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1. Introduction

1. INTRODUCTION

1.1. Inflammation

Inflammation is the biological response of the inmaudefence to harmful stimuli, both
internal (injury or lesion) and external (infectjaioxins, irritants). It is a protective attempt
carried out by the organism to remove the injuristisiuli as well as to initiate the healing
process for the tissues. Inflammation is a comgeoxcess occurring through a variety of
mechanisms, leading to changes in local blood fl@sulting in blood vessel dilatation and
enhanced capillary permeability) and in the reaneiit and infiltration of leukocytes. As a
consequence, the clinical signs of inflammationraker (redness)dolor (pain),calor (heat),
andtumor (swelling).

A cascade of biochemical events propagates and tamanthe inflammatory response,
involving the local vascular system, the immunetesys and various cells within the injured
tissue. Normal inflammation is a self-limiting pess, because the production of anti-
inflammatory agents follows the pro-inflammatory disors closely. However, prolonged
inflammation leads to a progressive shift in theetyf cells and the healing of the tissue could
be accompanied by a simultaneous destruction dtreetmflammatory process and, therefore,
to a loss of functionfgnctio laesq Several agents or factors can induce an inflatmima
response and the concomitant production of inflatongamediators, such as cytokines,
complement factors and lipid mediators. These nmediacan cause vasodilatation and
increased vascular permeability (vasoactive medigtor recruit circulating leukocytes to the

inflammatory site (chemotactic mediators).
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The metabolites arising from the arachidonic aéid)(cascade have been shown to play a
substantial role in the different phases of inflambony responses. Thus, AA released from
phospholipids by the action of phospholipases @dryes as precursor for the generation of
mediators of inflammation, the so called eicosasoly cyclooxygenases (COX-1 and COX-
2), lipoxygenases (5-LO, 12-LO and 15-LO), and ciitome p450 enzymes (CYHig. 1).

The respective products bind and act via seleckivarotein-coupled receptors (GPCRS) that

eventually mediate functional responses.

1.2. 5-Lipoxygenase

1.2.1. Discovery of 5-lipoxygenase

Lipoxygenases are dioxygenases, which containoa-hemeiron and stereospecifically
catalyze the insertion of molecular oxygen intgdapentadiene structure of a polyunsaturated
fatty acid. In 1976, Borgeat, Hamberg and Samuel¢Borgeat et al., 1976) described the
transformation of AA to 5-hydroxyeicosatetraenoiccida (5-HETE) by rabbit
polymorphonuclear leukocytes (PMNL), thus providihg first evidence for the existence of
a 5-LO enzyme. This novel pathway of AA metaboligtitacted even more attention as the
formation of 5-HETE and leukotriene (LT)4Bwvas observed also in human leukocytes
(Borgeat and Samuelsson, 1979a). Soon it becanderdgvihat the unknown substances with
contractile properties released after immunologitalllenge of sensitized lungs (the so-called
“slow-reacting substance of anaphylaxis” (Kellaw&a940)) consisted of a mixture of LTC

D, and &, which are products of the 5-LO pathway (Samu&is$683).
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Fig. 1: AA cascadeAA can be released from phospholipids by the aatiba phospholipase,
foremost cPLA. AA itself constitutes a second messenger withaichn signalling pathways
in the cell, but serves also as a precursor fogreeration of eicosanoids by cyclooxygenases
(COX-1 and COX-2) that produce the prostanoids PXafd prostacyclin, by lipoxygenases
(5-LO, 12-LO, and 15-LO) that synthesize LT, LX aA@)ETE, or by CYP P450 enzymes
that produce EET and DHET. Moreover AA can readhviiee radicals to give isoprostane.
Abbreviations:AA, arachidonic acid; COX, cyclooxygenase; cPLA&ytosolic phospholipase
A,, CYP P450, cytochrome P450; DHET, dihydroxyeicasatic acid; EET,
epoxyeicosatrienoic acid; H(p)ETE, hydro(pero)xyesiatetranoic acid; LO, lipoxygenase;
LT, leukotrienes; LX, lipoxins.
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1.2.2. 5-Lipoxygenase catalysis and leukotriene lagnthesis

5-LO (EC 1.13.11.34) possesses two distinct enzgraativities: it catalyses the incorporation
of molecular oxygen into AA (oxygenase activitydahe subsequent formation of the unstable
epoxide LTA; (LTA,4 synthase activity) (Shimizu et al., 1984; Rouzeale 1986)(Fig. 2). 5-
LO first catalyses the abstraction of the pro-Srbgén at C-7 of the fatty acid, followed by the
insertion of molecular oxygen at position C-5, iegdto the hydroperoxide 5(S)-hydroperoxy-
6-trans-8,11,14-cis-eicosatetranoic acid (5-HpET&)bsequent conversion of 5-HpETE to
LTA, involves the abstraction of the pro-R hydrogemfrG-10 and allylic shifts of the radical
to C-6, resulting in the formation of the 5,6 emi(Shimizu et al., 1986). Alternatively, 5-
HpETE can be reduced to the corresponding alcotEDBE. The ratio of LTA to 5-HpETE
formed depends on the assay conditions, e.g. hé&vee concentrations of free AA and 5-
HpETE, membrane association, amount of 5-LO, ard gresence of the 5-LO activating
protein (FLAP) (Wiseman et al., 1987; Hill et dl992; Abramovitz et al., 1993; Noguchi et al.,
1994).

Depending on the cell type and the enzymes preflamtunstable intermediate LTA&an be
converted to LTB by LTAs-hydrolase or conjugated with glutathione to LTCby LTGCy-
synthase, whose crystal structure was recentltiiteh(Ago et al., 2007; Molina et al., 2007),
or by other members of the membrane-associateckipsotn eicosanoid and glutathione
metabolism (MAPEG). Release of LT@nto the extracellular environment and successive
amino acid y-glutamyl residue and glycine) cleavage yields L, Tdxd then LTE LTC,, Dy
and E are collectively denominated cysteinyl-LT (cys-LdQe to the presence of a cysteinyl
residue in their structure. Moreover, the combiaetion of 5-LO and 12-LO or 15-LO can

lead to lipoxins, which are bioactive trihydroxytetne-containing lipid mediators that appear
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Fig. 2: 5-LO pathway.5-LO is a dioxygenase that possesses two distinct enayadivities:

it catalyses the incorporation of molecular oxygeto iIAA (oxygenase activity) and the
subsequent formation of the unstable epoxide LTIATA, synthase activity). 5-LO first
catalyses the abstraction of the pro-S hydrogen @t d-the fatty acid, followed by the
insertion of molecular oxygen at position C-5, legdio 5-HpETE. Subsequent conversion of
5-HpETE to LTA, involves the abstraction of the pro-R hydrogen frorh0Cand allylic shifts
of the radical to C-6, resulting in the formatidintloe 5,6 epoxide. Alternatively, 5-HpETE can
be reduced to the corresponding alcohol 5-HETE agahtion of 5-HETE by 5-HEDH leads
to 5-oxo-ETE. The unstable intermediate L,Jean be converted to LTBy LTA,-hydrolase,
or conjugated with glutathione to LTCby LTC,-synthase. Release of LJGnto the
extracellular environment and successive amino aciavalge yields LTD and then LTE
Abbreviations5-HpETE, hydroperoxide 5(S)-hydroperoxy-6-trans-8l#icis-eicosatetranoic
acid; 5-HEDH, 5-hydroxyeicosanoid dehydrogenase(b-k-lipoxygenase; LT, leukotriene.
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to function as stop signals for inflammatory resgem and to promote repair and wound
healing. Finally, oxidation of 5-HETE by 5-hydroxgesanoid dehydrogenase (5-HEDH) leads

to 5-oxo-ETE.

