added to start 5-LO product formation. The reaction was

stopped after 10min at 371C by the addition of 1ml ice-cold

methanol and the formed metabolites were analyzed by HPLC

as described for intact cells.

Subcellular localization of 5-LO

Subcellular localization of 5-LO was investigated as described

previously (Werz et al., 2002a). In brief, freshly isolated

PMNL (3� 107) in 1ml PGC buffer were incubated at 371C

for 10min with the indicated stimuli and chilled on ice.

Nuclear and non-nuclear fractions were obtained after cell

lysis by 0.1% NP-40. Aliquots of these fractions were analyzed

for 5-LO protein by SDS–PAGE and immunoblotting using

anti-5-LO antiserum (AK7, 1551; affinity purified on a 5-LO

column). Proteins were visualized by alkaline phosphatase-

conjugated IgGs (Sigma) using nitroblue tetrazolium and 5-

bromo-4-chloro-3-indolylphosphate (Sigma) as substrates.

Statistics

The program ‘GraphPad PRISM 3.0’ was used for statistical

comparisons. Statistical evaluation of the data was performed

using Student’s t-test for unpaired observations. A P-value of

o0.05 was considered significant.

Results

CJ-13,610 suppresses 5-LO product formation in intact
human PMNL

Replacement of the dihydroquinolinone by an imidazolyl-

phenyl of ZM230487 as well as replacement of the ethoxy group

of the tetrahydro[2H]pyran by a carboxamide moiety led to a

novel series of nonredox-type 5-LO inhibitors (Mano et al.,

2003; 2004), exemplified by CJ-13,610 (Figure 1). Freshly

isolated human PMNL were preincubated with CJ-13,610 and

stimulated with 2.5mM ionophore A23187 in the absence or

presence of exogenous AA. As can be seen in Figure 2a, CJ-

13,610 dose dependently suppressed 5-LO product formation

in ionophore A23187-stimulated PMNL in the absence of

exogenous AA with an IC50 of about 70 nM. Supplementation

of AA impaired the efficacy of CJ-13,610 and shifted the IC50

to higher values. Thus, at 2 mM of exogenously added AA, the

IC50 was determined as 280 nM and further increase of the

substrate concentration (10 or 100mM) caused further impaired

efficacy of CJ-13,610 (IC50 at 100mM AA was approx. 900 nM).

As can be seen from the Lineweaver–Burke plot in Figure 2b,

kinetic analysis confirm competitive inhibition of 5-LO by

CJ-13,610 in intact PMNL.Moreover, at low AA concentrations,

CJ-13,610 completely blocked 5-LO product synthesis,

whereas at 100mM AA, some basal 5-LO activity, even at

100 mM CJ-13,610, still remained. Together, these data

indicated that CJ-13,610 is a potent inhibitor of 5-LO product

formation in intact cells, apparently acting in a competitive

manner.

Inhibition of 5-LO in cell-free systems by CJ-13,610
requires GPx activity

In a previous study, we found that ZM230487 and L739.010

exhibit only low efficacy in cell-free assay systems, but

replenishment of peroxidase activity by the addition of GPx-

1 plus GSH to purified 5-LO enzyme or by supplementation of

thiols (DTT or GSH) to cell homogenates leads to potent 5-LO

inhibition (Werz et al., 1997; 1998). CJ-13,610 was assayed for

5-LO inhibition in whole homogenates of human PMNL. As

can be see from Figure 3a, CJ-13,610 (up to 30mM) failed to

suppress 5-LO under standard assay conditions, regardless

of the AA concentration. However, replenishment of GPx

activity by the addition of 1mM DTT renders CJ-13,610 a

potent 5-LO inhibitor. Thus, at 4, 10, and 40mM AA, similar

IC50 values (approx. 280, 320, and 700 nM, respectively) were

determined as compared to intact PMNL. Again, as observed

in intact cells, elevation of the AA concentration impairs the

potency of CJ-13,610 in homogenates, and kinetic analysis

(Figure 3b) indicate competitive properties of CJ-13,610.

