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BACKGROUND AND PURPOSE

1,4-Benzoquinones are well-known inhibitors of 5-lipoxygenase (5-LOX, the key enzyme in leukotriene biosynthesis), but the
molecular mechanisms of 5-LOX inhibition are not completely understood. Here we investigated the molecular mode of
action and the pharmacological profile of the novel 1,4-benzoquinone derivative 3-((decahydronaphthalen-6-yl)methyl)-2,5-
dihydroxycyclohexa-2,5-diene-1,4-dione (RF-Id) in vitro and its effectiveness in vivo.

EXPERIMENTAL APPROACH

Mechanistic investigations in cell-free assays using 5-LOX and other enzymes associated with eicosanoid biosynthesis were
conducted, along with cell-based studies in human leukocytes and whole blood. Molecular docking of RF-Id into the 5-LOX
structure was performed to illustrate molecular interference with 5-LOX. The effectiveness of RF-Id in vivo was also evaluated
in two murine models of inflammation.

KEY RESULTS

RF-ld consistently suppressed 5-LOX product synthesis in human leukocytes and human whole blood. RF-Id also blocked
COX-2 activity but did not significantly inhibit COX-1, microsomal PGE; synthase-1, cytosolic PLA; or 12- and 15-LOX.
Although RF-Id lacked radical scavenging activity, reducing conditions facilitated its inhibitory effect on 5-LOX whereas cell
stress impaired its efficacy. The reduced hydroquinone form of RF-Id (RED-RF-Id) was a more potent inhibitor of 5-LOX as it
had more bidirectional hydrogen bonds within the 5-LOX substrate binding site. Finally, RF-Id had marked anti-inflammatory
effects in mice in vivo.

CONCLUSIONS AND IMPLICATIONS

RF-ld represents a novel anti-inflammatory 1,4-benzoquinone that potently suppresses LT biosynthesis by direct inhibition of
5-LOX with effectiveness in vivo. Mechanistically, RF-Id inhibits 5-LOX in a non-redox manner by forming discrete molecular
interactions within the active site of 5-LOX.
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Abbreviations

5-H(P)ETE, 5(S)-hydro(pero)xy-6-trans-8,11,14-cis-eicosatetraenoic acid; 5-LOX, S-lipoxygenase; AA, arachidonic acid;
cPLA,, cytosolic PLA,; DPPH, diphenylpicrylhydrazyl radical; FLAP, 5-LOX-activating protein; fMLP, N-formyl-
methionyl-leucyl-phenylalanine; mPGES-1, microsomal PGE; synthase-1; PDB, Protein Data Bank; PGC, PBS plus

1 mg-mL™! glucose and 1 mM CaCl,

Introduction

5-Lipoxygenase (5-LOX), a non-haeme iron-containing
dioxygenase, initiates the biosynthesis of leukotrienes (LTs)
from arachidonic acid (AA). LTs are involved in the patho-
genesis of asthma and allergic rhinitis, but may also play a
role in atherosclerosis and cancer (Peters-Golden and
Henderson, 2007; Radmark et al., 2007). Upon cell stimula-
tion, the cytosolic PLA, (cPLA,) releases AA that is converted
by the enzyme 5-LOX into LTA,. The conversion of AA
induced by 5-LOX is facilitated by the nuclear membrane-
bound 5-LOX-activating protein (FLAP), which will ulti-
mately determine the biosynthesis of the LTs (Evans et al.,
2008). LTA4 is then converted to other LTs (i.e. LTBs or
cysteinyl-LTs) by LTA; hydrolase or LTC, synthase, depending
on the cell type (Radmark et al., 2007). LTB, acts as potent
pro-inflammatory agent by inducing chemotaxis and activa-
tion of leukocytes, whereas the cys-LTs essentially cause vaso-
and bronchoconstriction (Back et al., 2011). Because of the
significant pathophysiological role of LTs, pharmacological
concepts have been developed to either block the action of
LTs or to inhibit their biosynthesis (Werz and Steinhilber,
2006).

Inhibition of cPLA, or of 5-LOX as well as competition
with FLAP are effective pharmacological strategies that inter-
fere with LT biosynthesis and there are currently novel 5-LOX
and FLAP inhibitors undergoing clinical trials (Tardif et al.,
2010; Wasfi et al., 2012; Bain et al., 2013). 5-LOX inhibitors
are classified into (i) redox-type inhibitors that interfere with
the redox cycle of the active-site iron, (ii) iron ligand-type

inhibitors that chelate the active-site iron, (iii) non-redox-
type inhibitors that compete with AA and/or fatty acid
hydroperoxides and (iv) ‘novel type’ 5-LOX inhibitors with
distinct modes of action (Pergola and Werz, 2010). However,
only zileuton (Figure 1), an iron ligand-type 5-LOX inhibitor
has been approved as a LT synthesis inhibitor for pharmaco-
therapy (Pergola and Werz, 2010).

We have recently discovered a series of 1,4-
benzoquinones, exemplified by 3-((decahydronaphthalen-
6-yl)methyl)-2,5-dihydroxycyclohexa-2,5-diene-1,4-dione
(RF-Id; Figure 1), that act as potent inhibitors of 5-LOX in
human neutrophils (ICs, = 0.58 puM; Filosa et al., 2013). Com-
pounds possessing a 1,4-benzoquinone moiety exhibit
multiple biological properties, including antioxidant, anti-
inflammatory and anti-cancer activities (Dandawate et al.,
2010; Petronzi et al., 2011; 2013; Schaible et al., 2013). The
anti-inflammatory effects of 1,4-benzoquinones have been
found to be associated with suppression of LT formation
(Werz, 2007), and the 1,4-benzoquinone AA-861 (Figure 1) is
a well-recognized 5-LOX inhibitor (Yoshimoto et al., 1982).
Even though AA-861 was shown to be effective in numerous
animal models of inflammation, the molecular mode of
action of 5-LOX inhibition is still unclear and inhibition
of other relevant targets (e.g. 12-LOX) or mechanisms
(PGE; suppression) have been proposed (Ohuchi et al., 1983;
Nakadate et al., 1985). Due to the reducing properties of the
intracellular milieu (e.g. presence of glutathione in the mil-
limolar range), the 1,4-benzoquinone moiety is thought to be
reduced to a 1,4-diphenol structure (=1,4-hydroquinone) that
may then either reduce the 5-LOX active-site iron or scavenge
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Figure 1
Chemical structures of zileuton, AA-861, RF-Id, RED-RF-Id and RF-Ic.
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lipid hydroperoxides that are needed to activate 5-LOX, sug-
gesting that the reducing character of the substance eventu-
ally confers 5-LOX inhibition (Ohkawa et al., 1991; Poeckel
etal., 2006). However, the potency of 1,4-benzoquinones
does not solely depend on its reducing properties, as its lipo-
philicity seems to be another specific determinant of potency
(Ford-Hutchinson et al., 1994; Werz, 2007). Interestingly, a
competitive mode of 5-LOX inhibition has been proposed for
AA-861 (Hofmann et al., 2012).