5-LO contains anon-hemeiron in the active site, coordinated by His367s3i2, His550,
Asn-554 and the C-terminal lle, that acts as antele acceptor or donator during catalysis
(Radmark, 1995). Using electron paramagnetic resmn@EPR) spectroscopy, it was shown
that the iron of isolated, inactive enzyme is ia fhrrous state (E§ and that treatment with
fatty acid hydroperoxides gave the active ferrice®{F form (Chasteen et al., 1993;
Hammarberg et al., 2001). The reaction sequence-ldd consists of an initiation phase,
where 5-LO is converted to the ferric state, admpropagation phase with the highest
conversion rate, and an irreversible inactivatidrage (Fig. 3). The turnover-dependent
inactivation is an inherent property of the enzyam is therefore also termed suicide
inactivation. Although lipid hydroperoxides (LOOHsa)ye needed to generate active ferric
enzyme, such oxidants formed during catalysis negelponsible for rapid inactivation of 5-
LO (Aharony et al., 1987).

For the reduction of 5-HpETE, a pseudoperoxidadevipc of 5-LO has been accounted
(Riendeau et al.,, 1991). It was shown that certahO inhibitors (N-hydroxyureas,
hydroxamic acids) serve as reducing agents fopieeidoperoxidase activity, indicating that
to some extent the inhibitory potency of such iitbils might be due to the reduction of’Fe

to F&* (Falgueyret et al., 1992).
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. inactivation
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Fig. 3: 5-LO catalytic cycle and redox regulation.Activation of resting 5-LO requires the
oxidation of the active site iron from the ferrotes the ferric state. Among various lipid
hydroperoxides, 5- and 12-hydroperoxyeicosatetraenoi acid, and 13-
hydroperoxyoctadecadienoic acid activate crude 5ihChomogenates, whereas hydrogen
peroxide and several other organic hydroperoxidisrfahis respect. Lipid hydroperoxides
can shorten the lag phase of 5-LO, which is obskafter addition of substrate to crude 5-LO
in homogenates or for purified enzyme, and cond#tidhat promote lipid peroxidation
stimulate 5-LO activity in leukocytes. Selenium-dagdent GPx reduce the cellular peroxide
content and are potent suppressors of 5-LO actiibbreviations:5-LO, 5-lipoxygenase;
ROOH, hydroperoxide.
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1.2.3. 5-Lipoxygenase gene

The human 5-LO gene is located on chromosome Iftaics 14 exons, and the promotor
lacks typical TATA and CCAAT sequencésig. 4). The promotor is highly G + C rich and
contains several consensus—binding sites for trgmiem factors, such as c-myb, AP-2,
nuclear factoneB (NF-kB), Spl, Sp3, Egr-1, Egr-2, and the nuclear recsptetinoid Z
receptor alpha (RZ#&) as well as retinoic acid receptor-related orptesreptor alpha (RO&.
Particular attention has been focused on a sefies GC-boxes in tandem, which can
specifically bind the transcription factors Spl dfgl-1, thereby activating 5-LO promotor-
reporter constructs (In et al., 1997; Silvermaralet 1998). Examination of genomic DNA
from asthmatic as well as non-asthmathic subjeetsealed the occurrence of natural
mutations within these functional promotor regiof&lverman and Drazen, 2000). The
nuclear receptors R4Rand ROR may repress 5-LO gene expression in B-lymphociytes

response to melatonin (Steinhilber et al., 1995).

1.2.4. 5-Lipoxygenase expression

5-LO is expressed mainly in leukocytes, in linehwihe function of LTs as mediators of

immune reactions. Granulocytes, monocytes/macragsagast cells, dendritic cells and B

lymphocytes express 5-LO, whereas platelets, eetlatitells and erythrocytes do not. In T

lymphocytes, evidence for 5-LO expression on bathdcriptional and translational levels has
been recently provided, although these cells azapable of synthesizing LTs in absence of
exogenous AA (Cook-Moreau et al., 2007). In thenskiangerhans cells strongly express 5-

LO (Steinhilber, 1999).
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Fig. 4: The human 5-LO gene.The large human 5-LO gene (71.9 kbp) is located on
chromosome 10 and is divided into 14 exons. Seuemakcription initiation sites have been
described in the 5-LO gene: the principal one @uosi0) is located 65 nucleotides upstream of
ATG. Regulatory elements in the promoter, and m dmstal part of the gene, are indicated.
The promoter is GC-rich, indicated by the multiSlpl-binding sitesAbbreviations:TGFRE,
TGFB-responsive element. (froRadmark, O. et al. Trends Biochem Sci 32, 332-417200
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The observation that expression of 5-LO is mucthéiign differentiated myeloid cells and
cell lines as compared to undifferentiated celigated studies on the mechanism of 5-LO
upregulation. Differentiation inducers, such as etimyl sulfoxide (DMSO), retinoic acid,
la,25-dihydroxyvitamin B [1,25(OH}Ds] and transforming growth fact@ (TGH3), lead to
an increase in 5-LO mMRNA and protein (Radmark gt2007). This increase is thought to
reflect the upregulation of 5-LO expression duriegkocyte differentiation in the bone
marrow. Upregulation of 5-LO has also been reporteanature blood leukocytes. Thus,
granulocyte/macrophage colony-stimulating factoM(GSF) can increase 5-LO expression
(two- to three-fold) in human granulocytes throdgith upregulated transcription and post-
transcriptional effects. Increased 5-LO expressiotger pro-inflammatory conditions was also
indicated by the increase in 5-LO mRNA in periphdymod leukocytes from asthmatics
(Koshino et al., 1999).

Expression of 5-LO also increases during anoth#eréntiation process — namely, when
blood monocytes enter tissues and differentiate macrophages (Pueringer et al., 1992),
whereas human monocytes lose 5-LO and FLAP whenikegell culture for 7 days (Ring et
al., 1996). Thus, it seems that additional grovattdrs, that are not present in typical cell
cultures, are required to maintain and to incré&ak® expression.

Moreover, DNA methylation and histone acetylatiam cegulate 5-LO expression. In fact, in
the 5-LO negative cell lines U937 and HL60TB, tlmeecpromoter was heavily methylated
whereas upon treatment with an hypomethylating tagehO expression occurred (Uhl et al.,

2003).

10
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1.2.5. 5-Lipoxygenase structure

5-LO cDNAs cloned from human, mouse, rat and hamstecode mature proteins of 672 or
673 amino acids (Funk, 1996). 5-LO protein has bmanified from various leukocytes as a
monomeric soluble protein with an estimated mol@caiass of 72 to 80 kD (Radmark, 2000).
Thus far, the crystal structure of 5-LO has notrbselved, hence structural informations are
still limited.

Based on the crystal structure of rabbit reticulecys-LO (a 12/15-LO) (Gillmor et al., 1997),
the 5-LO structure can be modelled as a monomedgree with two domaingrig. 5). The
catalytic C-terminal domain (residues 121-673) isinty helical in structure, and contains
iron. In particular, five iron ligands (His367, Big2, His550, Asn554 and Ile673) were
identified, whereas the sixth ligand is assumebetd4O, as shown for soybean LO-1. Based
on mutagenesis, His372, His550 and the C-termie&7B appear to constitute a 2-His-1-
carboxylate facial triad anchoring the iron, a camnnfieature for active sites of mononuclear
non-hemeiron (Il) enzymes (Hegg and Que, 1997). In additiblis367 and Asn554 may
function as replaceable ligands for iron (Hammaghbedral., 2001). The structural specificity
of LOs may depend on the space of the pocket bindie fatty acid substrate, since
mutagenesis reducing the pocket space convertgd la 15-LO (Schwarz et al., 2001).

