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BACKGROUND AND PURPOSE

Certain 5-lipoxygenase (5-LO) inhibitors exhibit anti-carcinogenic activities against 5-LO overexpressing tumour types and
cultured tumour cells. It has been proposed therefore that 5-LO products significantly contribute to tumour cell proliferation.
To date, the relationship between the inhibitory mechanisms of 5-LO inhibitors, which vary widely, and tumour cell viability
has not been evaluated. This study addresses the anti-proliferative and cytotoxic potency of a number of 5-LO inhibitors with
different inhibitory mechanisms in 5-LO-positive and 5-LO-negative tumour cells.

EXPERIMENTAL APPROACH

Cell viability was measured by the WST-1 assay; cell proliferation was assessed using the bromodeoxyuridine (BrdU)
incorporation assay. Cell death was analysed by annexin V staining, Western blot analysis of PARP (poly ADP-ribose
polymerase) cleavage and a cytotoxicity assay. 5-LO product formation was quantified by a 5-LO activity assay.

KEY RESULTS

The common 5-LO inhibitors AA-861, Rev-5901 and MK-886 induced cytotoxic and anti-proliferative effects in 5-LO-positive
Capan-2 pancreatic cancer cells; BWA4C and CJ-13,610 only caused anti-proliferative effects, while zileuton failed to impair
cell viability. Moreover, the concentrations of the 5-LO inhibitors required to induce anti-proliferation and cytotoxicity highly
exceeded those for suppression of 5-LO. Supplementation with mitogenic 5-LO products failed to protect Capan-2 cells from
the effects of 5-LO inhibitors. Finally, the cytotoxic and anti-proliferative 5-LO inhibitors also potently reduced the viability of
5-LO-deficient tumour cell lines (HelLa, Panc-1 and U937).

CONCLUSIONS AND IMPLICATIONS
Certain 5-LO inhibitors cause cytotoxic and anti-proliferative effects independently of suppression of 5-LO activity. Thus, the
role of 5-LO overexpression in tumour cell viability remains unclear and requires further elucidation.

Abbreviations

5-HETE, 5(5)-hydroxy-6-trans-8,11,14-cis-eicosatetraenoic acid; 5-HPETE,
5(S)-hydroperoxy-6-trans-8,11,14-cis-eicosatetraenoic acid; 5-LO, 5-lipoxygenase; AA, arachidonic acid; BrdU,
bromodeoxyuridine; FCS, fetal calf serum; FLAP, 5-lipoxygenase-activating protein; LC/MS-MS, liquid chromatography
coupled with tandem mass spectrometry; LDH, lactate dehydrogenase; LT, leukotriene; PARP, poly ADP-ribose
polymerase; PGB, prostaglandin B;
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Introduction

5-Lipoxygenase (5-LO), a tightly regulated fatty acid
metabolizing enzyme, catalyses the first two steps in
leukotriene (LT) biosynthesis by dioxygenation of
arachidonic acid (AA). The products of this enzy-
matic reaction are two chemically unstable
intermediates, 5(S)-hydroperoxy-6-trans-8,11,14-cis-
eicosatetraenoic acid (5-HPETE) and LTAs. A non-
haeme coordinated iron atom, located in the
catalytic site of 5-LO, facilitates both chemical reac-
tions. Depending on the cellular enzymes present,
LTA, either can be hydrolysed by LTA4 hydrolase to
form LTB, or can be conjugated with glutathione by
LTCs synthase to generate the cysteinyl LTC,.
Further processing of LTC, produces LTD4 and LTE,,
whereas 5-HPETE can be reduced by glutathione
peroxidases to form the corresponding 5(S)-
hydroxy-6-trans-8,11,14-cis-eicosatetraenoic ~ acid
(5-HETE) (Radmark et al., 2007). In resting cells,
5-LO resides in either the nucleus or the cytosol,
depending on the cell type. Upon activation, 5-LO
translocates to the nuclear membrane, where the
5-LO-activating protein (FLAP) is thought to facili-
tate the transfer of phospholipid-derived AA to 5-LO
(Abramovitz et al., 1993; Mancini et al., 1993).

Several pharmacological strategies exist to
inhibit 5-LO product formation. Non-redox and
redox type inhibitors, including CJ-13,610, Rev-
5901 and AA-861 compete with fatty acids for
binding to the active site cleft(s). [ron-ligand inhibi-
tors such as zileuton and BWA4C suppress enzyme
activity through chelation of the central iron-atom
and/or by stabilizing the ferrous state. FLAP inhibi-
tors, such as MK-886, act indirectly by interfering
with the availability of AA (Ford-Hutchinson et al.,
1994).

Leukotrienes primarily mediate inflammatory
and allergic reactions (Funk, 2001). However, an
increasing body of evidence also suggests a crucial
role for 5-LO products in the early stage of pancre-
atic, prostate and colorectal carcinogenesis (Werz
and Steinhilber, 2006). Numerous studies have dem-
onstrated the overexpression of 5-LO in tissue
samples of primary tumour cells as well as in estab-
lished cancer cell lines (Chen et al., 2006). The addi-
tion of 5-LO products to cultured tumour cells has
also been shown to increase cell proliferation and
activation of anti-apoptotic signalling pathways
(Ding et al., 2003; Tong et al., 2005). 5-LO antisense
technology has been used to demonstrate that
impaired tumour cell growth is due to a reduction in
the expression of 5-LO (Sveinbjornsson et al., 2008).
Finally, pharmacological inhibition of 5-LO
potently suppressed tumour cell growth by inducing
cell cycle arrest and triggering cell death via the

Off-target effects of 5-LO inhibitors

intrinsic apoptotic pathway (Ghosh and Myers,
1998; Ding et al., 1999). Anti-LT drugs therefore are
considered a promising and novel pharmacological
strategy for cancer prevention and therapy.

However, studies investigating the effects of 5-LO
inhibition on tumour cell viability preferentially
utilized relatively high concentrations (up to
100 uM) of competitive 5-LO inhibitors, such as
AA-861 and Rev-5901 or the FLAP inhibitor MK-886.
As the published ICs, values for enzyme inhibition
of these drugs are known to be less than 1 uM
(Yoshimoto etal., 1982; Musser etal., 1987), we
hypothesized that molecular mechanisms indepen-
dent of 5-LO suppression may contribute to the
anti-proliferative and cytotoxic effects mediated by
5-LO inhibitors. In this study, we provide evidence,
for the first time, that direct 5-LO inhibitors are able
to suppress the viability of various human tumour
cells independently of 5-LO inhibition.