Here we present the results of an analysis of the molecular
mode of action and the pharmacological profile of com-
pound RF-Id acting as a 5-LOX inhibitor. We have also dem-
onstrated that it has an anti-inflammatory effect in two mice
models. We propose that RF-Id inhibits the activity of the
enzyme 5-LOX as a result of its discrete molecular interac-
tions with 5-LOX, but does not affect the redox cycle of its
active-site iron.

Methods

Materials

Compounds RF-Id and RF-Ic (used as racemates) were synthe-
sized and characterized as reported previously (Filosa et al.,
2013). RED-RF-Id (used as a racemate) was synthesized as
follows: tin granulate (4 mg, 0.033 mmol) was added slowly
to a suspension of RF-Id (0.028 mmol) in HCI 37% (0.5 mL).
The reaction was warmed to 100°C for 1 h. After being cooled
to room temperature, the mixture was diluted with water
(3mL) and ethyl acetate (3 mL). The organic layer was
washed with water (3 mL) and saline solution (3 mL), sepa-
rated and dried over Na,SO,. The solvent was evaporated
under reduced pressure and RED-RF-Id was produced as a
brown solid (yield 86%). '"H NMR (CD;OD, 300 MHz) § 0.96—
1.88 (m, 17H), 2.25-2.40 (m, 1H), 2.51-2.68 (m, 1H), 3.88
(br, 4H), 6.77 (s, 1H). Because docking simulations revealed
comparable or even identical GoldScores for the R- and
S-enantiomers (see below), we used the racemic mixtures of
RF-Id, RF-Ic and RED-RF-Id for the biological evaluations.
Hyperforin and MK886 were generous gifts from Schwabe AG
(Karlsruhe, Germany) and Merck Frosst (Montreal, Canada)
respectively. Zileuton was obtained from Sequoia Research
Products (Oxford, UK), PGH, from Larodan (Malmo, Sweden)
and IL-1B, ReproTech (Hamburg, Germany). RSC-3388, ovine
isolated COX-1 and human recombinant COX-2 were from
Cayman Chemical (Ann Arbor, MI, USA). HPLC solvents were
from VWR International GmbH (Darmstadt, Germany).
Arachidonic acid, the Ca* ionophore A23187, celecoxib,
diamide, DTT, N-formyl-methionyl-leucyl-phenylalanine
(fMLP), indomethacin, LPS and all other fine chemicals were
from Sigma-Aldrich (Taufkirchen, Germany) unless stated
otherwise. Nomenclature for the receptors and molecular
targets studied here conforms to Alexander et al., 2013.

Docking simulation

Docking was performed with the GOLD software (5.01)
(GOLD 5.01, 2012) package under the Suse LINUX operating
system. The starting geometry of the ligand was calculated
with OMEGA 2.2.1. (OMEGA version 2.2.1, 2007). The X-ray
crystal structure data of 5-LOX was obtained from the Protein
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Data Bank (PDB; Berman et al., 2000). The A chain of the PDB
entry 308y (Gilbert et al., 2011) was prepared as the binding
protein. Water molecules inside the binding pocket were set
on toggle and spin. The binding site was defined around the
iron (Fe2_1_A, X=4.05,Y=21.35,Z=-0.28)ina 10 A radius.
The programme was set to calculate the 10 best ranked poses.
As a scoring function, Goldscore fitness was calculated. Oth-
erwise, default settings were used. The resulting poses and
potential interactions were visualized in LigandScout 3.02
(Wolber et al., 2009).

Cells

Neutrophils, monocytes and platelets were isolated from
human blood from healthy adult volunteers, with consent,
obtained from the Institute of Transfusion Medicine, Univer-
sity Hospital Jena, as described previously (Schaible et al.,
2013). Washed platelets were finally resuspended in PBS
pH 7.4 and 1 mM CaCl,, whereas neutrophils and monocytes
were finally resuspended in PBS pH 7.4 containing 1 mg-mL™!
glucose and 1 mM CacCl, (PGC buffer). A549 cells were grown
in DMEM/high glucose (4.5 g-L™') medium supplemented
with heat-inactivated fetal calf serum (10%, v v'!), 100 U-mL™
penicillin/100 pg-mL™" streptomycin at 37°C in a 5% CO,
incubator.

For cytotoxicity analysis, neutrophil viability was ana-
lysed by trypan blue exclusion with a Vi-cell counter (Beck-
mann Coulter GmbH, Krefeld, Germany). Cytotoxicity of
RF-Id in monocytes incubated for 24 h at 37°C was analysed
by use of the MTT assay as described previously (Koeberle
et al., 2008).

Determination of 5-LOX product formation

in cell-based assays

For assays of intact cells stimulated with Ca®-ionophore
A23187 or 0.3 M NaCl, 5 x 10° freshly isolated neutrophils
were resuspended in 1 mL PGC buffer. After pre-incubation
with the compounds (15 min, 37°C), 5-LOX product forma-
tion was started by addition of 1 mM CaCl, and 2.5 uM
A23187 or 0.3 M NaCl plus AA at the indicated concentra-
tions respectively. After 10 min at 37°C, the reaction was
stopped by addition of 1 mL of methanol. For stimulation
with fMLP, neutrophils were first primed with 1 pg-mL™ LPS
for 15 min at 37°C before the addition of the compounds.
After another 5 min, 0.3 U-mL™" adenosine deaminase and
10 min later, 1 uM fMLP was added. After 5 min at 37°C, the
reaction was stopped. For monocytes (5 x 10° cells-mL™), cells
were primed with 1 ug-mL™ LPS at 37°C. After 15 min, com-
pounds were added and incubated for another 15 min at 37°C
followed by stimulation with 1 uM fMLP for 10 min at 37°C.
Cells were placed on ice, centrifuged at 800x g for 5 min
at 4°C and the supernatant was added to methanol. The
5-LOX metabolites formed were extracted and analysed by
HPLC as described previously (Pergola et al., 2012). 5-LOX
product formation is expressed as ng of 5-LOX products per
10° cells, which includes LTB, and all of its trans isomers,
5(5),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
Cs4, D4y and E4 were not detected, and oxidation products of
LTB, were not determined. For the determination of cysLTs in
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supernatants of monocytes, a cys-LT eLisa kit from Enzo Life
Sciences International Inc., Lorrach (Germany) was used; this
detects LTC,, LTD, and LTE,.

For whole blood assays, freshly withdrawn blood was
obtained by venipuncture and collected in monovettes con-
taining 16 LE. heparin mL™. Aliquots of 2 mL were pre-
incubated with the test compounds or with vehicle (0.1%
DMSO) for 15 min at 37°C, as indicated, and formation of
5-LOX products was started by addition of 30 uM A23187 for
10 min at 37°C or first primed with 1 ug-mL™ LPS for 30 min
at 37°C and then stimulated with 1 uM fMLP for 15 min at
37°C. The reaction was stopped on ice and the samples were
centrifuged (600x g, 10 min, 4°C). Aliquots of the resulting
plasma (500 pL) were then mixed with 2 mL of methanol.
The samples were placed at —20°C for 2 h and centrifuged
again (600x g, 15 min, 4°C). The supernatants were collected
and diluted with 2.5 mL PBS and 75 uL of 1 N HCI. The
5-LOX metabolites formed were extracted and analysed by
HPLC as described for intact neutrophils.