In recombinant human 5-LO and porcine leukocyte(h-icon as well as enzyme activity was
lost when 5-LO was exposed to oxygen (Percival 1J9HPR spectroscopy showed that the
iron of the isolated enzyme is ferrous, while tneatt with LOOHs gave ferric iron (see also
1.2.2). The multicomponent g6 signal in the EPR-spectmuiicated that several forms of the
metal center were present (Chasteen et al., 198®).only 5-HpETE, but also 15-HpETE
gave EPR-detectable ferric 5-LO. Similar to soybke@) EPR indicated a flexible iron ligand

arrangement in 5-LO.

11
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5-LO Asndd
B Sandwich A Aspdd

Iron ligands in 5-LO
Hisar2

Cterminal ACOO~ H ) / Hig550

H oé/ T w\

Asn554

His367

5-L0) catalytic domain

Fig. 5: Model of 5-LO structure. Model of 5-LO based on the crystal structure of He&"
form of rabbit reticulocyte 15-LO. Rabbit 15-LO andonsequently, the model of 5-LO
comprise two domains: 1) The catalytic C-terminamain (residues 121-673; magenta) is
mainly helical in structure and contains the irwattis central to enzyme activity. In the
catalytic domain, the five iron ligands (His367, 8ii2, His550, Asn554 and lle673) are
shown in blue (see also inset). The sixth liganassumed to be J@; 2) The catalytic domain
also contains three kinase motifs for MKRe(-Glm-Arg-GIn-Leuser), PKA (Arg-Lys-Ser-
Ser and ERK2 Tyr-LeuSerPro); the phosphorylated serine residues are showighi blue.
The smaller N-terminal domain (residues 1-114; grée a C2-likef sandwich with typical
ligand-binding loops. Residues in these loops @&fC6have been shown to bind €aand
cellular membranes. Trpl3, Trp75 and Trpl102 (yellavediate the effects of PC, glycerides
and CLP.Abbreviations: CLP, coactosin-like protein; ERK, extracellular samnegulated
kinase; 5-LO, 5-lipoxygenase; LOOH, lipid hydropedde; MK-2/3, mitogen-activated protein
kinases-activated protein kinases-2/3; PC, phogpheloline; PKA, protein kinase A. (from
Radmark, O. et al. Trends Biochem Sci 32, 332-417200

12
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The catalytic domain also contains three kinaseifsér mitogen-activated protein kinase
(MAPK)-activating protein kinase (MK)-2Léu-GIm-Arg-Gin-LeuSer), protein kinase A
(PKA) (Arg-Lys-Sersen and extracellular signal-regulated kinase (ERK{(fgr-LeuSer
Pro) (Radmark et al., 2007).

The smaller N-terminal domain (residues 1-114) B2alike 3-sandwich with typical ligand
binding loops (Hammarberg et al., 2000). Residnethése loops have been shown to bind
C&* and cellular membranes, and*Cean activate 5-LO by inducing membrane association
In the R-sandwich, mutagenesis of residues 43-d6ceel C&' binding and Trpl3, 74, and
102 mediate effects of phosphatidylcholine (PC)yceftides (e.g. 1l-oleoyl-2-acetyl-sn-
glycerol, OAG) and coactosin-like protein (CLP).erN-terminal domain was also modelled
on the structure of the C2-like domain®f perfringensa-toxin (1QMD, a phospholipase C)
(Kulkarni et al., 2002). Sequence and topology Igirties between _@&lycystin-1,
Lipoxygenase and-Toxin defined the PLAT domain as a subset within@2efamily (Allard

and Brock, 2005).

1.2.6. Regulation of 5-lipoxygenase
The regulation of 5-LO activity is complex and dege on many factors that each can
influence 5-LO catalysis (sek2.6.]). Importantly, 5-LO activity in the cell is evenone

complicated and several additional mechanismsnanehied (sed..2.6.9.

1.2.6.1. Factors regulating 5-lipoxygenase activity
The factors regulating 5-LO activity essentiallyeseto govern the accessibility of 5-LO

towards its substrate and facilitate the oxidatminferrous 5-LO to ferric form. Also,

13
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stabilization of an active form of 5-LO may takeaq#. Among these factors, GaPC
vesicles, glycerides, and CLP act via the C2-liamdin, whereas the binding site for ATP has
not yet been fully determined. Indeed, LOOHs previtie redox tone required for iron
oxidation. These factors are involved in 5-LO regoh incell free system@solated 5-LO,
whole cell homogenates, subcellular fractions) al @s in intact cells. Studies cell free
systemsave been helpful in the comprehension of thelagigm of 5-LO activity. However,

in the cells, other factors, like subcellular lozation of the enzyme, interaction with cellular

proteins and phosphorylation events, have to bsideredFig. 6).

Calcium

Initially, LT synthesis was observed after celhatlation of neutrophils by Gaionophores
(Borgeat and Samuelsson, 1979b), which suggestdita increase in intracellular calcium
concentrations ( [G4]; ) is an important determinant for cellular 5-LQidty. However, the
role of C&" in 5-LO activation is complex.

Although no obvious CGa-binding motif in the primary sequence of 5-LO ipparent,
reversible binding of Ca to 5-LO was found by different techniques, inchgliC&* overlay,
gelfiltration in the presence of €aequilibrium dialysis, and G&induced mobility shift in
gel electrophoresis (Hammarberg et al., 2002). 5hifds C&" in a reversible manner
(Hammarberg and Radmark, 1999): for the intact evezg K close to G4M was determined
by equilibrium dialysis and the stoichiometry ofxitaum binding averaged around two’Ca
per 5-LO. Similar results (two &aper 5-LO, K. 7-9 pM) were obtained for the His-tagged

C2-like domain (residues 1-115) (Kulkarni et aDp2). Mutagenesis indicated that residues in

14
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In cell-free systems In the cell
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Fig. 6: Stimulating factors that regulate 5-LO catdysisin vitro and 5-LO activation in the
cell. The factors regulating 5-LO activity result in assef 5-LO towards AA, in oxidation of
ferrous 5-LO to the ferric form, or in stabilizati@f an active conformation of 5-LO. Among
these factors, C8 PC vesicles, glycerides, and CLP act via theik2domain, whereas the
binding site for ATP has not yet been fully detered. Indeed, LOOHSs induce the redox tone
required for iron oxidation. These factors are imed in 5-LO regulation ircell free systems
(isolated 5-LO, whole cell homogenates, subcellfdactions) as well as in intact cells. In the
cells, other factors, like subcellular localizatiah the enzyme, interaction with cellular
proteins and phosphorylation events, have to be deresl. Abbreviations:AA, arachidonic
acid; CLP, coactosin-like protein; cPLAcytosolic phospholipase A5-LO, 5-lipoxygenase;
LOOH, lipid hydroperoxide; PC, phosphatidylcholifi’]om Werz, O. et al. Expert Opin Ther
Patents 15, 2005
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ligand binding loop 2 (Asn43, Asp44, GludégeFig. 3) of the 5-LO C2-like domain are
important for both C& binding, and for C& activation of enzyme activity (Hammarberg et
al., 2000).