Next, human recombinant 5-LO was expressed in E. coli,

partially purified, and CJ-13,610 was tested for enzyme

inhibition under reducing (presence of GPx and GSH) and

nonreducing conditions. In the absence of GPx, 5-LO activity

was not significantly inhibited by CJ-13,610 up to 30 mM
(Figure 4). However, inclusion of 30mU GPx-1 and 1mM

GSH caused 5-LO enzyme inhibition with an IC50¼ 5mM,

when the AA concentration was adjusted to 4mM. In contrast,

at 40mM AA, addition of GPx-1 and GSH could not confer
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Figure 1 Chemical structures of nonredox-type 5-LO inhibitors. In
comparison to ZD2138 or ZM230487, for CJ-13,610 the dihydro-
quinolinone pharmacophore was replaced by a imidazolylphenyl
moiety, the alkoxy group by a carboxamide group, and the methyl
ether was replaced by a sulfide group.
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CJ-13,610 potent 5-LO inhibitory activity. Thus, also under

these experimental settings, AA impairs the potency of CJ-

13,610 under reducing conditions in cell-free assay systems.

Exogenous lipid hydroperoxides (LOOH) reduce the
efficacy of CJ-13,610 in intact cells

In intact cells, the level of peroxides is controlled by GPx

isoenzymes (Ursini et al., 1995). Elevation of the cellular

peroxide tone, for example, by exogenous addition of 13(S)-

HPODE or diamide, reduced the potency of ZM230487 and

L-739.010 (Werz et al., 1998). As shown in Figure 5a, the potency

of CJ-13,610 in intact PMNL, stimulated with ionophore

A23187 and AA, was considerably impaired when cells had

been pretreated with 13(S)-HPODE. This is visualized by a

shift of the IC50 value of CJ-13,610 for untreated cells

(0.55 mM) to an about six-fold higher value (3.1 mM) in cells

exposed to 3 mM 13(S)-HPODE. When the concentration of

13(S)-HPODE was further increased to 10 mM, 5-LO inhibition

by CJ-13,610 (up to 10 mM) was completely abolished.

Interestingly, in the absence of exogenous AA, 3 mM 13(S)-

HPODE led to the same reduced efficacy of CJ-13,610 in

PMNL stimulated with ionophore A23187 (IC50¼ 2.8mM,

Figure 5b). This suggests that LOOH are superior to AA in

competing with CJ-13,610 and that AA may have no (or at

least only modest) additional competitive effects on top of

LOOH.

Efficacy of CJ-13,610 in intact cells is stimulus
independent

Recently, we could show that the efficacy of ZM230487 and L-

739.010 is stimulus dependent and that phosphorylation events
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Figure 2 CJ-13,610 suppresses 5-LO product formation in intact
human PMNL. (a) Freshly isolated PMNL (7.5� 106 in 1ml PGC
buffer) were preincubated with CJ-13,610 at the indicated concen-
trations for 15min at 371C. Cells were stimulated with ionophore
A23187 (2.5 mM) with or without AA at the indicated concentra-
tions. After 10min at 371C, 5-LO products were extracted and
determined by HPLC as described in the Methods section. Results
are given as mean7 s.e., n¼ 4. (b) Kinetic analysis of 5-LO product
inhibition by 1mM CJ-13,610 is given as Lineweaver–Burke plot. The
AA concentrations were 2, 5, 10, and 30 mM.
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Figure 3 Inhibition of 5-LO by CJ-13,610 in whole-cell homo-
genates of human PMNL. (a) Whole homogenates of human PMNL
were prepared as described, preincubated with the indicated
concentrations of CJ-13,610 in the presence or absence of 1mM