Expression and purification of human
recombinant 5-LOX from Escherichia coli,
and determination of 5-LOX activity in
cell-free systems

E.coli BL21 was transformed with pT3-5-LOX plasmid and the
human recombinant 5-LOX protein expressed at 37°C was
purified as described previously (Pergola efal., 2012) and
immediately used for 5-LOX activity assays. The 5-LOX
(0.5 ug) was diluted with PBS/EDTA and pre-incubated with
the test compounds. After 15 min at 4°C, samples were pre-
warmed for 30 s at 37°C, and 2 mM CacCl, plus the indicated
concentrations of AA were added to start 5-LOX product
formation. For the determination of products in cell homoge-
nates, neutrophils (5 x 10°) were resuspended in 1 mL PBS
containing 1 mM EDTA for 5 min at 4°C and sonicated (4 x
10 s, 4°C). After addition of 1 mM ATP, the homogenates were
incubated with the indicated compounds for 15 min at 4°C,
pre-warmed for 30 s at 37°C and the reaction was started by
the addition of 2 mM CacCl, and 20 uM AA. After 10 min at
37°C, the metabolites formed were analysed by HPLC as
described for intact cells.

Analysis of subcellular redistribution

of 5-LOX

The subcellular fractionation of neutrophils by mild deter-
gent lysis was performed as described previously (Pergola
etal., 2008). Briefly, neutrophils were pre-incubated for
15 min at 37°C with test compounds, stimulated with 2.5 pM
A23187 for 5 min, and chilled on ice. Cells were then lysed by
additions of 0.1% Nonidet P-40, and subsequent centrifuga-
tion yielded a nuclear and a non-nuclear fraction. 5-LOX in
these fractions was analysed by SDS-PAGE and Western Blot-
ting using mouse anti-5-LOX primary monoclonal antibody
(generous gift from Dr Dieter Steinhilber, Goethe University,
Frankfurt am Main, Germany), and infrared labelled second-
ary antibody IRDye 800CW, goat anti-mouse (LI-COR Bio-
sciences, Lincoln, NE). For detection of 5-LOX the Odyssey
Infrared Imaging System (LI-COR Bioscience) was used and
for its analysis, the Odyssey application software (version
3.0.25) was used (Pergola et al., 2012).
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Diphenylpicrylhydrazyl radical (DPPH) assay
The antioxidant activity of test compounds was assessed by
the method of Blois (1958), with slight modifications. Briefly,
100 pL of 25, 50 or 100 uM compound in DMSO (correspond-
ing to 2.5, 5 or 10 nmol) were added to 100 pL of a solution
of the stable free radical DPPH in ethanol (50 uM, corre-
sponding to 5 nmol), buffered with acetate to pH 5.5, in a
96-well plate. After 30 min incubation under gentle shaking
in the dark, the absorbance was recorded at 520 nm.

Activity assays of isolated COX-1

and COX-2

Purified COX-1 (ovine, 50 U) or COX-2 (human recombinant,
20 U) was diluted in 1 mL reaction mixture containing
100 mM Tris buffer pH 8, 5 mM glutathione, 5 uM haemoglo-
bin, and 100 uM EDTA at 4°C and pre-incubated with the test
compound for 5 min. Samples were pre-warmed for 60 s at
37°C, and AA (5 uM for COX-1, 2 uM for COX-2) was added
to start the reaction (Koeberle et al., 2008). After 5 min at
37°C, the reaction was stopped, PGB, as standard, was added
and the COX product 12-hydroxy-5,8,10-heptadecatrienoic
acid (12-HHT) was extracted and then analysed by HPLC.

Determination of the COX-1-derived product
12-HHT in human platelets

Freshly isolated human platelets (10® mL™" PGC buffer) were
pre-incubated with test compounds for 15 min at 37°C and
stimulated for 10 min at 37°C with 5 uM AA. The COX reac-
tion was stopped after 10 min at 37°C and the 12-HHT
formed was analysed by HPLC as described previously (Albert
et al., 2002).

Determination of the COX-2-derived product
6-keto PGF, in intact A549 cells

AS549 cells were stimulated with 2 ng-mL™ IL-1f for 72 h to
induce the expression of COX-2 expression and then pre-
incubated (2 x 10° cells mL™ PGC buffer) with the indicated
compounds for 15 min at 37°C. After stimulation for 15 min
at 37°C with 3 uM AA, the reaction was stopped on ice, the
supernatants were recovered after centrifugation and 6-keto
PGF,, formation was measured with eLisa [6-keto PGF,, was
from Sapphire Bioscience (Waterloo, Australia)].

Determination of the activity of isolated
human recombinant cPLA,, in a

cell-free assay

Expression of His-tagged human recombinant cPLA,, in
baculovirus-infected Sf9 cells and its isolation using Ni-NTA
agarose beads was performed as described previously
(Hoffmann etal.,, 2010). The release of AA from large
unilamellar vesicles, consisting of 1-palmitoyl-2-arachidonyl-
sn-glycero-3-phosphocholine  and  1-palmitoyl-2-oleoyl-
sn-glycerol (ratio of 2:1), induced by his-tagged cPLA, was
determined and subsequent analysis of AA by RP-HPLC was
performed as described previously (Hoffmann et al., 2010).

Determination of microsomal PGE,
synthase-1 (mPGES-1) activity

Preparation of A549 cells and determination of the activity of
mPGES-1 was performed as described previously (Koeberle



et al., 2008). In brief, IL-1B-treated A549 cells overexpressing
mPGES-1 were sonicated and the microsomal fraction was
prepared by differential centrifugation at 10 000x g for
10 min and at 174 000x g. The resuspended microsomal
membranes were pre-incubated with the test compounds or
vehicle (DMSO). After 15 min, PGE, formation was initiated
by addition of PGH, (final concentration, 20 pM). After 1 min
at 4°C, the reaction was terminated, and PGE, was separated
by solid-phase extraction (RP-18 material) and analysed by
RP-HPLC as described previously (Koebetle et al., 2008).

Animals

Male adult CD1 mice (25-35 g, Harlan, Milan, Italy) were
housed in a controlled environment (23°C, humidity range of
40 to 70% and 12 h light/dark cycles) and provided with
standard rodent chow and water. The experimental protocols
were approved by the Animal Care Committee of the Univer-
sity of Naples. Animal care complied with Italian regulations
on protection of animals used for experimental and other
scientific purpose (Ministerial Decree 116192) as well as with
the European Economic Community regulations (Official
Journal of E.C. L 358/1 12/18/1986). All studies involving
animals are reported in accordance with the ARRIVE guide-
lines for reporting experiments involving animals (Kilkenny
et al., 2010; McGrath et al., 2010).