The C2-like domain seems to be involved in thé*@ependent interaction of the enzyme
with membrane structures. Thus,?Cstimulates 5-LO translocation to the nuclear evpelas
well as association of 5-LO with membranes (Rouasdd Samuelsson, 1987), and
preferentially with the nuclear membrane, whichrich in PC (Kulkarni et al., 2002). This
scenario leads to a model suggesting th&t @eomotes membrane association which then
facilitates the transfer of AA to 5-LO via FLAP (&@in et al., 1990). Gdmay also induce a
“productive binding” to some scaffold factors, likd.P. However,in vitro, requirement of
Cd"* for enzyme activity is not absolute and strongipehds on cellular stimulus, cell type,
and assay conditions.

The EGq for C&* activation of purified 5-LO is quite low (1-2 pMjnd full activation is
reached at 4-10 uM (Percival et al., 1992; Noguwthal., 1994; Hammarberg et al., 2000)
whereas lower concentration of ©4200 nM) seems sufficient for 5-LO activation irtact
cells. On the other hand, in homogenates of hunMNLPand rat basophilic leukemia cells
(RBL), considerable 5-LO product synthesis is deigin the absence of €awhereas Ca

is required for 5-LO activity in homogenates of raoytic Mono Mac 6 cells under the same
assay conditions (Straif et al., 2000; Burkertlet2003). In Mono Mac 6 cells, glutathione
peroxidase (GPx)-1 was identified as endogenouibitoh of cellular 5-LO (Straif et al.,
2000), that renders 5-LO activity dependent oA*GBurkert et al., 2002) and it was found
that the C2-like domain mediates the?’Gaependent resistance of 5-LO activity against

inhibition by GPx-1 (Burkert et al., 2003).
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C&* also lowers the K of 5-LO for AA and reaction kinetics are changéehding to
substrate inhibition. Apparently, €acan also modify the affinity of 5-LO for LOOHs.
Possibly, ferric 5-LO could be formed at a lowenecentration of LOOHs, when &ais
present. LOs may have two fatty acid binding site® catalytic and one regulatory. Recently
binding of an AA analogue not only to the activie $n the catalytic domain, but also to the 3-
sandwich of 15-LO was demonstrated (Romanov e?8D6). It appears possible that fatty
acids or LOOHSs can bind to the B-sandwich also-b®5maybe in a Cd dependent manner.
Also Mg?*, at millimolar concentrations present in cells) e&tivate 5-LOn vitro (Reddy et
al., 2000). However 5-LO has some basal activisoah absence of E4Mg?*, and the

divalent cation seems not be part of catalysis.

Phosphatidyl choline (PC)

Many C2 domains mediate €dnduced membrane association (Rizo and Sudhof8)199
Early studies have identified cellular membranectfoms that upregulate 5-LO activity
(Rouzer and Samuelsson, 1985), which could beaeglay synthetic lipid vesicles consisting
of PC (Puustinen et al., 1988) but not by phosplgserine (PS), phosphatidylethanolamine,
or phosphatidylinositol (Puustinen et al., 1988} Was required for both basal and*Ga
stimulated 5-LO activityn vitro (Skorey and Gresser, 1998; Reddy et al., 2000diBg of 5-
LO to synthetic PC liposomes was induced by*Q&loguchi et al., 1994), and €a(also
Mg®") increased the hydrophobicity of 5-LO in a phaagipon assay. The isolated 5-LO C2-
like 3-sandwich had a higher affinity for zwittamio PC vesicles than for anionic PS and
phophatidylglycerol vesicles, and three Trp ressdue the ligand binding loops (Trpl3,
Trp75, Trpl02) were important for PC binding. IsHaeen suggested that the PC selectivity

directs 5-LO to the nuclear envelope (Kulkarnilet2002).
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Cé&*-induced binding to PC stabilized the structuresboth 5-LO protein and membrane
(Pande et al., 2004). This binding occurred alsalisence of G4 but C&" was required for
5-LO activity. Based on these comparisons, it waggssted that 5-LO can bind to membranes
in “productive/non-productive” modes, i.e. membrdneding per semay not confer 5-LO
activity. Increased membrane fluidity favoured 5-BSsociation, and it was argued that this
should be the factor directing 5-LO to the AA ehad nuclear envelope (Pande et al., 2005).
Interestingly, addition of cholesterol to a memiargameparation reduced 5-LO activity in the
cell freeassay (Pande et al., 2005) and cholesterol sutfaitdl inhibit 5-LO also inntact

cells (Aleksandrov et al., 2006).

Glycerides

Various glycerides, other types of lipid, were fduo activate 5-LO. In particular, OAG was
the most potent among the compounds tested (Hetrag, 2005). It is interesting to note that
cd”*, as well as phospholipids or cellular membranesyented the OAG stimulatory effect.
Interestingly, the same three Trp residues whickliate binding to PC are involved in the
binding to OAG, since the mutant 5-LO-Trp13/75/102Avas not stimulated by OAG.
Apparently, the uncharged glycerides can bind & @2-like domain of 5-LO in absence of
the charge neutralization, or in absence of thengbs in side chain orientations, that are
important, on the contrary, for €ainduced binding of 5-LO to PC (Kulkarni et al.,(&). As

C&”, also OAG protected 5-LO against the inhibitorfeef of GPx-1 (Hornig et al., 2005).

Coactosin-like protein (CLP)
Human CLP is a protein of 142 amino acids simiteDt Discoideuncoactosin, a member of

the ADF/Cofilin group of actin binding proteins. direct interaction between CLP and 5-LO
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has been demonstrated vitro andin vivo (Provost et al., 1999; Provost et al., 2001). CLP
binds 5-LO in C&-independent manner with a 1:1 molar stoichiometiyman CLP, like
coactosin, binds also F-actin, with a 1:2 stoicretm Although mutagenesis showed the
involvement of two different Lys in the CLP structufor the binding to F-actin and 5-LO
(Lys75 and Lys131, respectively) (Liepinsh et 2D04), these Lys are close each other and
this implies overlapping binding sites. Indeed,temary complex has been observed and 5-
LO competed with F-actin for the binding of CLP.

CLP can modulate the 5-LO pathwayvitro (Rakonjac et al., 2006). Apparently, CLP can
function as a scaffold for 5-LO, similar to membeanand increase 5-LO activity. These
effects required protein interaction via Trp regglun ligand binding loops of the 5-LO 13-
sandwich: in fact binding and stimulatory effect<CaP were abolished for the mutant 5-LO-
Trp13/75/102Ala. Although, as mentioned above, @BR bind to 5-LO in absence of Ca
(Provost et al., 2001), €awas required for 5-LO activity. Thus, the modelbirfiding of 5-

LO to CLP may depend on the presence df Gand could be similar to the “productive/non-
productive” modes hypothesized for the membrandibg(seePhosphatidyl choline(Pande

et al., 2004). Moreover, CLP was shown to followG-inside the cell (Rakonjac et al., 2006).
Possibly, cellular 5-LO is always in complex with®; and when activated by €gor M¢?")

this complex is capable of producing 5-HpETE. Sifarenation of LTA, is determined by the
well established translocation of 5-LO to the naclmembrane, CLP may comigrate with 5-
LO in this translocation. When AA is converted teHpETE and further to LTA 5-LO
performs hydrogen abstractions at carbons 7 antt b@s been speculated that association of
5-LO with both CLP and membrane confers an acti®5conformation which promotes the

second hydrogen abstraction (at C-10), leadingltAformation.
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ATP

In contrast to other LOs, the 5-LO catalytic adyivis stimulated by ATP and, to a lesser
extent, by other nucleotides including ADP, AMP MR, CTP, and UTP (Ochi et al., 1983).
The extent of 5-LO stimulation at 0.1 - 2 mM ATPinsthe range of 2- to 6-fold, is partially
Cea*-dependent, and th€, value for ATP binding was 31 uM (Aharony and Stdi&86).