DTT for 5–10min on ice. Samples were prewarmed at 371C for 30 s,
then AA (4, 10, or 40 mM) and 2mM CaCl2 were added. After
another 10min at 371C, 5-LO activity was determined as described
in the Methods section. Results are given as mean7 s.e., n¼ 3–4. (b)
Kinetic analysis of 5-LO product inhibition by 1 mM CJ-13,610 is
given as Lineweaver–Burke plot. The AA concentrations were 1, 2,
4, 10, and 20 mM.
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of 5-LO may impair the sensitivity of the enzyme against these

inhibitors (Fischer et al., 2003). As shown in Figure 6, the

potency of CJ-13,610 in PMNL stimulated with 10mM SA or

300mM NaCl, which activate 5-LO by phosphorylation events

in a Ca2þ -independent manner, is comparable to that obtained

in cells challenged by ionophore A23187. Cell stress alone

(in contrast to ionophore) is not capable of providing

sufficient amounts of free AA as 5-LO substrate in intact

cells. Therefore, 20 mM AA was included in all experiments

in order to ensure equal substrate availability. The results

demonstrate that the efficacy of CJ-13,610 is independent of

the stimulus used to evoke 5-LO activation and product

synthesis, suggesting that 5-LO phosphorylation events have

no major impact on the interference of the compound with the

enzyme.

CJ-13,610 does not inhibit translocation of 5-LO
to the nuclear membrane

Activation of 5-LO in the cell is accompanied by a rapid

translocation of the enzyme to the nuclear membrane, which

may stimulate 5-LO product synthesis (Peters-Golden &

Brock, 2001). We tested if CJ-13,610 could interfere with the

5-LO translocation process. 5-LO protein was assessed in the

nuclear and non-nuclear fraction after subcellular fractiona-

tion of PMNL. As shown in Figure 7, in resting PMNL, 5-LO

was exclusively in the non-nuclear fraction, whereas the

addition of A23187 caused enrichment of 5-LO in the nuclear

fraction and a concomitant loss in the non-nuclear fraction.

Preincubation of PMNL with CJ-13,610 did not suppress this

A23187-induced 5-LO translocation.

Effects of CJ-13,610 on 5-LO product synthesis
in transfected HeLa cells

In order to confirm the hypothesis that 5-LO inhibition by CJ-

13,610 does not depend on the 5-LO phosphorylation status,

HeLa cells were transiently transfected with phosphorylatable

wild-type 5-LO (WT-5-LO) or with nonphosphorylatable

mutant S271A/S663A-5-LO (lacking the phosphorylation sites

for MKs and extracellular signal-regulated kinase (ERKs),

respectively), preincubated with CJ-13,610, stimulated with

20 mM AA (5-LO activation conditions that are based on

enzyme phosphorylation) and 5-LO product formation was

5-
L

O
 p

ro
d

u
ct

 f
o

rm
at

io
n

[p
er

ce
n

ta
g

e 
o

f 
co

n
tr

o
l]

0

20

40

60

80

100

120

140

4 µM AA + GPx + GSH 
4 µM AA
40 µM AA + GPx + GSH
40 µM AA

w/o 0.3 1 3 10 30
CJ-13,610 [µM]

Figure 4 Inhibition of purified recombinant 5-LO by CJ-13,610.
Human recombinant 5-LO was expressed in E. coli and partially
purified as described. 5-LO (0.5 mg) was added to a 5-LO reaction
mix containing the indicated amounts of CJ-13,610, 1mM GSH, and
30mU GPx. After 5–10min on ice, the samples were prewarmed for
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10min at 371C, formed 5-LO products were extracted and
determined by HPLC. Results are given as mean7 s.e., n¼ 3.
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Figure 5 Elevation of the cellular peroxide tone impairs the
potency of CJ-13,610 in intact PMNL. Freshly isolated PMNL
(7.5� 106 in 1ml PGC buffer) were preincubated with CJ-13,610 at
the indicated concentrations at 371C. After 15min, 13(S)-HPODE
was added as indicated and cells were subsequently stimulated with
(a) 2.5 mM ionophore A23187 plus 10 mM AA or with (b) 2.5 mM
ionophore A23187 alone. After 10min at 371C, 5-LO products
were extracted and determined by HPLC. Results are given as
mean7 s.e., n¼ 3.
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determined. In comparison to intact PMNL, we found