Mouse paw oedema

Mice were lightly anaesthetized by inhalation of enflurane
and depth of anaesthesia was assessed by checking both
abdominal and pedal withdrawal reflex. They were then
given a subplantar injection of 50 uL of carrageenan 1% (w
v!). Paw volume was measured using a hydroplethismometer
specially modified for small volumes (Ugo Basile, Milan, Italy)
immediately before the subplantar injection (basal value) and
2, 4, 6, 24, 48 and 72 h thereafter. Mice were divided into
seven groups (n = 6) and received an i.p. injection of com-
pound RF-Id (0.1, 1 and 10 mg-kg") or vehicle (DMSO),
30 min before the carrageenan injection.

Mouse air pouch

Mice (28-30 g, two groups, n = 6, each) received an i.p. injec-
tion of compound RF-Id (0.1 or 1 mg kg'), indomethacin
(2.5 mg-kg™) or vehicle (DMSO), 30 min before induction of
inflammation. Mice were then lightly anaesthetized with
enflurane. Air pouches were developed by s.c. injection of
2.5 mL sterile air into the back of the mice. Three days later,
2.5 mL of sterile air was re-injected into the same cavity. After
another 3 days, 1 mL of zymosan 1% (w v') or vehicle
(saline) was injected into the air pouch, and after another 4 h,
mice were killed by CO, exposure and exudate in the pouch
was collected with 1 mL of saline, placed in graduated tubes
and centrifuged at 125x g for 10 min. The supernatant was
analysed for LTB, and PGE, by Eusa (Enzo Life Sciences,
Lorrach, Germany, and Biotrend, Cologne, Germany, respec-
tively) according to the manufacturer’s instructions. The
pellet was suspended in 500 pL of saline and leukocytes were
evaluated by optical microscopy of the cell suspension
diluted with Turk’s solution.

Statistics
Data are expressed as mean = SEM. ICs, values were calculated
by non-linear regression using GraphPad Prism software (San
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Diego, CA, USA) one-site binding competition. Statistical
evaluation of the data was performed by one-way ANOvA
followed by a Bonferroni or Tukey-Kramer post hoc test for
multiple comparisons respectively. A P-value <0.05 (*) was
considered significant.

Results

Inhibition of 5-LOX product synthesis by
compound RF-Id in isolated leukocytes

In agreement with our previous findings (Filosa et al., 2013),
RF-1d concentration-dependently suppressed the synthesis of
5-LOX products in A23187-stimulated human neutrophils
(Figure 2A, ICso = 0.9 £ 0.1 uM). Supplementation with exog-
enous AA (20 or 40 uM) did not alter the potency of RF-Id,
suggesting that RF-Id does not primarily act at the level of
substrate supply by inhibiting cPLA, or at the level of AA
transfer (via FLAP) to 5-LOX. Interestingly, the structural
derivative RF-Ic, which carries a cyclohexyl moiety instead of
the decahydronaphthalene (Figure 1) was inactive in this
respect (Figure 2B).

In order to apply more biologically relevant assay
conditions, neutrophils were stimulated with LPS and the
chemotactic peptide fMLP. Furthermore, human isolated
monocytes, a major source for biosynthesis of LTB; and of
cysLTs (Pergola etal., 2011), were used as an additional
cell-based test system. As shown in Figure 2C, RF-Id
concentration-dependently and equally well inhibited LTB,
formation in both neutrophils and monocytes (ICso = 2.6 and
1.6 uM, respectively) that had been primed with LPS and
challenged with fMLP, in a similar manner to zileuton (ICso =
0.8 and 1.5 pM, respectively), a well-recognized and clinically
used 5-LOX inhibitor (Carter et al., 1991), which was applied
as a reference drug. RF-Id and zileuton blocked the formation
of LTB, and of cysLTs in monocytes with comparable poten-
cies, with RF-Id being slightly more potent at suppressing the
formation of LTB, than the cys-LTs (ICso = 1.6 and 4.2 uM
respectively; Figure 2D). Taken together, these results indicate
that RF-Id inhibits the formation of 5-LOX products in intact
cells with consistent potency that is not markedly affected by
the cell type, the type of stimulus or the quantity of the
substrate supplied.

Investigations into the mechanism of the
inhibitory effect of RF-Id on 5-LOX

As reported previously, RF-Id also inhibited 5-LOX activity
under cell-free conditions when isolated 5-LOX was used as
the enzyme source (Filosa et al., 2013). RF-Id was less active in
neutrophil homogenates (ICs, = 10 £ 0.6 uM) than in intact
neutrophils (ICso = 0.9 £ 0.1 uM; Figure 3A) implying that for
efficient suppression of 5-LOX activity, the intact cellular
environment is needed. The possibility that the cytotoxic
effects of RF-Id lead to impaired 5-LOX product formation in
intact cells can be excluded, as RF-Id up to 10 uM had no
significant detrimental effects on the viability of neutrophils
or monocytes after 1 and 24 h of incubation respectively (not
shown). Some inhibitors of LT synthesis act by preventing the
nuclear translocation of 5-LOX and its interaction with FLAP
at the nuclear membrane (Werz, 2002; Evans et al., 2008).
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Figure 2

Inhibition of 5-LOX product formation by RF-Id in intact cells. (A)
Neutrophils were pre-incubated with RF-Id for 15 min at 37°C and
stimulated with 2.5 uM A23187 plus AA as indicated for 10 min at
37°C. Data are means £ SEM; n = 3. (B) Intact neutrophils were
pre-incubated with RF-Ic or RF-Id for 15 min, 37°C and stimulated
with 2.5 uM A23187 plus 20 uM AA for 10 min at 37°C. Data are
expressed as percentage of vehicle control (0.1% DMSO); means +
SEM; n = 3. (C) Neutrophils were primed for 15 min with 1 pg-mL™"
LPS at 37°C, after 5 min 0.3 U-mL™' Ada was added for 10 min, and
cells were then pre-incubated with the compounds (RF-1d, left panel;
zileuton, right panel) for 15 min at 37°C before stimulation with
1T uM fMLP for 5 min at 37°C. Mononcytes were primed with 1 pg
mL™" LPS at 37°C for 5 min, then compounds were added for 15 min,
and cells were stimulated for 10 min at 37°C with 1 uM fMLP. Data
are expressed as percentage of vehicle control (0.1% DMSO); means
+ SEM; n = 3. (D) Effects of RF-Id on LTB4 and cysLT formation in
monocytes. Monocytes were primed with 1T ug mL™' LPS at 37°C for
5 min, then compounds (RF-Id, left panel; zileuton, right panel) were
added for 15 min, and the cells stimulated for 10 min at 37°C with
1 uM fMLP. LTBs; was quantified by HPLC and cysLT levels were
analysed by ELisa in supernatants respectively. Data are expressed as
percentage of vehicle control (0.1% DMSO); means + SEM; n = 3.