In the cell, most of the ATP binds ¥fgand it appeared that a MgATRomplex is the 5-LO
activating factor (Reddy et al., 2000). Reactive PAGnalogues bound to 5-LO with
stoichiometry close to 1:1, and 2-azido-ATP covifermodified Trp75 and Trp201,
indicating that these residues were close to thetinee moiety of the analogue, sitting on the
5-LO nucleotide-binding site (Zhang et al., 2000)cated on the tip of one of the solvent
exposed loops of thesandwich, Trp75 is one of the three Trp residugslved in membrane
association of the human 5-LO (Kulkarni et al., 200rhis residue could be mutated without
clear changes in activity and ATP-affinity. On tbther hand, the mutant 5-LO-Trp201Arg
was barely expressed, and exchange of Trp201 tooAl8er resulted in severely reduced
activity and decreased ATP-column vyield. In additto being close to (or part of) an ATP-
binding site, Trp201 appears to be important ferdkerall structure of 5-LO (Okamoto et al.,
2005). ATP may activate 5-LO by stabilizing the tgio structure. Hydrolysis of ATP is not
required for the activating effect, and it appetirat purified 5-LO is more stable in the

presence of ATP.

Lipid hydroperoxides (LOOHS)
For LO catalysis, the ferrous iron of the resting of the enzyme has to be oxidized to ferric
iron by LOOHs. Among various hydroperoxides, 5-HEdnd 12-HpETE stimulated crude

5-LO in homogenates (Hammarberg et al., 2001). LO@&h reduce the lag phase of 5-LO
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after addition of AA to homogenates or purified yme, and conditions that promote lipid

peroxidation upregulate 5-LO activity (Riendeaalet 1989).

1.2.6.2. Regulation of 5-lipoxygenase activity hetcell

Biosynthesis of LTs in intact cells requires anhestrated interplay of the crucial enzymes
cytosolic phospholipase AcPLAy), 5-LO, and the membrane-bound FLAP for formatdn
the intermediate LTA as well as additional enzymes for the downstreammversion to
effector LTs.

The amount of free AA available as substrate fdrCb{Zarini et al., 2006) as well as its
accessibility for 5-LO (Luo et al., 2003) are deterants for LT biosynthesis. Hence, stimuli
capable to induce LT formation, lik&l-formyl-methionyl-leucyl-phenylalanine (fMLP),
platelet activating factor (PAF), opsonized zymqdarB,, C5a, IL-8, and ionophores, cause
activation of both 5-LO and cPLAWerz, 2002). In fact, both enzymes share strati{@?2
domain) and regulatory properties (activated b§"@ad by MAPK phosphorylations) (Gijon
et al., 1999; Radmark and Samuelsson, 2005). Thdazeactivity of 5-LO is therefore tightly
regulated by several additional mechanisms thaludec the release of AA by cPLA
localization of the enzyme inside the cells, phasplation, interaction with FLAP and/or

other cellular proteins and the cellular redox tone

Cytosolic phospholipase,AcPLA)
cPLAa is a group IVA PLA that catalyzes the hydrolysis of the sn-2 position
glycerophospholipids to release free AA, whichnigurn metabolized to prostaglandins by the

COX pathway and to LTs by the 5-LO pathway (Shimand Wolfe, 1990). The liberation of

21



1. Introduction

free AA acid is tightly regulated and often thetiadi rate-limiting step in the biosynthesis of
eicosanoids. cPLA has been isolated from various sources. The pdrifenzyme
demonstrated maximal activity at alkaline pH (8@0@) and considerable activity at
micromolar or submicromolar concentrations of ‘C@dirabayashi et al., 2004). The human
cDNA sequence for cPLAencodes a 85 kDa protein, although the enzymeateigras an
approximately 90-110 kDa protein on SDS-polyacrytiengels. The enzyme contains two
homologous catalytic domains (A and B) interspasétl gene-unique sequences. The lipase
consensus sequence (Gly-Leu-Ser-Gly-Ser) is locattéde N-terminal region of domain A.
Studies by direct mutagenesis and by active siectid inhibitor indicated that the catalityc
center contains the catalytically active Ser22ig. 7A) (Sharp et al., 1994). Thiol modifying
reagents completely inactivate cPLAnd Cys331 has been involved in the loss of enzyme
activity, suggesting a role for this amino acid floe catalytic activity of the enzyme (Li et al.,
1994). The amino-terminal portion of the proteirpgeoximately 50 amino acids) has
considerable sequence homology with the constagmne? (C2) of protein kinase C (PKC),
and this domain was demonstrated to mediate tiédependent translocation to membranes
(Clark et al., 1991). In fact in the cell, specidigbcellular targeting of cPLAs an important
step in AA release and eicosanoid production. Amease in [C&]; concentration promotes
binding of C&"ions to the C2 domain and then allows cRlté translocate from the cytosol
to the perinuclear region, including the Golgi ajgpas, endoplasmic reticulum, and nuclear
envelope (Glover et al., 1995; Schievella et a@95 Hirabayashi et al., 1999). Upon
membrane binding, conformational changes in thgraezmight take place to allow the fatty
acyl chain of a substrate molecule to enter thieasite(Fig. 7B).

The amplitude and duration of intracellular’Cimcreases are important for cPLActivation

(Hirabayashi et al., 1999). In most cases?'@ependent translocation of cPLAom the
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Fig. 7: (A) Three-dimensional structure of cPLA,. The three-dimensional structure of
cPLA, and its isolated C2 domain have been determined-bgy crystallography. A flexible
linker connects C2 and catalytic domains. The Cala consists of an eight-stranded
antiparallelp-sandwich and binds to two &aons through a cluster of aspartic acid residues.
The catalytic domain consists ofdtBelices and 1@strands. The catalytic dyad composed of
Ser228 and Asp549 is located at the bottom of @,desrow cleft(B) Proposed model for
cPLA, activation. C&*-binding to the C2 domain promotes cPL#anslocation from the
cytosol to the membrane containing PC. Phosphooylatin Ser residues and/or binding to
anionic phospholipids stabilize the associationcBLA, with the membrane and increase
catalytic activity. The interfacial activation mége caused by conformational changes in the
protein leading to removal of the lid from the aetisite and favorable orientation of the
catalytic domain at the membrane surfaddbreviations: AA, arachidonic acid; C1P,
ceramide-1-phosphate; cPLA cytosolic phospholipase ,A P, phosphate; PC,
phosphatidylcholine; PIP phosphatidylinositol 4,5-bisphosphate. (frétimabayashi, T. et al.
Biol Pharm Bull 27, 1168-73, 2004
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cytosol to membranes is necessary for its accegghaospholipid substrates (Channon and
Leslie, 1990). A sustained increase in the cytosoit* level leads to continuous membrane
localization and once the duration of “Cancrease extends beyond a certain time (2-5
minutes), cPLA is kept in the perinuclear region even after 6e’{]; returns to the basal
level (Evans et al., 2001).