significant differences in HeLa cells with respect to 5-LO

inhibition by CJ-13,610 (Figure 8). Thus, at low concentra-

tions (1 and 3 mM), CJ-13,610 significantly increased (up to

1.4-fold) product synthesis of WT-5-LO, and the IC50 value of

CJ-13,610 was about 10-fold higher in HeLa (approx. 7mM) as

compared to PMNL. Phosphorylation-mediated 5-LO product

formation (of WT-5-LO) required about two-fold higher

inhibitor concentrations for efficient inhibition as compared

to 5-LO product formation by S271A/S663A-5-LO. Notably,

the nonphosphorylatable enzyme did not exhibit increased

5-LO product synthesis at low inhibitor concentrations.

Discussion

In the present study, we have evaluated the molecular

pharmacology of the novel nonredox-type 5-LO inhibitor

CJ-13,610 using various in vitro test systems, relevant for the

in vivo pharmacology. In analogy to ZM230487 or L-739.010,

two structurally related nonredox-type 5-LO inhibitors, CJ-

13,610 potently suppressed 5-LO product formation in intact

cells as well as in cell-free assay systems under reducing

conditions, whereas an elevated peroxide tone strongly

impaired the efficacy of CJ-13,610. However, in contrast to

ZM230487 and L-739.010, CJ-13,610 shows competitive

kinetics with respect to AA also under reducing conditions,

and the efficacy of CJ-13,610 is cell stimulus independent and

less affected by the phosphorylation status of 5-LO. Therefore,

the pharmacological profile of CJ-13,610 is in part distinct

from that of other nonredox 5-LO inhibitors and may possess

therapeutic potential as an orally active 5-LO inhibitor,

lacking certain disadvantages of former representatives of this

inhibitor class. Recently, the efficacy, safety, and tolerability

of 6 weeks treatment by oral dosing with CJ-13,610 in adults

with chronic obstructive pulmonary disease was evaluated in

a phase II multicenter, randomized, double-blind placebo-

controlled parallel group study.

Nonredox-type 5-LO inhibitors have been initially designed

as active site-directed inhibitors devoid of redox and iron

ligand properties that compete with AA at a (hypothetical)

substrate binding cleft of 5-LO (McMillan & Walker, 1992).

In fact, biochemical characterization of ZM230487 and L-

739.010 revealed evidence for competitive kinetics with low

affinity under nonreducing conditions, whereas efficient 5-LO

inhibition under reducing conditions showed noncompetitive

kinetics (Werz et al., 1998). It was found that LOOH or an

elevated peroxide tone strongly counteract the high affinity

of nonredox 5-LO inhibitors and efficient inhibition of 5-LO

product formation required low LOOH levels (Werz et al.,

1998). Nevertheless, the precise mode of action and the

binding site(s) of nonredox 5-LO inhibitors have not been

elucidated yet.

In order to initialize 5-LO catalysis, LOOH are important

for the conversion of the active site iron from the ferrous to the

ferric state (Rouzer & Samuelsson, 1986; Hammarberg et al.,

2001). However, no discrete locale where LOOH bind to 5-LO

has been identified. In cell-free systems, CJ-13,610 up to the

highest concentration (30 mM) tested was unable to suppress

5-
LO

 p
ro

du
ct

 fo
rm

at
io

n
 [p

er
ce

nt
ag

e 
of

 c
on

tr
ol

]

0

20

40

60

80

100
A23187
SA
NaCl

w/o 0.3 31 10
CJ-13,610 [µM]

Figure 6 Cell stress does not affect the efficacy of CJ-13,610 in
intact cells. Freshly isolated PMNL (7.5� 106 in 1ml PGC buffer)
were preincubated with CJ-13,610 at the indicated concentrations
for 15min at 371C. SA (10 mM) and NaCl (300mM) were added
3min prior to the addition of 20 mM AA, ionophore A23187 (2.5 mM)
was added together with 20 mM AA. After 10min at 371C, 5-LO
products were extracted and determined by HPLC. Results are given
as mean7 s.e., n¼ 3.