Methods

Cell culture

The human pancreatic cancer cell lines Capan-2 and
Panc-1 as well as HeLa cervix carcinoma cells were
purchased from the American Type Culture Collec-
tion (ATCC, Manassas, VA, USA). The human leu-
kaemic monocyte cell lines U937 and THP-1 were
purchased from Deutsche Sammlung fiir Mikroor-
gansimen und Zellkulturen (DSMZ, Braunschweig,
Germany). Capan-2 cells were cultured in McCoy’s
5A medium. Panc-1 and HeLa cells were grown in
DMEM (Dulbecco’s modified Eagle’s medium).
U937 and THP-1 cells were maintained in RPMI
1640 medium. Complete growth media contained
10% fetal calf serum (FCS), 100 ug-mL™" streptomy-
cin and 100 U-mL™ penicillin. Cells were cultured at
37°C in an atmosphere containing 5% COs,.

In vitro cell viability assay

The WST-1 assay (Roche Diagnostic GmbH, Man-
nheim, Germany) was used to determine the cell
viability after treatment with 5-LO inhibitors. Cells
were seeded in 96-well plates at a density of 5 x 10°
(Capan-2), 3 x 10* (Panc-1), 1 x 10* (U937 and
THP-1) cells per well and treated with inhibitors for
72 h (Capan-2) or 48 h (Panc-1, THP-1 and U937) in
presence of 10% FCS. We used a longer incubation
period for Capan-2 cells in order to take into
account their low division rate (~50 h). Cell viability
was assessed using a microplate reader according to
the manufacturer’s protocol (infinite M200, Tecan
Group Ltd., Crailsheim, Germany). AA-861 potently
interfered with the conversion of WST-1 to forma-
zan, apparently due to its redox activity, and was
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not compatible with this assay. The number of
viable cells after AA-861 treatment was therefore
assessed using trypan blue staining. All experiments
were undertaken at least in triplicate.

Colony forming assay

Capan-2 cells were seeded in 6-well plates at a
density of 10° cells per well and incubated for 24 h
at 37°C in an atmosphere containing 5% CO.. Cells
were then treated with increasing concentrations of
5-LO inhibitors and incubated for 10 days. Inhibi-
tors were diluted in complete growth medium in the
presence of 10% FCS. Cells were subsequently fixed
with 100% methanol, stained with 0.5% Ponceau
red, and single cell colonies were counted. The
number of colonies in the dishes devoid of inhibi-
tors was used as an index for a 100% survival rate
(control), and this value was used to obtain survival
rates, as percentage of control, for the wells contain-
ing the inhibitors. The experiments were performed
in triplicate.

Bromodeoxyuridine (BrdU) cell

proliferation assay

To assess the effects of 5-LO inhibitors on cell pro-
liferation, BrdU (bromodeoxyuridine) incorporation
into Capan-2 DNA was measured (BrdU cell prolif-
eration ELISA, colorimetric; Roche Diagnostic
GmbH, Mannheim, Germany). Cells (5000 per well;
96-well plate) were treated with inhibitors for 72 h
in the presence of 10% FCS. Cell proliferation was
assessed using a microplate reader according to
the manufacturer’s protocol (infinite M200, Tecan
Group Ltd.). BrdU incorporation was assessed in
triplicate.

Protein extraction and Western blot analysis

Cells treated with 5-LO inhibitors for 72 h in
medium containing 10% FCS or untreated control
cells were scraped in medium and centrifuged at
1000x g, for 5 min. The cell pellet was washed once
with ice-cold PBS (phosphate-buffered saline). For
the detection of PARP (poly ADP-ribose polymerase),
cells were resuspended in sonification buffer [PBS
pH 7.4, protease inhibitor cocktail tablets (Com-
plete, Mini; Roche diagnostics GmbH, Mannheim,
Germany)], and disrupted by sonification (3 x 10 s)
at 4°C. For the detection of 5-LO, cells were resus-
pended in extraction buffer [0.25 M sucrose, 30 mM
Tris-HCI pH 7.9, protease inhibitor cocktail tablets
(CompleteMini; Roche diagnostics GmbH, Man-
nheim, Germany)] and disrupted by a glass Dounce
homogenizer. The resulting cell homogenates were
centrifuged at 10 000x g for 10 min at 4°C. Protein
concentrations in the supernatant were determined
using the Bradford method. Equal quantities of
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protein extracts were separated by 10% SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and
proteins were electrophoretically blotted onto a
nitrocellulose membrane (Hybond-C Extra, Amer-
sham Biosciences Ltd., Little Chalfont, UK). Mem-
branes were stained with 0.5% ponceau red to
confirm equal loading. After being dried, mem-
branes were incubated overnight in Odyssey block-
ing reagent (LI-COR Biosciences, Bad Homburg,
Germany). The next day, membranes were treated
with the respective primary antibodies directed
against 5-LO (AK-7 rabbit polyclonal, kindly pro-
vided by Professor Olof Radmark, Stockholm,
Sweden; BD, mouse monoclonal, BD Biosciences,
Franklin Lakes, NJ, USA; 5-LO-122-AP, rabbit poly-
clonal, kindly provided by Biolipox AB, Stockholm,
Sweden), B-Actin (No. I-19, goat, polyclonal, Santa
Cruz Biotechnology, Heidelberg, Germany) or
PARP-1 (No. F-2, mouse, monoclonal, Santa Cruz
Biotechnology, Heidelberg, Germany). All antibod-
ies were diluted in Odyssey blocking reagent. Mem-
branes were washed four times with PBS containing
0.2% Tween 20, and were then incubated with an
IRDye680- or IRDye800-conjugated secondary anti-
body (LI-COR Biosciences, Bad Homburg, Germany)
in Odyssey blocking reagent. After extensive rinsing
in PBS containing 0.2% Tween 20, protein—antibody
complexes were visualized on the Odyssey Infrared
Imaging System (LI-COR Biosciences, Bad Homburg,
Germany). All Western blot analysis experiments
were performed in triplicate.