A C&*-independent localization of cPLAon the perinuclear membranes has also been
described. This may be regulated by phosphorylataionic lipids, and hydrophobic binding
of the catalytic domain (Hirabayashi et al., 20089. far, three distinct phosphorylation on
serine residues of this enzyme have been repddepending on the cell type and stimulus,
cPLA; can be phosphorylated by MAPKs on Ser505 (Linl.et1&93; Nemenoff et al., 1993;
Kramer et al., 1996), by G4calmodulin-dependent protein kinase Il (CaMKIl) 8er515
(Muthalif et al., 2001) and by MAPK-interacting kise Mnk1 on Ser727 (Hefner et al., 2000).
Phosphorylation of cPLAonN either Ser505, Ser515, or Ser727 fails to inddA release in
absence of a concomitant increase in intracell@af?, but increases cPLAintrinsic
enzymatic activity 2- to 3-fold at submicromolatracellular C&" concentrations (Hefner et
al., 2000). However, the contribution of cPLphosphorylation to AA release is much less at

high concentrations of intracellular €4Hefner et al., 2000).

Subcellular localization of 5-lipoxygenase: a mel®hzyme

In a generally accepted mod€ig. 8), 5-LO occurs as a soluble enzyme in resting ceiteer

in the cytosol or in the nucleus, depending ondabké type (Werz and Steinhilber, 2006). In
particular, cytosolic 5-LO has been described intraghils, eosinophils and peritoneal
macrophages, whereas 5-LO is in a nuclear solubigartment associated with the chromatin

in alveolar macrophages, Langherans cells or rapbgialic leukaemia cell§Werz, 2002).
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Fig. 8: 5-LO activation in the cell.In the resting cell, 5-LO is localized in eitheetbytosol or

a soluble compartment inside the nucleus. On dativa5-LO migrates to the nuclear
envelope, where cPLAand FLAP aid 5-LO in LT biosynthesis. cPLAberates AA from
phospholipids. Membrane-bound FLAP is thought tilitate the transfer of AA to 5-LO. CLP
can bind 5-LO. Nuclear import sequences (NIS) m 3hLO sequence determine import into
the nucleus. Stimuli of LT biosynthesis lead toimarease in C& and/or activation of MAPK.
When 5-LO is activated, the iron is oxidized by LB@&om Fe&* to Fe*. In 5-LO, Ser271 is
phosphorylated by MK-2/3 downstream of p38 MAPK. EBKosphorylates 5-LO on Ser663.
An increase in cAMP levels activates PKA, which egses 5-LO activity through
phosphorylation on Ser5238bbreviations:AA, arachidonic acid; CLP, coactosin-like protein;
cPLA,, cytosolic phospholipase AERK, extracellular-signal-regulated kinase; FLAPLO-
activating protein; 5-LO, 5-lipoxygenase; LOOH, iiphydroperoxide; LT, leukotriene;
MAPK, mitogen-activated protein kinases; MK-2/3 AMKAPK-2/3; NIS, nuclear import
sequences; PKA, protein kinase A. (frddadmark, O. et al. Trends Biochem Sci 32, 332-41,
2007
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Upon extracellular stimulation by relevant agon{gg. ionophores, thapsigargin, PAF, LLJB
fMLP, complement 5a, IL-8, zymosan, or urate andgpate crystals), signaling molecules
activate cPLA and 5-LO, which both translocate from the soluddenpartment to the nuclear
envelope. Here, 5-LO associates WHbAP, and this process is accompanied with substantial
LT generation.

Within this model, two distinct nuclear translocati patterns can be distinguished:
import/export of cytosolic/nuclear 5-LO, for ceBhowing an intranuclear localization of 5-
LO, and association of 5-LO with the nuclear membrafter activation.

Import of 5-LO into a nuclear soluble compartmeepends on nuclear localization sequences
(NLS) and on the phosphorylation site Ser271 (Lu@lg 2003), and does not have to be
associated with LT synthesis. Therefore, the impb&-LO in nuclear soluble compartments
seems to be an entirely distinct phenomenon frgmaliility to move to membranes upon cell
stimulation. NLS appear to be present in both themhinal part of 5-LO, and close to the C-
terminus (Lepley and Fitzpatrick, 1998; Chen et 098; Healy et al., 1999; Jones et al.,
2002; Jones et al., 2003). Apparently, nuclear mpd 5-LO may reflect the combined
functional effects of the three discrete importisatges surrounding the amino acids Arg518,
Argl112 and Lys158 (Healy et al., 1999; Jones eRAD3). Leptomycin B, a specific inhibitor

of nuclear export signal (NES)-dependent transgimjnished the cytosolic localization of 5-
LO, suggesting that also an NES-system might fonciin positioning 5-LO (Hanaka et al.,
2002). The import process can also be triggereddinerence (Brock et al., 1997; Brock et al.,
1999) or by cytokines (Cowburn et al., 1999; Hs&lal., 2001) and seems to occur during
leukocyte recruitment into sites of inflammationr@Bk et al., 1997; Brock et al., 2001).
Association of 5-LO to the nuclear membrane aftgivation depends on several factors, like

Ca'? (see above), phosphorylations and interaction wither proteins.nterestingly, the
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location of 5-LO in resting cells seems to detewrtime locale where 5-LO redistributes upon
stimulation. Thus, for example, it has been rembrtleat in neutrophils and peritoneal
macrophages, cytoplasmic 5-LO associates with eth@oplasmic reticulunand the outer
nuclear membrane, whereas the intranuclear 5-L@. (a. dendritic cells or in alveolar
macrophages) translocates to the inner membratieeafuclear envelop@uo et al., 2003).
The capacity for LT generation is higher when 5-4ksQocated in the nucleus. In the absence
of exogenously added AA, translocation to the narcreembrane is required for 5-LO to get
access to AA released by cPLAOn the contraryco-addition of exogenous AA resulted in
prominent LT formation, but only marginally increasmembrane-binding is observed. Thus,
under these conditions, LT formation apparentlyuogdn the cytosol where 5-LO has ample
supply of substrate.

It is interesting to note that free AA could be pgligd to the cells also by transcellular
mechanisms from neighbouring cells (Folco and Myy@©06) and 5-LO may be in different

cellular loci when exogenous/endogenous AA is nudiaéd.

Phosphorylation

In intact cells, phosphorylation events by cellltarases function together with Gan the
regulation of 5-LO activation (Radmark et al., 2P(Hig. 9).

The 5-LO sequence contains several protein kinasgfsnand 5-LO is phosphorylated
vitro by p38 MAPK-regulated MAPKAPK-2/3 (MK2/3) (Werz at., 2000), ERK1/2 (Werz et
al., 2002a), CaMKIll (Werz et al., 2002c) and PKAg# et al., 2002c; Luo et al., 2004).
There are several isoforms of p38 MAPK, which artvated by cell stress or treatment of
cells with inflammatory cytokines (Lee et al., 200CActivated p38 MAPK in turn

phosphorylates and activates MK2/3. By in-gel kenassays, 5-LO was found to be a
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stimulus

activation

J \.

inhibition

Fig. 9: Activation of 5-LO by Ca?* and by phosphorylation. Depending on the stimulus and
the cell-type, cellular 5-LO can be activated by‘Gand/or phosphorylation to metabolize AA.
5-LO phosphorylation by p38 MAPK-regulated MK at &t and by ERK at Ser663 is
promoted by AA.Abbreviations:AA, arachidonic acid; ERK, extracellular signal-reapeld
kinases; 5-LO, 5-lipoxygenase; MK2/3, mitogen-aatidd protein kinases-activated protein
kinases 2/3; PKA, protein kinase A. (froiderz, O. et al. Pharmacol Ther 112, 701-18, 2006

Table 1: Different features between cell stress and
CaZ*-induced activation of 5-LO in PMNL

Feature Cell stress lonophore
Ca*2 dependency None High
Decreased K, for AA No Yes
Sensitivity to MAPK inhibitor High Low
Time-course of activity Prolonged Quick
Sensitivity to certain non-redox Low High

5-LO inhibitors
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substrate for MK2/3 (Werz et al., 2001a). MutatairSer271 to Ala in 5-LO abolished MK2
catalyzed phosphorylation in vitro. Also, phosphaiign by kinases prepared from stimulated
PMNL and MM6 cells was clearly reduced, indicatitigt this is a major site for cellular
phosphorylation of 5-LO (Werz et al., 2002c). Congglito the established MK2 substrate
heat shock protein 27, 5-LO was only weakly phosghted in vitro by MK2.