However, A23187-induced 5-LOX translocation from the
cytosol to the nucleus in neutrophils was unaffected by RF-Id
(Figure 3B), whereas the novel-type 5-LOX inhibitor hyper-
forin blocked this process (Figure 3B), as expected (Feisst
et al., 2009).
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In contrast to the antioxidants ascorbic acid and
L-cysteine, RF-Id (and also RF-Ic) showed fairly weak radical
scavenging activity in the DPPH assay (Figure 4A). Hence, it is
possible that RF-Id requires the reducing milieu of the cell
(abundance of thiols like glutathione, approx. 5 mM) in order
to be transformed into a radical scavenging form of hydro-
quinone, which has been proposed as a requirement for
5-LOX inhibition for other 1,4-benzoquinones (Ohkawa
etal., 1991). Of interest, restoring the reducing milieu in
neutrophil homogenates (where intracellular thiols are
diluted) by addition of DTT (1 mM; Werz etal., 1998)
increased the potency of RF-Id and lowered the ICs, value
from 10 to 1.7 uM (Figure 4B, left panel). Similarly, for iso-
lated human recombinant 5-LOX, the potency of RF-Id was
enhanced when 1mM DTT was included in the assay
(Figure 4B, right panel). Furthermore, the reduced form of
RED-RF-Id was more potent against isolated 5-LOX (ICs =
0.4 uM), and DTT did not enhance the potency of this
compound further (Figure 4C). Moreover, a competitive
inhibition of 5-LOX by RF-Id appeared possible under non-
reducing conditions. However, there was no significant dif-
ference in the potency of RF-Id at AA concentrations between
1 and 30 pM; the ICs, values were in the range of 7.2 to
10.1 uM (not shown) for isolated 5-LOX.

To confirm that the high efficacy of RF-Id in the cell is due
to the reducing intracellular milieu, we pretreated neutro-
phils with the thiol-oxidizing agent diamide in order to
elevate the cellular oxidative tone. As expected, the inhibi-
tory effect of compound RF-Id (but not of zileuton) on 5-LOX
was impaired by diamide, and the ICs, value shifted from 1.5
to 10 uM (Figure 4D). Finally, the inhibitory effects of RF-Id
and zileuton on 5-LOX were determined in neutrophils sub-
jected to stress using hyperosmotic shock (0.3 M NaCl), in
comparison to cells stimulated with A23187. While zileuton
was equally effective, RF-Id lost potency in cells subjected to
stress (Figure 4E).

Docking simulation

To obtain further insights into the molecular mode of action
of RF-Id, docking of the oxidized quinone as well as the
reduced hydroquinone form of RF-Id in 5-LOX was per-
formed. With each form, both enantiomers were docked into
the X-ray crystal structure of 5-LOX (PDB entry 308y; Gilbert
et al., 2011). The inactive RF-Ic was docked for comparison.
Ten docking poses were calculated for each molecule. Since
the docking algorithm tries different starting conformations
within the binding pocket and minimizes them, it points
towards a clear energetically preferred pose if only very
similar binding poses are found (Jones ef al., 1997). In this
case, the docking poses of all structures were very similar,
suggesting a reliable pose prediction. The hydrophobic rings
filled the hydrophobic channel of 5-LOX running by the
catalytic iron, where the oxidation of AA would take place.
The hydroxylated quinone (or hydroquinone) ring was co-
ordinated between several amino acids and water mole-
cules mediating several hydrogen bonds with the protein
(Figure 5). Note that the inactive cyclohexyl-substituated
quinone RF-Ic did not fill the hydrophobic channel to the
same extent as the decahydronaphthalene-group of RF-Id. Of
interest, the redox state of RF-Id had a considerable effect
on the predicted interaction patterns. For the quinone state
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Figure 3

Effects of RF-Id on 5-LOX activity in intact cells and homogenates and on 5-LOX translocation. (A) Intact neutrophils were pre-incubated with RF-Id
for 15 min, 37°C and stimulated with 2.5 uM A23187 plus 20 uM AA for 10 min at 37°C. Neutrophil homogenates were incubated with RF-Id for
15 min at 4°C. After addition of T mM ATP, samples were warmed up for 30 s at 37°C and stimulated with 2 mM CaCl, and 20 uM AA for 10 min
at 37°C. Data are expressed as percentage of vehicle control (0.1% DMSO); means + SEM; n = 3. (B) Effects of RF-Id and hyperforin on 5-LOX
subcellular localization in neutrophils following stimulation with 2.5 uM A23187 for 10 min at 37°C. The distribution of 5-LOX was analysed by
Western blot in the nuclear and non-nuclear fraction of mild detergent (0.1% NP-40)-lysed cells. One representative experiment of three
independent experiments is shown. Values are given as arbitrary densitometric units. Data are expressed as percentage of control (the 5-LOX band
from unstimulated neutrophils was set to 100% in Non-Nuc, the 5-LOX band from A23187-activated neutrophils was set 100% in Nuc), means

+SEM., n=3.

(RF-Id) several interactions were calculated, depending on the
exact orientation of the ring: hydrogen bonds with GIn®**,
His*7, Tyr'®! and Asn**® were observed, as well as interactions
with the two water molecules H,O%° and H,O’*. In the hyd-
roquinone state (RED-RF-Id), even more interactions were
observed because the additional hydroxyl groups can act
both as donors and acceptors of hydrogen bonds. In terms of
scoring of the R- and S-enantiomers, comparable or identical
GoldScores (26 vs. 30 for RF-Id and 28 vs. 28 for RED-RF-1d)
were obtained.

Analysis of RF-1d for inhibition of 5-LOX
product synthesis in human whole blood and
anti-inflammatory effectiveness in vivo
The human whole blood assay includes important parameters
(e.g. plasma protein binding, interaction with other cells and
fatty acids) that may reduce the bioactivity of test com-
pounds (e.g. for the FLAP inhibitor MK886) in vivo, and data
from such experiments might be appropriate to predict the in
vivo activity of a test compound (Pergola and Werz, 2010). In
human whole blood stimulated with A23187, RF-Id blocked
LTB4 and 5-HETE synthesis by approximately 60% at a con-
centration of 10 uM (ICso = 9.1 uM, Figure 6A). When fMLP
was utilized as stimulus, after priming with LPS, a slightly
more efficient suppression of 5-LOX product synthesis by
RF-1d was evident, with an ICso = 4.1 £ 0.6 uM (Figure 6B).
In order to evaluate the anti-inflammatory effectiveness
of RF-Id in vivo, two well-established animal models of
inflammation, mouse carrageenan-induced paw oedema and
the mouse air pouch model were used. Intraplantar injection
of carrageenan to mice caused a pronounced inflammatory
reaction visualized as a massive swelling of the paw within
2 h. Pretreatment (30 min before carrageenan, i.p.) with RF-Id
(0.1 - 10 mg-kg™) significantly reduced paw swelling with
maximal effects at a dose of 1 mg-kg™', and the inhibitory

action was essentially observed at all time points investigated
(Figure 7A). Because LTB,4 is a well-recognized chemotactic
and chemokinetic agent that causes migration of various
leukocytes, we determined whether RF-Id impairs cell migra-
tion in vivo in an air pouch model. RF-Id, given i.p. at
1 mg-kg', blocked zymosan-induced cell migration in this
model (Figure 7B) and this was accompanied by reduced LTB,
levels (Figure 7C). Note that PGE, was not lowered by RF-Id
(Figure 7D), whereas the COX inhibitor indomethacin
reduced cell migration by 54.5 + 4.7% and PGE; levels to 20.8
+ 5% but failed to repress LTB; synthesis (83.0 + 21.8%
remaining).