Annexin V staining

Capan-2 cells were seeded on small glass coverslips
and allowed to attach for 24 h at 37°C in an atmo-
sphere containing 5% CO,. Cells were then treated
with inhibitors for 24 h in medium containing 10%
ECS, followed by washing once with washing buffer.
Subsequently, cells were co-stained by covering the
slips with a solution containing annexin V labelling
reagent and propidium iodide (Annexin-V-FLUOS
Staining Kit, Roche Diagnostics GmbH, Basel, Swit-
zerland) for 20 min at 4°C. Coverslips were then
washed once with assay buffer, fixed on microscope
slides, and cell staining was visualized by fluores-
cence microscopy (Axio Observer.Z1, Carl Zeiss AG,
Jena, Germany). Volocity 4.2 software (Improvision,
Tibingen, Germany) was used to quantify the
results. The immunocytochemistry experiments
were undertaken in quadruplicate.

LDH (lactate dehydrogenase)

cytotoxicity assay

Lactate dehydrogenase leakage was used as an index
of membrane integrity due to necrosis (in vitro cyto-
toxicity assay kit, LDH-based; Sigma-Aldrich, Saint



Louis, MO, USA). Capan-2 cells were seeded in
96-well plates at a density of 9 x 10* cells per well
and incubated for 24 h at 37°C in an atmosphere
containing 5% CO,. After treatment with increas-
ing concentrations of 5-LO inhibitors, cells were
turther incubated for 72 h. Inhibitors were diluted
in complete growth medium in the presence of
10% heat-inactivated FCS. Plates were centrifuged
(250x g, 4 min) and an aliquot of the supernatant
was transferred to a clean microtitre plate. Cell
toxicity was measured according to the manufac-
turer’s protocol using a microplate reader (infinite
M200, Tecan Group Ltd., Crailsheim, Germany).
LDH release induced by a control detergent sup-
plied by the manufacturer was set to 100%. All
cytotoxicity experiments were performed in
triplicate.

Determination of 5-LO product formation in
intact THP-1 cells

To induce 5-LO overexpression, THP-1 cells were
differentiated in complete growth medium by addi-
tion of transforming growth factor-B: (TGEFp;,
1 ng-mL™) and 1,25-dihydroxyvitamin D; (50 nM)
for 4 days at 37°C in an atmosphere containing 6%
CO:.. Differentiated cells were harvested by centrifu-
gation and washed once in PBS (pH 7.4). Approxi-
mately 4 x 10° cells were then resuspended in 1 mL
PBS (containing 1 mM Ca*, 1g-L"' glucose, 10%
FCS) and preincubated with the 5-LO inhibitors for
15 min at 37°C. The reaction was started by addition
of 10 uM AA and 5 uM A23187 (Ca* ionophore).
After a 10 min incubation at 37°C, the reaction was
stopped by the addition of 1 mL of ice-cold metha-
nol. This was followed by addition of 200 ng of
prostaglandin B, (PGB;, internal standard), 30 puL of
1 N HCI and 500 uL of PBS. After centrifugation
(10 min, 800x g) the samples were applied to C-18
solid phase extraction columns (100 mg, precondi-
tioned with 1 mL methanol and 1 mL distilled
water). After being washed with a solution of 25%
methanol in distilled water, the 5-LO metabolites
were extracted with 300 uL of pure methanol. The
extract was diluted with 120 uL of distilled water. A
total of 100 uL of the diluted extract was analysed
by HPLC as described previously (Werz and Steinhil-
ber, 1996). 5-LO product formation was expressed
relative to the vehicle control (DMSO) and includes
5-HETE and LTB,4. S5-LO activity was measured in
triplicate.

Reverse transcription polymerase chain
reaction (RT-PCR)

For extraction of total cellular RNA, cells were har-
vested in PBS pH 7.4 and centrifuged at 1000x g for
5 min at 4°C. RNA was isolated with the E.Z.N.A.

Off-target effects of 5-LO inhibitors

Total RNA Kit (OMEGA bio.tek, Norcross, GA, USA)
according to the manufacturer’s protocol. The
amount of RNA was determined using a spectropho-
tometer (NanoPhotometer, Implen GmbH, Munich,
Germany). Reverse transcription was performed
with 1 ug of isolated RNA using an iScript cDNA
Synthesis Kit (Bio-Rad Laboratories, Hercules, CA,
USA) according to the manufacturer’s protocol. The
PCR was performed with an iQ supermix (Biorad
Laboratories, Hercules, CA, USA) using specific
primers for 5-LO (fwd: 5-ACCATTGAGCAGATC
GTGGACACG-3%; rev: 5-CCC ATTCTACACAGAG
CAGGACTGC-3") and B-Actin (fwd: 5-CATTAAG
GAGAA-GCTGTGCTAC-3; rev: 5-GACTCGTCA
TACTCCTGCTTG-3"). 5-LO primers have been
described in previous publications (Jakobsson et al.,
1992). PCR products were separated by gel electro-
phoresis using 1% agarose. Ethidium bromide
(0.5%) was wused for visualization, which was
recorded using a fluorescence camera (Biovision,
Vilber Lourmat, Marne-la-Vallée Cedex, France).
PCR experiments were performed in triplicate.

Statistical analysis

All data are presented as mean + SEM. GraphPad
Prism version 5.00 (GraphPad Software, San Diego,
California, USA) was used for statistical analysis.
Data were subjected to one-way ANOVA coupled with
Dunnett’s post t-test for multiple comparisons.
Quantified immunocytochemistry data were sub-
jected to Student’s paired t-test. A sigmoidal
concentration-response curve fitting model with a
variable slope (GraphPad Prism 5.00 software, San
Diego California USA) was used to draw the curves
following a concentration-inhibition pattern and to
calculate ICso values. Non-sigmoidal data are repre-
sented as line drawings from which no ICs, value
was calculated.