Another MAP kinase, namely ERK2, was found to plasplate 5-LO in vitro, on Ser-663.
For PMNL, it appeared that both ERK2 and p38 MARakke activities are important for 5-LO
product formation in absence of ionophore stimatatiWerz et al., 2002a). Results
supporting that phosphorylation is an alternatia¢hpay for stimulation of 5-LO, which is
different in character from &4 activation in ionophore-treated cells (Radmark and
Samuelsson, 2005), are givenTiable 1

Conditions that activate MAPKAPKs and ERKs (celess, phorbol esters) induce nuclear
translocation of 5-LO and enhance product formaiiomtact cells, and this is susceptible to
kinase inhibitors (SB203580, U-0126, calphostine(?/et al., 2000; Werz et al., 2001a; Werz
et al., 2001b; Werz et al., 2002a; Werz et al.,Z20Quo et al., 2003). Intriguingly, nuclear
translocation of 5-LO in PMNL after activation 08®% MAPK by sodium arsenite occurred
also in absence of intra- and extracellulai’G#erz et al., 2002b).

Moreover, mutation of Ser271 and/or Ser663 to Alpaired cellular 5-LO product formation
when transfected cells were selectively activatedA (which activates MAPK) (Werz et al.,
2002a; Werz et al., 2002c). It was suggested thst, falready membrane bound 5-LO
catalyzes an initial burst of LTfiosynthesis in the absence of’Cmobilization. Then, via
an autocrine loop, LTBmight cause the release of&om intracellular stores and further
LT biosynthesis. One could visualize that AA-inddcphosphorylation of 5-LO at Ser

residues 271 and 663 could contribute to the iragévation of 5-LO.

29



1. Introduction

In vitro, phosphorylations of Ser271 and Ser663 were bogipated by unsaturated fatty
acids, including AA and oleic acid (Werz et al.02@; Werz et al., 2002c). Possibly, binding
of unsatured fatty acids to a putative regulatattyfacid binding site on 5-LO stimulates
phosphorylation by MK2 (Sailer et al., 1998). Howevphosphorylation by MK2n vitro
does not seem to increase 5-LO activity in subssierezyme assays (Werz et al., 2002c), and
the same was found for ERK2. Possible mechanismisl @@ that phosphorylations at Ser271
and Ser663 govern nuclear redistribution more & activity itself.

Therefore it seems that phosphorylatrather modulates or regulates the interaction b©5-
with other cellular components than directly affiegtits catalytic properties. Recent data on
the effects of 5-LO enzyme phosphorylation by tl8 pMAPK pathway on cellular 5-LO
localization underscore this point of view. In faittwas found that 5-LO phosphorylation at
Ser271 is responsible for the stress-induced nuebgaort of 5-LO in CHO-K1 and HEK293
cells (Hanaka et al., 2005), whereas, in NIH 3T3 cellmgphorylation at Ser271 stimulates
nuclear localization and subsequently cellular 5dddvity (Luo et al., 2003).

Phosphorylation at Ser523 by PKA directly suppre$seO catalysisn vitro as well as in the
cell (Luo et al., 2004; Luo et al., 2005), andastbeen hypothesized that this phosphorylation
could give a direct reduction of 5-LO catalytic iaity via allosteric changes close to the
active site. Moreover, phosphorylation at Ser528vents 5-LO nuclear localisation by
inhibiting the nuclear import function of a NLS s to the kinase motif (Luo et al., 2005).
This appears to be the molecular basis for the Ssufpressive effects of increased cAMP,
which activates PKA (Flamand et al., 2002). It waggested that PKA activation in response
to agents, such as adenosine, prostaglangiartel-adrenergic agonists, is a mechanism for
the control of LT biosynthesis which may be impottt limit inflammation (Flamand et al.,

2002; Luo et al., 2004).
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Interestingly, polyunsaturated fatty acids (suchA#g, which promote phosphorylation at
Ser271 and 663, prevented cAMP-mediated inhibibérb-LO translocation and product
synthesis in activated neutrophils, apparentlyritgraction with a region close to the catalytic

site (Flamand et al., 2006).

Protein interaction of 5-lipoxygenase

A proline-rich region spanning residues 566-57B4b0 was identified as a Src homology 3
(SH3)-binding motif, and 5-LO can bind to the SH3thin of growth factor receptor-bound
protein 2, an adaptor protein for tyrosine kinassiated cell signaling (Lepley and

Fitzpatrick, 1994). Since a peptide correspondioghe SH3-binding motif inhibited the

redistribution of 5-LO from the cytosol to the memabe in stimulated neutrophils, the SH3
motif could be involved in nuclear translocationls@, a role for 5-LO in tyrosine kinase

signaling, distinct from its role in lipid mediatfmrmation, is conceivable.

5-LO protein was detected in NdB immunoprecipitates prepared from HL-60 cell lgsat
(Lepley and Fitzpatrick, 1998). The amount of 5-li® such precipitates was high in
ionophore-challenged cells, where 5-LO translocdtethe nuclear envelope, but was low
when 5-LO translocation was blocked, and it waschated that 5-LO may have a role in
cellular NFkB responsiveness.

Interaction of 5-LO with three cellular proteins svimund by yeast two-hybrid screening of a
human lung cDNA library with 5-LO as bait, namely. R (see above), TGFreceptor-I-
associated protein | (TRAP-1) and the ribonucldiser (Provost et al., 2002; Provost et al.,
1999). TGP strongly upregulates expression and activity dfCb-during maturation of

myeloid cells and a functional link between TRARwid 5-LO appears reasonable. Dicer
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cleaves double-stranded RNA into small interfeffRigAs, and interaction with Dicer implies
a possible role for 5-LO in RNA interference, whishquite distinct from its function in the
synthesis of LTs.

Moreover, numerous experimental data indicate aiplesinteraction of 5-LO with FLAP,

although a direct association between these poteis not been shown yet.