Effects of RF-1d on the activity of other LOXs,
COX-1/2, mPGES-1 and cPLA,

Based on the potent anti-inflammatory efficacy of RF-Id in
vivo, the compound may also interfere with other enzymes
involved in the generation of pro-inflammatory eicosanoids.
RF-Id up to 10 uM had no significant inhibitory effect on
12-H(P)ETE or 15-H(P)ETE formation in neutrophil homoge-
nates; ICs, values were >30 uM, regardless of the absence or
presence of DTT (Figure 8A), implying that 12/15-LOXs are
not markedly affected by RF-Id. Neither the formation of the
COX-derived product 12-HHT in intact human platelets nor
12-HHT synthesis by isolated ovine COX-1 enzyme was sup-
pressed by RF-Id (10 uM), while the reference drug indo-
methacin significantly inhibited 12-HHT synthesis (Table 1).
This indicates that RF-Id does not have an effect on COX-1.
Also, RF-Id (10 uM) failed to markedly inhibit the enzymatic
activity of human mPGES-1 in a microsomal assay and of
isolated human recombinant cPLA, (Table 1); as expected, the
reference compounds MK886 (10 uM) and RSC-3388 (5 uM),
respectively, inhibited the enzymes. Interestingly, RF-Id
blocked COX-2 activity in a cell-based assay (6-keto-PGF,, is a
COX-2-derived product) using IL-1B-stimulated A549 cells
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Figure 4

Influence of the redox state on the inhibition of 5-LOX induced by RF-Id. (A) Reduction of the DPPH radical (5 nmol) by RF-Id and RF-Ic, L-cysteine
and ascorbic acid. Data are expressed as percentage of DPPH radical (100%); means = SEM; n = 3. (B) Neutrophil homogenates (left panel) or
partially purified human recombinant 5-LOX (right panel) were incubated with RF-Id (or DMSO as vehicle) for 15 min at 4°C. 5 min before
stimulation, T mM DTT was added as indicated. After addition of T mM ATP, samples were warmed up for 30 s at 37°C and stimulated with 2 mM
CaCl, and 20 uM AA for 10 min at 37°C. Data are expressed as percentage of vehicle control (0.1% DMSO); means + SEM; n= 3. *P < 0.05, ***P
<0.001 DTT treatment versus without, at indicated concentrations. (C) Partially purified 5-LOX was incubated with RED-RF-Id (or DMSO as vehicle)
for 15 min at 4°C. 5 min before stimulation, 1T mM DTT was added as indicated. After addition of T mM ATP, samples were warmed up for 30 s
at 37°C and stimulated with 2 mM CaCl, and 20 uM AA for 10 min at 37°C. Data are expressed as percentage of vehicle control; means = SEM;
n = 3. (D) To intact neutrophils, 500 uM diamide or vehicle (DMSO) was added 7.5 min before addition of RF-Id (left panel) or zileuton (right
panel) at 37°C. After addition of compounds for another 7.5 min at 37°C, cells were stimulated with 2.5 uM A23187 plus 20 uM AA for 10 min
at 37°C. Data are expressed as percentage of vehicle control (0.1% DMSO); means + SEM; n= 3. *P <0.05, ***P <0.001 diamide treatment versus
without, at indicated concentrations. (E) Neutrophils were pre-incubated with RF-Id (left panel) or zileuton (right panel) at 37°C. After 15 min,
either 2.5 uM A23187 plus 40 uM AA or 0.3 M NaCl plus 40 uM AA was added, as indicated. After 10 min at 37°C, 5-LOX products were
determined. Data are expressed as percentage of vehicle control (0.1% DMSO); means + SEM; n=3. ***P <0.001 A23187 versus NaCl at indicated
concentrations.

that were incubated with 3 uM exogenous AA (Figure 8B), Discussion and conclusions

although the potency (ICsy = 7.3 uM) was approximately

10-fold lower as compared with suppression of 5-LOX activity Here we provide a detailed analysis of the molecular mode of
in neutrophils (ICso = 0.58 uM). Along these lines, RF-1d action and the pharmacological profile of the novel 1,4-
(10 uM) inhibited the activity of isolated human recombi- benzoquinone RF-Id that inhibits 5-LOX and possesses anti-
nant COX-2 enzyme in a cell-free assay even though by only inflammatory efficacy in vivo. RF-Id consistently suppressed
25%, while the reference COX-2 inhibitor celecoxib effec- the biosynthesis of various 5-LOX products in human neu-
tively suppressed COX-2 activity (Table 1). Again, as observed trophils and monocytes with similar potencies independent
for inhibition of 5-LOX, the improved potency of COX-2 in of the stimulus, and also blocked 5-LOX product synthesis in
the cell-based assay may be due to the reducing milieu in the human whole blood. Except for COX-2, no relevant enzyme
cell that facilitates the bioactivity of RF-Id. involved in eicosanoid synthesis other than 5-LOX was

2406 British Journal of Pharmacology (2014) 171 2399-2412



5-Lipoxygenase inhibition by a 1,4-benzoquinone

IALA41ONS3T20 007
LEU414A |m

HIS367A

GLNSS7A/<
PHE421A
D,

C RED-RF-Id

Figure 5

Docking poses for RF-Ic, RF-Id and RED-RF-Id. The wireframe represents the surface of the binding pocket. The yellow spheres indicate
hydrophobic parts of the molecule and the arrows mark hydrogen bond donors (green) and acceptors (red). (A) Docking pose of inactive RF-Ic.
The quinone part of the molecule forms hydrogen bonds with His**’, GIn*7 and H,0®%?3. However, the hydrophobic channel of 5-LOX is only
incompletely filled by the ligand. (B) Docking pose of active RF-Id within the binding pocket. Interactions with GIn®7, Tyr'8!, His*” and H,08*
are shown. The hydrophobic part of the molecule effectively fills the substrate channel. (C) RED-RF-Id within the binding pocket forms more
bidirectional hydrogen bonds than in the oxidized quinone form (RF-Id, see B). Interactions with GIn®%7, Tyr'®!, His**” and H,0®%" are shown.
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markedly suppressed by RF-1d, and cellular determinants of
5-LOX product synthesis, such as FLAP, 5-LOX translocation,
cell viability and substrate supply, were also not affected.
Mechanistically, RF-Id directly inhibits 5-LOX, which is gov-
erned by a reducing environment that may allow the hydro-
quinone form to perform more bidirectional hydrogen bonds
with 5-LOX, and the potency strongly depends on the struc-
tural nature of the lipophilic residue (i.e. the decahydronaph-
thalene moiety). Finally, the pharmacological potential of
RF-Id is further substantiated by the observed marked anti-
inflammatory efficacy of the compound in vivo in two
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Figure 6