Drugs, chemical reagents and other materials
Calcium ionophore (A23187), AA, AA-861, BWA4C
and 1,25-dihydroxyvitamin D3 were purchased
from Sigma-Aldrich (Munich, Germany). 5-HETE,
LTB4, LTC4, MK-886, Rev-5901 and zileuton were
purchased from Cayman Chemical (Ann Arbor,
USA). Glaxo-Smith Kline (London, UK) kindly pro-
vided CJ-13,610. WITEGA Laboratorien GmbH
(Berlin, Germany) synthesized celecoxib. FCS was
purchased from Biochrom AG (Berlin, Germany).
DMEM, penicillin and streptomycin were pur-
chased from PAA laboratory GmbH (Pasching,
Austria). RPMI 1640 and McCoy’s 5A were pur-
chased from Gibco/Invitrogen (Paisley, UK).
hTGFf, was purified from human platelets (Werz
etal., 1996).
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Results

Assessment of the effects of different classes
of 5-LO inhibitors on the viability of
Capan-2 pancreatic cancer cells using the
WST-1 assay

Numerous studies have described 5-LO inhibitor-
mediated anti-proliferative and cytotoxic effects in
cultured tumour cells, with a preferred use of
AA-competitive inhibitors, such as AA-861 and Rev-
5901. Given that these effects relate to inhibition of
5-LO product formation, all types of 5-LO inhibitors
should have the ability to suppress the viability of
tumour cells. Representatives for each type of 5-LO
inhibitor were used: the redox-type inhibitor
AA-861, the non-redox type inhibitors Rev-5901
and CJ-13,610, the iron-ligand inhibitors zileuton
and BWA4C as well as the FLAP inhibitor MK-886.
Human Capan-2 pancreatic adenocarcinoma cells,
which possess a well-documented 5-LO overexpres-
sion and susceptibility to 5-LO inhibitors, were
employed (Ding et al., 1999). Cells were treated with
increasing concentrations of 5-LO inhibitors for
72 h and overall cellular viability was assessed by
measuring the metabolic activity of the mitochon-
dria using the WST-1 assay. As expected, Rev-5901,
AA-861 and MK-886 concentration-dependently
reduced overall viability of the tumour cells with
ICso values of 76 uM, 57 uM and 37 uM respectively
(Figure 1A). Surprisingly, the potent 5-LO inhibitors
CJ-13,610, BWA4C and zileuton failed to induce
similar effects, even at concentrations as high as
100 uM (Figure 1B). Time-dependent experiments
using AA-861 and Rev-5901 (100 uM each) further
demonstrated that incubation periods of =36 h
were required to achieve a significant reduction in
cell viability (Figure 1C). Notably, a reduction of the
overall cellular viability may derive from an anti-
proliferative effect of the compounds, which would
reduce the total number of viable cells. Alterna-
tively, compounds may directly impair cellular
viability by inducing cytotoxic effects via induction
of apoptosis or necrosis. Thus, the WST-1 assay does
not distinguish between these different types of
growth-modulatory effects. ICso values including
confidence intervals can be found in Table 1.

Investigation of the ability of the 5-LO
inhibitors to induce cytotoxic effects in
Capan-2 cells

The reduction of tumour cell viability mediated by
5-LO inhibitors has previously been attributed to
their ability to induce cytotoxic effects by triggering
cell death via the intrinsic pathway of apoptosis
(Ghosh and Myers, 1998). Alternatively, 5-LO
inhibitors may induce cytotoxic effects by triggering
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Figure 1

Capan-2 cell viability after treatment with various 5-lipoxygenase
inhibitors using the WST-1 proliferation assay. Cells were treated with
increasing concentrations (10-100 uM) of Rev-5901, AA-861,
MK-886 (A) and BWA4C, CJ-13,610 and zileuton (B) for 72 h and the
viability was assessed. (C) Time-dependent effect of Rev-5901,
AA-861 and zileuton (100 uM each) on the viability of Capan-2 cells.
Values represent mean + SEM of three independent experiments.

passive cell death (necrosis). To determine whether
the disparate effects of the various 5-LO inhibitors
in the WST-1 assay (Figure 1) might also be reflected
in different pro-apoptotic activities, early stage apo-
ptosis in Capan-2 cells was examined using annexin
V staining, which indicates intracellular cyto-
chrome C release. Preliminary experiments revealed
an incubation period of 24 h as most applicable,
because treatment of the cells for =48 h led to
severe loss of cell integrity and partial displacement
of the cells from the glass cover slips (data not



Table 1

Off-target effects of 5-LO inhibitors

ICso values and confidence intervals of the 5-lipoxygenase inhibitors in the different assay types

[uMm] AA-861 BWA4C
Capan-2° Mean 57 n.d.

Cl 32-81 n.d.
Panc-1? Mean 27 n.d.

Cl 13-41 n.d.
Hela® Mean 34 10

Cl =714 5-15
THP-12 Mean 40 n.d.

Cl 0.2-79 n.d.
u9372 Mean 12 29

Cl 5-18 19-40
Capan-2° Mean 25 13

Cl 19-31 9-18
Capan-2¢ Mean 76 23

Cl 52-100 19-26

CJ-13,610 MK-886 Rev-5901
n.d. 37 76
n.d. 22-52 74-78
n.d. n.d. 42
n.d. n.d. 37-47
43 24 19
21-66 15-33 2-37
n.d. 32 46
n.d. 2-61 34-58
24 10 17
=694 6-15 =35d
n.d. 15 10
n.d. 11-18 8-12
n.d. 24 56
n.d. =634 36-77

ICso values represent mean of the ICso values obtained from the three independent experiments (n = 3).

2WST-1 assay.

Colony forming assay.