Figure 7 Effects of CJ-13,610 on nuclear 5-LO translocation in
intact PMNL. Freshly isolated PMNL (3� 107 in 1ml PGC buffer)
were preincubated with CJ-13,610 at the indicated concentrations
for 15min at 371C. Then, 2.5mM A23187 was added to the samples
and incubated for another 5min at 371C. 5-LO was detected in
nuclear and non-nuclear fractions by immunoblotting after sub-
cellular fractionation. Similar results were obtained in two
additional independent experiments.
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Figure 8 Effects of CJ-13,610 on 5-LO product formation in HeLa
cells transformed with WT-5-LO and S271A/S663A-5-LO. HeLa
cells were transiently transformed with plasmids pcDNA3.1-5LO or
pcDNA3.1-5LO-S271A-S663A (10 mg). Cells (2� 106) were resus-
pended in 1ml PGC buffer and CJ-13,610 was added at the
indicated concentrations. After 15min at 371C, cells were stimulated
with 20 mM AA for another 10min. 5-LO products were extracted
and determined by HPLC. Results are given as mean7 s.e., n¼ 4.
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5-LO, unless peroxide levels were decreased by replenishment

of GPx activity. Moreover, in intact PMNL, elevation of the

cellular peroxide tone by exogenous addition of 13(S)-HPODE

abolished the inhibitory effects of CJ-13,610. Thus, in analogy

to ZM230487 or L-739.010 (Werz et al., 1998), also CJ-13,610

requires a low peroxide tone for efficient 5-LO inhibition. Such

a pattern is unique for nonredox-type inhibitors since the

potencies of iron-ligand 5-LO inhibitors (BWA4C) or 5-

lipoxygenase-activating protein (FLAP) inhibitors (MK886)

are not affected by the peroxide tone (Werz et al., 1998).

Apparently, both CJ-13,160 as well as ZM230487 and L-

739.010 compete with activating LOOH at a putative

regulatory LOOH-binding site with high affinity, thereby

preventing 5-LO catalysis.

Experimental data indicate that 5-LO has two distinct fatty

acid-binding sites, one regulatory that may bind LOOH and

one at the catalytic site where transformation of AA takes

place (Sailer et al., 1998; Burkert et al., 2003). In contrast to

ZM230487, the potency of CJ-13,610 under reducing condi-

tions is impaired by AA, suggesting that CJ-13,610 may not

only potently interfere with the regulatory LOOH- but also

with the arachidonate(substrate)-binding cleft at the active site.

Interference of CJ-13,610 at such a substrate-binding cleft

could be visualized in this study by different experimental

settings: First, in intact PMNL, elevated AA concentrations

clearly impaired the efficacy of CJ-13,610; second, under cell-

free assay conditions elevated AA concentrations significantly

decreased inhibition of crude 5-LO in homogenates supple-

mented with DTT; and third, inhibition of partially purified

5-LO in the presence of GPx and GSH was apparent at 4mM
AA, but not at 40 mM AA. This pattern is in sharp contrast to

ZM230487 and L-739.010, whose high affinities under redu-

cing conditions were not altered by variation of the AA

concentration, although competitive kinetics with low affinities

were evident under nonreducing conditions (Werz et al., 1997;

1998). Of interest, LOOH are superior to AA in competing

with CJ-13,610, and AA may have no additional competitive

effects on top of LOOH. Thus, the reduction in the efficacy of

CJ-13,610 by 3mM 13(S)-HPODE was quantitatively almost

the same in PMNL stimulated in the absence or in the presence

of AA. Together, these findings imply that under certain (more

chronic) inflammatory situations, which are associated with

elevated cellular levels of LOOH and free AA, a possibly

reduced efficacy of CJ-13,610 should be taken into account. In

this regard, it was shown that ZD2138 failed to protect against

allergen-induced asthmatic responses in asthmatic subjects

(Nasser et al., 1994), and did not prevent pulmonary

inflammation or the development of airway hyper-responsive-

ness (Turner et al., 1996).