Inhibition of 5-LOX product formation by RF-Id in human whole
blood. (A) Human whole blood was pre-incubated with the test
compounds (or DMSO as vehicle) for 15 min at 37°C, followed by
stimulation with 30 uM A23187 for 10 min at 37°C. (B) Human
whole blood was primed for 15 min at 37°C with 1 pg-mL™" LPS,
treated with the test compounds (or DMSO as vehicle) for 15 min at
37°C, and then stimulated with 1T uM fMLP. After 15 min at 37°C,
the formation of 5-LOX products was determined (right panel).
*P <0.05, **P <0.01, ***P <0.001 versus vehicle control. Data are
expressed as percentage of vehicle (0.1% DMSO); means + SEM;
n=3.
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Effects of RF-Id on various lipoxygenases and COX-2 activity. (A)
Neutrophil homogenates were incubated with RF-Id for 15 min at
4°C. Left panel: without DTT; right panel with T mM DTT, added
5 min before stimulation. After addition of T mM ATP, samples were
warmed up for 30 s at 37°C and stimulated with 2 mM CaCl, and
20 uM AA for 10 min at 37°C. 5-LOX products, 12-H(P)ETE and
15-H(P)ETE were extracted and analysed by HPLC. Data are
expressed as percentage of vehicle control (0.1% DMSO); means +
SEM; n = 3-4. (B) Effect of RF-Id on the formation of the COX-2-
derived 6-keto PGF,. IL-1B-stimulated A549 cells were pre-incubated
with RF-Id for 15 min at 37°C and stimulated with 3 uM AA for
15 min at 37°C. Then 6-keto PGF,, was analysed by tuisa. Data are
expressed as percentage of vehicle control (0.1% DMSO); means +
SEM; n = 3. *P <0.05, ***P <0.001 versus vehicle control.
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Effect of RF-Id on carrageenan-induced oedema and on zymosan-induced cell migration and LTB, and PGE; levels in vivo. (A) Carrageenan-induced
oedema. Mice were divided into four groups (n = 6) and received i.p. administration of RF-Id (0.1, 1 or 10 mg-kg™" 30 min before subplantar
injection of 50 L of carrageenan (1%, w v'). Paw volume was measured using a hydroplethismometer, specially modified for small volumes,
immediately before the subplantar injection (basal value) and 2, 4, 6, 24, 48 and 72 h thereafter. Data are means + SEM., n = 6. *P <0.05; ***P
<0.001; 1 mg-kg™": $1P <0.01; T11P <0.001; ++P <0.01; +++P <0.001. (B-D) Cell migration in air pouches of mice. Mice (n = 5-6 per group)
received i.p. administration of RF-Id (0.1 and 1 mg-kg™"), indomethacin (2.5 mg-kg™") or vehicle (veh, DMSO). After 30 min, air pouches were
developed by subcutaneous injection of 2.5 mL sterile air into the backs of the mice. Zymosan 1% (w v™') was used as an inflammatory agent to
induce cell migration. After 4 h of zymosan injection, mice were killed by CO, exposure and exudate in the pouch was collected and the total
leukocyte count was evaluated by optical microscopy of the cell suspension diluted with Turk’s solution (B). The supernatants of the exudate were
analysed for LTB,4 (C) or PGE; (D) by eusa. Data are means + SEM., n = 5-6. *P <0.05, anova + Bonferroni (B) and Student’s t-test (C).
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Table 1
Effects of RF-Id on the activity of COX-1/2, mPGES-1 and cPLA;

Remaining activity at 10 uM (%)

5-Lipoxygenase inhibition by a 1,4-benzoquinone

Remaining activity at given concentration
of reference compound (%)

Enzyme/assay or ICso of compound (uM)
Isolated COX-1 89.6 £ 13.6%

COX-1 in platelets 93.8 £3.3%

Isolated COX-2 76.4 £ 7.6%

COX-2 in A549 cells 7.3£0.5uM

Isolated cPLA, 79.9 + 8.2%

mPGES-1, cell-free 71.6 £ 6.9%

(Indomethacin, 10 uM) 22.2 £ 2.6%
(Indomethacin, 10 uM) 5.9 + 3.1%
(Indomethacin, 10 uM) 43.0 £ 2.7%
(Celecoxib, 5 uM) 25.2 + 4.9%
(RSC-3388, 5 uM) 11.6 + 5.9%
(MK886, 10 uM) 26.7 + 8.0%

Data are given as mean £ SEM, n = 3-4.

LT-related animal models. Because of the continuing search
for effective inhibitors of LT biosynthesis and the current
intensive evaluation of respective candidates in clinical trials
(Pergola and Werz, 2010), our data provide significant
advances and insights into the development of such drugs.

Several synthetic compounds possessing a quinone
structure, exemplified by AA-861 (Yoshimoto et al., 1982)
or by 2-[4-(iso-propylphenyl)-amino]-5,6-dimethyl-1,4-
benzoquinone (Poeckel etal., 2006), as well as naturally
occurring 1,4-benzoquinones like ardisiaquinone A, thymo-
quinone, aethiopinone and maesanin have also been
reported to be potent 5-LOX inhibitors (reviewed in Werz,
2007). However, most of these 1,4-benzoquinones were
not selective for 5-LOX and interfered with other pro-
inflammatory targets (e.g. synovial PLA,, LTC, synthase,
COX-1) within the AA cascade. In contrast, with RF-Id only a
moderate suppression of COX-2 in A549 cells and of isolated
COX-2 was evident; neither cPLA,, COX-1, mPGES-1 nor
12/15-LOXs were strongly affected by RF-Id implying a
certain degree of selectivity for 5-LOX.