Cell proliferation ELISA.

dLower limit of the confidence interval not quoted as below zero.
Cl, 95% confidence interval; n.d., not detectable (ICso > 100 uM).

shown). Moreover, the shorter incubation period of
24 h takes into account that cytochrome C release
precedes caspase activation and cell death, which
may essentially contribute to the reduction in cell
viability after 48 and 72 h (Figure 1C). Capan-2 cells
were incubated with the different 5-LO inhibitors
for 24 h and the cells were then stained with
annexin V in the presence of propidium iodide.
Annexin V staining was visible for cells treated with
AA-861 and Rev-5901, but negative for cells treated
with zileuton and CJ-13,610 (Figure 2A). Notably,
annexin V staining of cells treated with AA-861 and
Rev-5901 was accompanied by intracellular pro-
pidium iodide staining, indicating disruption of the
cell membrane through necrosis. The right panel of
Figure 2A shows the quantification of the fluores-
cence signals obtained with the different com-
pounds. To confirm the different pro-apoptotic
effects of the 5-LO inhibitors, PARP-cleavage was
assessed as a specific marker for late apoptosis. PARP
is a 112 kDa nuclear protein that is specifically
cleaved by activated caspase-3 and caspase-6 into an
89 kDa and 29 kDa fragment. Treatment of Capan-2
cells with MK-886, AA-861 and Rev-5901 for 72 h
led to the concentration-dependent cleavage of full-
length PARP and an augmented appearance of the
89 kDa cleavage product (Figure 2B), as compared
with untreated control cells. Notably, BWA4C, zileu-

ton and CJ-13,610 at 100 uM exerted an opposite
effect, by not only failing to enhance PARP cleavage
relative to the untreated control, but to preserve the
intact PARP (Figure 2B, lower panel). To obtain
unequivocal evidence for an induction of necrosis
by the 5-LO inhibitors, Capan-2 cells were treated
with the compounds for 72 h and the LDH release
into the medium was assessed as an index of dis-
turbed membrane integrity (Figure 2C). Treatment
with Rev-5901 and MK-886 led to a clear and sig-
nificant increase in LDH release. BWA4C produced
only a weak effect at a high concentration. Zileuton
and CJ-13,610 were ineffective. The COX-2 inhibi-
tor celecoxib was used as a cytotoxic control agent
due to its documented ability to disrupt cell mem-
brane integrity (Maier et al., 2009). AA-861 potently
interfered with the LDH assay, apparently due to its
redox activity, and was therefore excluded from this
experiment.

Assessment of the ability of the 5-LO
inhibitors to induce anti-proliferative

effects in Capan-2 cells using the BrdU
incorporation assay

To evaluate whether drug-related anti-proliferative
effects contribute to the reduction of overall cellular
viability (Figure 1), a well-established proliferation
assay was applied that measures the incorporation
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Figure 2

Assessment of the potency of the 5-LO inhibitors to induce cytotoxic effects. (A) Annexin V/propidium iodide co-staining after treatment of
Capan-2 cells with various 5-LO inhibitors for 24 h. Capan-2 cells were grown on coverslips and incubated with 5-LO inhibitors or a vehicle control
(DMSO) for 24 h. Cells were then incubated for 20 min with a staining solution containing annexin-V-fluorescein and propidium iodide. Coverslips
were then fixed on microscope slides and analysed by fluorescence microscopy. One of four independent experiments is shown. The right panel
shows the quantification of the fluorescence signals (mean + SEM) obtained from the four experiments. (B) Western blot analysis of PARP cleavage
after treatment of Capan-2 cells with increasing concentrations of various 5-LO inhibitors. Cells were treated with MK-886, AA-861, Rev-5901,
CJ-13,610, zileuton and BWA4C at the indicated concentrations for 72 h. Thirty micrograms of total protein extract were separated on a 10%
SDS-polyacrylamide gel and electroblotted onto a nitrocellulose membrane. Cleaved and intact PARP were detected using a specific antibody. One
of four independent experiments is shown. (C) Effect of the 5-LO inhibitors on the release of LDH by Capan-2 cells. Cells were treated with
MK-886, Rev-5901, CJ-13,610, zileuton, BWA4C and celecoxib at the indicated concentrations for 72 h and LDH release into the medium was
assessed by a commercially available cytotoxicity assay. LDH release induced by a control detergent supplied by the manufacturer was set to 100%.
Values represent mean + SEM of three independent experiments. Significant changes versus untreated controls (DMSO) are indicated with an
asterisk. 5-LO, 5-lipoxygenase; AA, AA-861; BW, BWA4C; CJ, CJ-13,610; co, control; LDH, lactate dehydrogenase; MK, MK-886; PARP, poly
ADP-ribose polymerase; Rev, Rev-5901; Zi, zileuton. *P = 0.05; **P < 0.01; ***P < 0.001.

of BrdU, a thymidine analogue, into newly synthe-
sized DNA strands of actively proliferating cells
during the S phase. Capan-2 cells were treated with
increasing concentrations of 5-LO inhibitors for
72 h, and incorporated BrdU was detected immu-
nochemically (Figure 3). Treatment with MK-886
and BWA4C concentration-dependently decreased
BrdU incorporation with ICs, values of 24 and
23 uM respectively (Figure 3A). AA-861 and Rev-
5901 induced anti-proliferative effects only at
higher concentrations (ICs, values >50 uM).
CJ-13,610 only had weak effects on DNA synthesis
(~40% reduction at 100 uM). Notably, BrdU incor-
poration and thus DNA synthesis was not affected
by zileuton (Figure 3B). The respective ICs, values
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including confidence intervals can be found in
Table 1.

Effects of the 5-LO inhibitors on Capan-2
colony formation

As the short incubation period of 72 h may account
for the lacking or weak cytotoxic and anti-
proliferative effects with zileuton and CJ-13,610,
Capan-2 cells were treated with increasing concen-
trations of 5-LO inhibitors for 10 days, followed by
assessment of the numbers of colonies formed
(Figure 4). Importantly, various drug-related effects
may affect colony formation, such as induction of
apoptosis, necrosis or cell cycle arrest. Discrimina-
tion between these effects is not possible. However,
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Figure 3

Effect of the 5-lipoxygenase inhibitors on the incorporation of bro-
modeoxyuridine (BrdU) into Capan-2 DNA. Cells were treated with
(A) BWA4C, MK-886, Rev-5901 and AA-861 or (B) CJ-13,610 and
zileuton at the indicated concentrations for 72 h and BrdU incorpo-
ration was assessed by a commercially available assay. Values repre-
sent mean + SEM of three independent experiments.

the lack of an effect on colony formation after treat-
ment with a drug strongly points to the absence of
a cytotoxic and anti-proliferative activity. Long-
term treatment did increase the growth-inhibitory
potency of AA-861 (ICso = 25 uM), Rev-5901 (ICso =
10 uM) and MK-886 (ICso = 15 uM), as expected.
Under the same conditions, BWA4C suppressed the
number of Capan-2 colonies formed (ICso = 13 uM).
However, CJ-13,610 reduced colony formation by
~50% while zileuton, at concentrations up to
50 uM, failed to induce any effects. The ICso values
for the inhibition of colony formation, including
confidence intervals, are summarized in Table 1.