It should be noted that the effects of CJ-13,610 determined

in HeLa cells differed from that obtained with PMNL. For

example, in HeLa cells, CJ-13,610 significantly increased 5-LO

product synthesis at low (o3 mM) concentrations, a phenom-

enon that cannot be readily explained. Compared to PMNL,

the IC50 value was about 10-fold higher in HeLa cells at same

substrate concentrations (20 mM AA). The reason for this

difference is also not clear. Presumably, the machinery

necessary for 5-LO product formation and the existence of

regulating cofactors (e.g. FLAP, LOOH and Ca2þ levels, GPx

activity) are different in HeLa cells. For example, it is

conceivable that CJ-13,610 could interfere with the fatty

acid-binding FLAP, necessary for efficient 5-LO product

synthesis in intact cells. However, in experiments with HeLa

cells (not expressing FLAP (own unpublished observations)),

transiently transfected with FLAP, CJ-13,610 was equipotent

as compared to MOCK-transfected cells (not shown). There-

fore, FLAP should not affect the potency of CJ-13,610,

supported by the finding that CJ-13,610 did also not interfere

with 5-LO translocation to the nucleus in PMNL, which may

be FLAP dependent (Peters-Golden & Brock, 2001). Never-

theless, the potency of CJ-13,610 may depend on the cellular

environment, that is, the presence of certain 5-LO regulatory

mechanisms or cofactors, which remain to be identified.

Activation of cellular 5-LO in response to external stimuli

involves 5-LO translocation from a soluble locale to the

nuclear membrane where the enzyme colocalizes with FLAP

(Peters-Golden & Brock, 2001), and is mediated by elevation

of the intracellular Ca2þ levels and/or phosphorylation of 5-

LO by mitogen-activated protein kinase-activated protein

kinase (MAPKAP) kinases at Ser-271 and by ERKs 1/2 at

Ser-663 (Werz et al., 2000; 2002a, b). It was shown that the

activation of 5-LO by stimuli that induce phosphorylation of

5-LO is Ca2þ -independent in certain cell types (Werz et al.,

2002a; Burkert et al., 2003). The efficacies of the nonredox-

type 5-LO inhibitors ZM230487 and L-739.010 depend on the

stimulus and activation pathway utilized to induce 5-LO

product synthesis (Fischer et al., 2003). Whereas Ca2þ -

mediated 5-LO activation in PMNL is efficiently suppressed

by ZM230487 and L-739.010, 10- to 100-fold higher inhibitor

concentrations are required to suppress 5-LO product syn-

thesis induced by phosphorylation (Fischer et al., 2003). In

contrast, the efficacy of CJ-13,610 in intact PMNL is not

reduced when 5-LO is activated by phosphorylation events.

Also, CJ-13,610 exhibited no pronounced difference in the

potencies towards phosphorylatable wt- or nonphosphoryla-

table mutated S217A/S663A-5-LO in HeLa cells. Notably,

several diseases related or connected to elevated levels of 5-LO

products such as inflammatory reactions, allergic asthma,

various types of cancer, and atherosclerosis are associated with

an increased phosphorylation status of the cell (Hajjar &

Pomerantz, 1992; Johnson & Lapadat, 2002), which determine

the susceptibility of 5-LO towards nonredox inhibitors. Owing

to the fact that the efficacy of CJ-13,610 does not depend on

the 5-LO phosphorylation status, targeting of 5-LO by such a

drug could indeed be beneficial for the therapy of these

diseases. Although the therapeutic potential of CJ-13,610

may be somewhat limited by reduced efficacy due to an

elevated peroxide tone, the compound obviously possesses

advantages over former representatives of this class of 5-LO

inhibitors that could not attain regular approval due to poor

clinical benefits.
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