The mechanism by which 1,4-benzoquinones inhibit
5-LOX activity is a matter of debate: on the one hand, they
may compete with AA as a substrate for binding to 5-LOX
(Hofmann et al., 2012) favoured by the fact that the potency
is paralleled by the lipophilicity of the compounds. On the
other hand, the 1,4-benzoquinones may act as reducing
agents thereby uncoupling the redox cycle of the active-site
iron of 5-LOX. The latter requires the reduction to the corre-
sponding hydroquinone (e.g. in intact cells) that then may
interrupt the redox cycle of the active-site iron of the 5-LOX
due to its radical scavenging properties (Ohkawa et al., 1991).
However, in cell-free assays, various 1,4-benzoquinones have
been shown to inhibit the activity of isolated 5-LOX despite
the absence of reducing agents (Filosa et al., 2013). As under
these conditions, the quinone form seemingly predominates,
the reduction of the 5-LOX active-site iron or interference
with the redox cycle is an unlikely occurrence. Our data and
those of others (Czapski etal., 2012) showed that 1,4-
benzoquinones, which potently inhibit 5-LOX, possess only
weak antioxidant or radical scavenging activity in cell-free
assays. Interestingly, no clear correlation between antioxi-
dant activity and inhibition of 5-LOX could be demonstrated
for a series of synthetic 1,4-benzoquinone derivatives (Wurm
and Schwandt, 2003). Along these lines, the interaction of

the hydroquinone-like o-tocopherol (an antioxidant and
radical scavenger) with purified 5-LOX was found to be
unrelated to its antioxidant function, but instead was shown
to be associated with the selective and tight binding of
a-tocopherol to 5-LOX (Reddanna et al., 1985). Also, inhibi-
tion of 5-LOX by the 1,4-benzoquinone AA-861 is competi-
tive with regard to AA (Hofmann et al., 2012), and AA-861
offered little protection of lipids against lipid peroxidation
and had no effect on DPPH scavenging (Czapski et al., 2012).
In our study, replacement of the decahydronaphthalene
moiety of RF-Id by the physicochemically related cyclohexyl
group in RF-Ic caused complete loss of 5-LOX inhibitory
activity in intact cells even though the 1,4-benzoquinone
core was not altered. It should be noted that neither RF-Ic nor
RF-Id up to 50 uM caused significant radical scavenging activ-
ity in the DPPH assay. Moreover, RF-Id failed to strongly
inhibit the related 12- and 15-LOXs that both recognize AA as
a substrate and possess a non-haem iron in the active site
with the same catalytic principle and redox cycle as 5-LOX.
Hence, interference with the redox cycle of the 5-LOX active-
site iron as an underlying molecular mode of action of RF-Id
and 1,4-benzoquinones is doubtful and rather unlikely. Fur-
thermore, the potency of RF-Id was unaffected by the AA
concentration, which also excludes a competitive mode of
action.

Our data show that reducing conditions favour 5-LOX
inhibition by RF-Id, as in the cell-free assay RF-Id was signifi-
cantly less efficient but after addition of DTT its high potency
could be restored. Accordingly, the (reduced) hydroquinone
form RED-RF-Id was more potent on isolated 5-LOX than
RF-Id and, as expected, DTT failed to further improve 5-LOX
inhibition. Also, the addition of the thiol-oxidizing agent
diamide, which elevates the cellular oxidative tone in neu-
trophils, was found to impair the potency of RF-Id. Note
also that the potency of so-called non-redox-type 5-LOX
inhibitors (i.e. ZM230 487, L-739 010, CJ-13 610), which are
structurally unrelated to RF-Id, is strongly improved under
reducing conditions (Werz et al., 1998; Fischer et al., 2004).
These compounds are thought to act by competing with fatty
acid hydroperoxides for binding to 5-LOX (Werz et al., 1998)
and this reaction appears to be prevented by the phosphor-
ylation of 5-LOX caused by hyperosmotic shock (Fischer
et al., 2004). It is conceivable that RF-Id inhibits 5-LOX by a
similar mechanism, as its inhibitory effect was also impaired
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by hyperosmotic shock. However, the results of the docking
study support the idea that the inhibitory effect of RF-Id on
5-LOX is not based on an interference with the redox state of
the active-site iron. Instead, the redox state of the inhibitor
itself may play a role in its potency by stabilizing it within the
binding pocket. In the reduced hydroquinone form, more
bidirectional hydrogen bonds can be formed with the 5-LOX
ligand-binding site and RED-RF-Id inhibited 5-LOX more
potently than RF-I1d.

A consequence of the requirement of reducing conditions
for non-redox-type 5-LOX inhibitors is that they potently
inhibit 5-LOX in intact cells but only moderately in cell-free
assays (Werz et al., 1998), and this pattern was also found for
RF-1d. The higher potency of RF-Id in intact cells could also be
related to it having an effect on additional targets/events that
are involved in 5-LOX product synthesis, such as cPLA,, FLAP,
CLP and 5-LOX phosphorylation. Because exogenous AA (20
or 40 uM) was provided in the cell-based assay, the possibility
that RF-1d affects the level of substrate for 5-LOX, by inhib-
iting cPLA,- or FLAP-mediated AA transfer to 5-LOX, is
unlikely. Also, RF-Id failed to inhibit cPLA; in a cell-free assay
or to affect the FLAP-dependent translocation of 5-LOX to the
nuclear membrane. Hence, from our results we conclude that
inhibition of 5-LOX by RF-Id, and probably also by other
1,4-benzoquinone-type 5-LOX inhibitors, is not mediated by
an effect on the redox cycle of the active-site iron, even
though these substances have been traditionally categorized
as redox-type inhibitors. Instead, the selective inhibition of
5-LOX induced by RF-Id is likely to result from the formation
of discrete bidirectional hydrogen bonds of the (hydro-)
quinone core with the 5-LOX active site, and hydrophobic
contacts of the decahydronaphthalene moiety within the
fatty acid substrate channel of 5-LOX.

Many 5-LOX and FLAP inhibitors that potently repressed
5-LOX product synthesis in isolated cells failed to do so in
whole blood due to albumin binding, interaction with other
blood cells or competition with fatty acids (Pergola and Werz,
2010). Therefore, the efficacy of RF-Id in human whole blood
(ICso = 4.1 uM) is encouraging and supports the potent anti-
inflammatory effectiveness observed in the animal models at
a dose of 1 mg-kg™' with an estimated plasma concentration
of 3.5 uM. Carrageenan- or zymosan-induced acute inflam-
mation (e.g. in paw oedema) is accompanied by elevated LT
levels (Doherty et al., 1985; Xu et al., 2009), and subplantar
injections of LTD, or LTB, induce increases in paw thickness
(Rackham and Ford-Hutchinson, 1983). In fact, in the exu-
dates of the zymosan-elicited air pouch in mice, RF-Id signifi-
cantly reduced LTB, levels while PGE, was not lowered, which
excludes the COX enzymes as targets. Indeed, RF-Id may
suppress other pro-inflammatory events such as inflamma-
tory cytokine release (Syahida et al., 2006) and NF«B signal-
ling (Israf etal., 2010), as demonstrated for the related
1,4-benzoquinone atrovirinone that had little effect on
5-LOX (Syahida et al., 2006).

In conclusion, we demonstrated that the novel 1,4-
benzoquinone derivative RF-Id is a selective and potent
inhibitor of 5-LOX, and we shed light on the molecular mode
of action underlying its inhibition of 5-LOX activity, with
RF-1d acting as a representative of other 1,4-benzoquinone-
type inhibitors. RF-Id was also shown to be a highly effective
inhibitor in isolated leukocytes and in human whole blood,

2410 British Journal of Pharmacology (2014) 171 2399-2412

and have marked anti-inflammatory efficacy in vivo, further
indicating its suitability for future preclinical investigations
along these lines.
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