Determination of the potency of the 5-LO
inhibitors to suppress 5-LO activity

The contrasting cytotoxic and anti-proliferative
activities of the 5-LO inhibitors could potentially be
due to different inhibitory potencies for suppression
of 5-LO activity. This possibility was addressed by
measuring 5-LO enzyme activity in intact Capan-2

Off-target effects of 5-LO inhibitors
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Figure 4

Determination of colony formation of Capan-2 cells after treatment
with various 5-lipoxygenase inhibitors. Cells were seeded at a density
of 10° cells per dish and incubated with increasing concentrations of
(A) MK-886 and BWAA4C, (B) Rev-5901 and AA-861 or (C) CJ-13,610
and zileuton for 10 days. The number of colonies formed was
assessed and expressed relative to the number of colonies in the
vehicle control (100%). Values represent mean + SEM of three inde-
pendent experiments.

cells after treatment with the 5-LO inhibitors, which
would allow a direct comparison of 5-LO-inhibitory
potency and anti-proliferative and cytotoxic poten-
tial. Unfortunately, 5-LO product concentrations in
the Capan-2 medium were below the detection limit
(<50 pg-mL™" for LTBs; and S-HETE) for LC/MS-MS
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(liquid chromatography coupled with tandem mass
spectrometry) analysis (data not shown, for descrip-
tion of LC/MS-MS see Maier et al., 2008). Stimula-
tion of the cells with the Ca*-ionophore A23187 in
the presence of AA (a standard stimulus of 5-LO)
also failed to trigger 5-LO product formation (data
not shown). Leukaemic THP-1 cells, with a docu-
mented 5-LO expression and inducible 5-LO activ-
ity, were therefore tested as an alternative (Riddick
etal., 1997). Cells were preincubated with the 5-LO
inhibitors for 10 min. and 5-LO product formation
was initiated by treatment with 5 uM A23187 in
presence of 10 uM AA. All incubations received 10%
FCS to allow a direct comparison with the ICs
values of the viability and colony forming assays
(Figures 1 and 4). With the exception of Rev-5901,
all of the 5-LO inhibitors potently suppressed 5-LO
product formation by THP-1 cells with 1Cso values
below 1 uM (Figure 5 and Table 2). To allow direct
comparisons, the ICs, values of the various 5-LO
inhibitors for reduction of THP-1 viability were
determined (Table 1).

Effect of addition of 5-LO products on the
5-LO inhibitor induced reduction of tumour
cell viability

Due to the difference in 5-LO inhibitor concentra-
tions required to induce cell death and anti-
proliferative  effects = compared  with  the
concentrations needed to suppress 5-LO enzyme
activity, 5-LO-independent molecular mechanisms
were considered as possible causes of the observed
cytotoxic and anti-proliferative effects. Increasing
concentrations of the 5-LO products 5-HETE and
LTB, were therefore added to 5-LO inhibitor-treated
Capan-2 cells, as these metabolites were reported to
be the primary determinants of the 5-LO-mediated
mitogenicity in pancreatic cancer cells (Ding et al.,
2003; Tong et al., 2005). To exclude the involvement
of CysLTs, we supplemented with high concentra-
tions of LTC, (Figure 6). However, the reduction of
overall cellular viability induced by Rev-5901
(Figure 6A) or AA-861 (Figure 6B) was not signifi-
cantly attenuated by the 5-LO products, despite the
use of rather high concentrations (500 ng-mL™
each). Notably, the addition of 5-LO products par-
tially restored the inhibition of cellular viability
observed in the presence of 100 uM MK-886
(Figure 6A). To clarify this potential effect, MK-886
was used at a lower concentration of 40 uM, close to
the drug’s ICso for reduction of cell viability
(Figure 1) and 5-LO products were again added.
However, addition of the products still produced no
significant effects on the MK-886-induced impair-
ment of cell viability (Figure 6C).
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Figure 5

Effect of the 5-LO inhibitors on 5-LO product formation in THP-1
leucocytes. Cells were preincubated with (A) AA-861 and BWA4C or
(B) Rev-5901, MK-886, zileuton and CJ-13,610 for 15 min in the
presence of 10% FCS. 5-LO product formation was triggered by
addition of A23187 (final 5 uM) and AA (final 10 uM). Downstream
5-LO products (LTB4, 5-HETE) were analysed via reverse phase HPLC.
Values represent mean + SEM of three independent experiments.
5-LO product formation in untreated control was 50.21 * 6 ng per
106 cells. 5-HETE, 5(S)-hydroxy-6-trans-8,11,14-cis-eicosatetraenoic
acid; 5-LO, 5-lipoxygenase; AA, arachidonic acid; FCS, fetal calf
serum.

Effect of the 5-LO inhibitors on the viability
of 5-LO-negative tumour cells using the

WST assay

To obtain unequivocal evidence that 5-LO inhibi-
tors reduce tumour cell viability independently of
suppression of 5-LO product formation, the effects
of 5-LO inhibitors in tumour cell lines lacking 5-LO
were tested. The different 5-LO expression levels
were confirmed by Western blot analysis (Figure 7A)
and RT-PCR (Figure 7B). The myeloid lineage U937
is well documented as being deficient in 5-LO, due
to hypermethylation of the 5-LO promoter
(Kargman et al., 1993; Uhl et al., 2002), and is mor-
phologically comparable with the S5-LO-positive
THP-1 leucocytes. The pancreatic adenocarcinoma



Table 2

Off-target effects of 5-LO inhibitors

ICso values and confidence intervals for enzyme inhibition of the different 5-lipoxygenase inhibitors in intact THP-1 cells

CJ-13,610

AA-861
Mean 0.014 0.0064 0.21
Cl 0.0044-0.024 =0.014°

0.05-0.36

MK-886 Rev-5901 Zileuton
0.15 4.2 0.3
0.018-0.29 1.1-7.2 0.24-0.35

ICso values represent mean of the ICso values obtained from the three independent experiments (n = 3).

?Lower limit of the confidence interval not quoted as below zero.
Cl, 95% confidence interval.

cell line Panc-1 has previously been described as
expressing 5-LO (Hennig et al., 2005), but when
grown under the current cell culture conditions and
analysed by Western blot using three different 5-LO
antibodies (Figure 7A shows the experiment with
the rabbit polyclonal Biolipox antibody, other blots
were not shown) and with RT-PCR, no expression
could be detected. Additionally, we utilized HeLa
cervix carcinoma cells, which possess a well-
documented deficiency in 5-LO expression (Fischer
et al., 2003; Sabirsh et al., 2005).

Similar to the results obtained with Capan-2 cells
(Figure 1A), Rev-5901 and AA-861 caused a
concentration-dependent suppression of Panc-1
viability  (Figure 8A). By contrast, zileuton,
CJ-13,610 and MK-886 produced no or only weak
effects. BWA4C, surprisingly, slightly increased the
overall viability of the tumour cells. Furthermore, all
5-LO inhibitors, except zileuton, potently sup-
pressed cell viability in U937 cells (Figure 8B). The
ICso values of the 5-LO inhibitors for the reduction
of tumour cell viability in all tumour cell lines tested
are summarized in Table 1.

Discussion and conclusions

Numerous studies have described 5-LO inhibitor-
induced cytotoxic and anti-proliferative effects in
cultured tumour cells as an important basis for the
involvement of 5-LO in tumourigenesis. This report
demonstrates, for the first time, that the frequently
used 5-LO inhibitors AA-861, Rev-5901, BWA4C and
CJ-13,610 can reduce the viability of different
tumour cells independently of suppression of 5-LO
product formation.

The hypothesis of a 5-LO-independent mecha-
nism for cytotoxicity and anti-proliferation was sub-
stantiated using several independent experimental
approaches. First, the various 5-LO inhibitors were
shown to possess different abilities to reduce the
viability of cultured 5-LO-positive Capan-2 pancreas
carcinoma cells. We found that treatment of the
tumour cells with AA-861, MK-886 and Rev-5901 led

to an induction of both cytotoxic and anti-
proliferative effects. By contrast, CJ-13,610 and
BWA4C produced no or only marginal cytotoxic
effects, but impaired DNA synthesis, which may
explain the drug’s suppressive potency in the long-
term colony forming assay (10 days) and the
lacking, or weak effects, in assays with shorter incu-
bation periods (e.g. WST-1 assay, 72 h). Notably,
zileuton, the only commercially available 5-LO
inhibitor, failed to induce any anti-proliferative or
cytotoxic effects in all types of tumour -cells
employed in this study. Interestingly, in the PARP
cleavage experiment (Figure 2B), CJ-13,610, BWA4C
and zileuton preserved the intact PARP protein sug-
gesting that these compounds could have anti-
apoptotic effects in this context, although the
molecular mechanism remains unclear and needs
further investigation. Second, the ICs, values of the
inhibitors for induction of cytotoxic and anti-
proliferative effects in Capan-2 and THP-1 cells
exceeded the respective ICs, values for inhibition of
5-LO enzyme activity by more than 20-fold (Rev-
5901) and up to 5000-fold (AA-861) (Table 2). Third,
the addition of mitogenic 5-LO products failed to
abolish the 5-LO inhibitor-induced reduction of
Capan-2 cell viability. Furthermore, the rather low
amounts of S5-LO products found (<50 pg-mL™’
5-HETE and LTB. and below the LC/MS-MS detec-
tion limit) in the Capan-2 supernatant suggested
that these metabolites would probably not regulate
tumour cell viability to a significant degree. Lastly,
three 5-LO-negative tumour cell lines (Panc-1, HeLa
and U937) exhibited a higher susceptibility towards
the 5-LO inhibitors than their morphologically
related 5-LO-positive counterparts (Capan-2, THP-
1). Collectively, the present findings strongly
support the notion that 5-LO-independent mecha-
nisms constitute the basis for the cytotoxic and anti-
proliferative effects of the 5-LO inhibitors used in
this study.

Ghosh and Myers were among the first to dem-
onstrate that 60 uM of AA-861 abolishes the AA
stimulated increase of prostate cancer cell growth
(Ghosh and Myers, 1997) and that inhibition of
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Figure 6

Effect of exogenously added 5-LO products (5-HETE, LTB, and LTC,)
on the viability of Capan-2 cells treated with different 5-LO inhibitors.
Cells were co-incubated with (A, C) MK-886, Rev-5901 or (B) AA-861
at the concentrations indicated and increasing concentrations of
mitogenic 5-LO products for 72 h. Media were replaced daily by
fresh medium containing the inhibitors and 5-LO products due to
chemical instability of the leukotrienes and 5-HETE, as determined by
LC/MS-MS. Cell viability was measured using the WST-1 assay (Rev-
5901, MK-886) or by assessing the number of viable cells using
trypan blue staining (AA-861). Values represent mean + SEM of four
independent experiments. 5-HETE, 5(S)-hydroxy-6-trans-8,11,14-cis-
eicosatetraenoic acid; 5-LO, 5-lipoxygenase; LC/MS-MS, liquid chro-
matography coupled with tandem mass spectrometry.

5-LO by 10 uM MK-886 triggers severe apoptosis in
human prostate cancer cells (Ghosh and Myers,
1998). Subsequent studies showed that AA-861 is
capable of suppressing the growth of oesophageal
cancer cells in vitro with an ICso value of 30-60 uM
(Hoque et al., 2005) and the proliferation of MCF-7
breast cancer cells with an ICso value of approxi-
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Figure 7

Analysis of 5-lipoxygenase (5-LO) expression in Capan-2, THP-1,
Panc-1, U937 and Hela cells. (A) Thirty micrograms of total protein
extract was loaded onto a 12% SDS-polyacrylamide gel and elec-
troblotted onto a nitrocellulose membrane. 5-LO protein expression
was determined using a specific polyclonal antibody raised against
the N-terminus of 5-LO. Equal loading of the gel was checked by
reprobing the membrane with a B-actin antibody. (B) For RT-PCR,
RNA from the cell lines was extracted using a purification kit and
reverse transcription was performed with an iScript™ cDNA synthesis
kit. PCR reaction was carried out with an iQ™ supermix kit and
specific primers for 5-LO and B-actin. PCR products were separated
via 1% agarose gel electrophoresis, and ethidiumbromide-labelled
DNA bands were visualized using a fluorescence camera. The results
from one of three independent experiments are shown.

mately 20 uM (Hammamieh et al., 2007). AA-861
has been shown to have similar effects in colorectal
cancer cells (Ihara et al., 2007). A reduction of serum
in the growth medium or the use of serum-free
conditions understandably led to higher anti-
proliferative and cytotoxic potencies for AA-861
(ICso of 8-61 uM) and Rev-5901 (ICso of 5-50 uM) in
these studies (Ding et al., 1999; Tong et al., 2002;
Titos etal., 2003; Hayashi et al., 2006; Melstrom
et al., 2008; Sveinbjornsson et al., 2008). Together,
the anti-proliferative and cytotoxic potencies of
AA-861, Rev-5901 and the other 5-LO inhibitors
determined in this study are in agreement with the
effects of the drugs reported by others. Thus, the
data indicating that anti-proliferation and cytotox-
icity may derive, at least partially, from 5-LO-
independent mechanisms should be broadly
applicable.

Several previous studies support the findings of
the present work. Datta ef al. (1999) were the first to
provide evidence that MK-886, a FLAP inhibitor,
may induce apoptosis independently of FLAP, which
is in line with the reactivity of MK-886 observed in
our assays. More recently, Sabirsh etal. (2005)
described 5-LO-independent effects of various LT
synthesis inhibitors on Ca* signalling in S5-LO-
deficient HeLa carcinoma cells. Finally, Hennig et al.
(2005) observed similar growth-inhibitory effects of
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Rev-5901 that were independent of whether the
NIH-3T3 cells expressed 5-LO or not.

Given that some 5-LO inhibitors induce cyto-
toxic and anti-proliferative effects independently of
suppression of 5-LO product formation, addition of
exogenous 5-LO products should fail to protect
tumour cells from 5-LO inhibitor-induced reduction
in cell viability, as demonstrated in the present
study. However, several studies reported attenuated
anti-proliferation through the addition of 5-LO
products. The extreme concentrations required to
observe the effect stand as one caveat to these
experiments, as the final concentration of 5-LO
products had to be up to 10 000-fold greater than
those in the medium of untreated cells (Ghosh and
Myers, 1998; Hoque et al., 2005; Sveinbjornsson
et al., 2008). The cytoprotective effects of high con-
centrations of supplemented 5-LO products may be
due to the ability of 5-HETE and LTBs to increase the
cell proliferation and viability by activating the
mitogenic and anti-apoptotic MAPK and Akt kinase
signalling pathways (Ding et al., 2003; Tong et al.,
2005). It is therefore reasonable to postulate that
high concentrations of 5-LO products could coun-
teract diverse pro-apoptotic stimuli by mechanisms
not directly related to inhibition of 5-LO.

The primary goal of this study was to address the
question of indirect mechanisms associated with
5-LO inhibitors, and, importantly, not to question
the role of 5-LO in the proliferation of malignant or
non-tumour cells in general. For example, the
growth of freshly isolated murine neuronal stem
cells, which produce considerable basal amounts of
LTB, (~7 ng per 10° cells), was suppressed by AA-861
at concentrations of less than 1 uM (Wada et al.,
2006). Furthermore, zileuton, the only drug devoid
of anti-proliferative and cytotoxic off-target effects
in the present study, was capable of inhibiting the
growth of RAW macrophages at concentrations
below 1 uM. The macrophages synthesized the 5-LO
product LTB, and addition of physiologically rel-
evant concentrations of LTB, reversed the growth-
inhibitory effects of zileuton (Wada et al., 2006).
Several studies have shown moderately reduced cell
proliferation rates due to down-regulation of 5-LO
expression by antisense approaches (Ding etal.,
1999; Uz etal., 2001; Walker et al., 2002; Sveinb-
jornsson et al., 2008). As stated by the authors, the
extent of mitogenic effects of 5-LO that originate
from its enzymatic activity remains unclear. Inter-
estingly, non-enzymatic functions, including an
interaction with cytoskeleton proteins or with the
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adaptor protein GRb2, involved in growth-factor
signalling, have been reported (Lepley and Fitz-
patrick, 1994) and may contribute to the decrease in
cell proliferation through down-regulation of 5-LO
expression. Together, this evidence suggests that
5-LO products have mitogenic functions in tumour
as well as non-tumour cells, but this effect appears
to be restricted to certain cell types.

Several conclusions with relevance to future
research on 5-LO can be drawn from the present
study: (i) the anti-proliferative and cytotoxic effects
of 5-LO inhibitors are substance-specific and may
include 5-LO-independent mechanisms. The
molecular non-5-LO targets are of interest and
warrant further elucidation as novel pharmacologi-
cal strategies for potent suppression of tumour cell
growth. However, results from experiments on the
role of 5-LO in proliferation of tumour cells using
high concentrations (>1 uM) of 5-LO inhibitors may
be misleading; (ii) Zileuton appears to be the most
applicable drug for studying anti-proliferative and
cytotoxic effects deriving from 5-LO inhibition,
because it is the only agent devoid of interfering
off-target effects. However, growth-inhibitory activi-
ties of zileuton in cell culture assays will require a
certain susceptibility of the cells towards 5-LO prod-
ucts as already observed with macrophages (Wada
et al., 2006); and (iii) several tumour cells, such as
Capan-2, overexpress 5-LO, but suppression of enzy-
matic activity by zileuton or other selective 5-LO
inhibitors, such as CJ-13,610, produced no or only
marginal effects on cell viability. Thus, the role of
5-LO overexpression in these types of tumour cells
remains unclear. Further studies are therefore
required that address both indirect tumourigenic
effects, such as promotion of angiogenesis in vivo as
well as possible non-enzymatic functions of 5-LO,
such as interactions of the protein with components
of cellular signalling cascades or the cytoskeleton.
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