5-Lipoxygenase activating protein (FLAP)

FLAP is a 18 kDa membrane-bound protein that wasadiered as a target of MK886 (Miller
et al., 1990). MK886 potently inhibited LT biosye#is in intact leukocytes, but failed to
suppress catalytic activity of 5-LO in broken galéparations, confirming the role of FLAP in
the regulation of 5-LO in intact cells. The cDNASFELAP have been cloned from rat and
human, encoding a 161-amino acid protein with tiraasmembrane-spanning regions and
two hydrophilic loops (Dixon et al., 1990). Intetiegly, there are similarities in the overall
amino acid sequence and the ligand-binding domaiirtke 18-kDa LTG-synthase and the
other MAPEGs with FLAP (Jakobsson et al., 2000k €hystal structure of human FLAP has
been recently determined (Ferguson et al.,, 20Q#pg. 10y FLAP contains four
transmembrane helices that are connected by twagaled cytosolic loops and one short
lumenal loop, and crystallizes as a homotrimer.resgion of 5-LO is consistent with the
occurrence of FLAP in myeloid cells (Steinhilbe®9%; Vickers, 1995) and the upregulation
of FLAP often correlates with that of 5-LO. On tbéher hand, also 5-LO negative cells
express FLAP (Claesson et al., 1993; Kargman e1883), and increased FLAP expression
has also been observed differentially from thab-&fO (Coffey et al., 1994; Cowburn et al.,

1999).
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Loops binding
cPLA,
cytosol
AA
— — COCH
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Fig. 10: The FLAP trimer structure. Monomers are colored green, cyan and magenta and the
view is given parallel to the nuclear membrane.HE@monomer contains four transmembrane
helices ¢1-a4) that are connected by two elongated cytosolipsa@l1 and C2) and one short
lumenal loop (L1). Bound inhibitor molecule is shownyellow and is located within the
nuclear membrane, which provides an appropriaté@mwent for the lateral diffusion of AA
molecules released by cPL# FLAP. It is reasonable that the C-terminal gaialdomain of
5-LO binds to the cytosolic loops of FLAP. One 5-lfblecule could bind to each FLAP
trimer, so that AA molecules are sequentially tfarred to 5-LO.Abbreviations: AA,
arachidonic acid; cPLA cytosolic phospholipase AFLAP, 5-LO-activating protein; 5-LO, 5-
lipoxygenase. (fronfrerguson, A. D. et al. Science, 317, 510-12, 2007
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The requirement of FLAP for cellular LT synthesisuld be visualized by transfection
experiments using a human osteosarcoma cell line(Det al., 1990). Cotransfection of both
5-LO and FLAP was necessary for cellular LT syntheshereas cells transfected with 5-LO
alone produced no LTs, although 5-LO was activedmesponding cell homogenates. Also,
no LT synthesis was detectable in FLAP-deficientrmphages from knock out mice (Byrum
et al., 1997). Therefore, FLAP is considered alisbluequired for cellular LT synthesis from
endogenous substrate, but it is dispensable falytat 5-LO activity in cell homogenates
(Rouzer et al., 1990). However, there is no absotetjuirement for FLAP when cells are
stimulated in presence of exogenous AA (Abramosital., 1993), although it could stimulate
the utilization of exogenous AA by 5-LO. Of intetgis has been observed that the potency of
the FLAP-inhibitor MK-886 in inhibiting 5-LO prodaicsynthesis in human PMNL was
impaired in presence of exogenous AA (Fischer.eD7). In the light of these observations
and since it was shown that FLAP can bind AA arneptis-unsaturated fatty acids (Mancini
et al., 1993), it seems reasonable that FLAP sasesn AA transfer protein facilitating the
presentation of substrate to 5-LO for optimal sgsth of LTA, (Abramovitz et al., 1993). By
combining the recently characterized crystal stmectwith previous data, a model has been
proposed to explain the selective transfer of AA1bO by FLAP. After translocation to the
nuclear membrane, the Bainding domain of 5-LO could anchor the nuclearmntheane
adjacent to FLAP. It is reasonable to assume tmatQ-terminal catalytic domain of 5-LO
binds to the cytosolic loops of FLAP. In the nuclemembrane, AA could then laterally
diffuse to FLAP. This event may be coupled to strited changes in FLAP, and AA molecules
might be sequentially transferred to 5-LO. Moregvethas been hypothesized that FLAP
could be involved also in the lateral transfer afAl, to LTCs;-synthase (Ferguson et al.,

2007).
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Cellular redox status

Since 5-LO catalysis requires oxidation of the itonthe active ferric state (see algud
hydroperoxides the redox tone is an important parameter folulzl 5-LO activity.
Conditions that promote lipid peroxidation suchpé®rbol 12-myristate 13-acetate (PMA)-
induced formation of reactive oxygen species, @uliof peroxides, inhibition of GPx
enzymes, or depletion of glutathione upregulateGbfroduct synthesis. On the contrary,
reduction of peroxides by GPx-1 and -4 suppresO5groduct formation (Werz, 2002).
Interestingly, oxidative stress stimulates also P38 kinase and may thus stimulate 5-LO in
two ways: by inducing phosphorylation and by pramgpformation of the ferric form of the
enzyme (Werz et al., 2001a). The efficiency of ediox type 5-LO inhibitors depended on
the presence of intact GPx activity leading to loydroperoxide concentration (Werz et al.,
1998), and this appeared related to oxidative s@es activation of p38 MAP kinase.Gaas
well as glycerides (e.g. OAG), may decrease theaamnation of LOOHs needed for 5-LO
activation, probably via increasing the affinity 5LO to LOOHs and therefore allowing
cellular 5-LO product formation also at a low redoxe (Burkert et al., 2003; Hornig et al.,

2005).

1.2.7. Stimuli inducing cellular 5-lipoxygenase prduct formation and priming agents
Stimuli that induce cellular 5-LO product synthesisclude C&'-mobilizing agents
(ionophores or thapsigargin), soluble agonists rfatactic PAF, LTB, fMLP and Cb5a),
cytokines (IL-8), and phagocytic paricles (zymosamate or phosphate crystals) (Werz, 2002).

C&* ionophores cause strong 5-LO product formationenehs the naturally-occurring
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ligands, which moderately rise €ady acting through specific cell surface receptars,much
less efficient.

Since the availability of free AA is a critical pemeter for the capacity of 5-LO product
synthesis, the poor LT synthesis observed afteosxe of leukocytes towards naturally-
occurring ligandslike fMLP, C5a, PAF, or LTB) might be related to a low activity of cPLA
and substrate supply. Pre-treatment of leukocyi#ls so-called “priming” agents, including
lipopolysaccharide (LPS), growth factors, cytokinphorbol esters, or Epstein Barr Virus
(EBV), which by themselves do not induce LT synitiestrongly increased LT generation
after subsequent stimulation with natural agon{$terz, 2002). In view of the complex
regulation of 5-LO by several cofactors and theolmgment of several enzymes within the 5-
LO pathway, these priming effects may operate dtiphel sites, such as by enhancing AA
availability (Liles et al., 1987; Mcintyre et al987), increasing expression of FLAP (Pouliot
et al., 1994), elevating levels of intracellular “CgMcColl et al., 1991), increasing
accumulation of 5-LO at the nuclear membrane amémecing phosphorylation of 5-LO (Werz
et al., 2001b). In particular, €aand phosphorylations at serine residues of ¢Pamd 5-LO
appear to be important signaling events determinimgg cellular activation and subcellular

distribution of these enzymes.

1.2.8. 5-Lipoxygenase products: receptors and patpbysiological roles

The biological actions of 5-LO products are medidby specific receptors. LTHs a potent
chemotactic and chemokinetic mediator stimulatifge tmigration and activation of
granulocytes, leading to adherence of granulociiesessel walls, degranulation, release of

superoxide (Claesson and Dahlen, 1999), and it stesvn to augment phagocytosis of
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neutrophils and macrophages (Mancuso et al., 1888icuso et al., 2001). In lymphocytes,
LTB, stimulates the secretion of IgE, IgG and IgM. Rartmore, LTB has been connected to
increased interleukin production (Brach et al., 2)98nd neutrophil-dependent hyperalgesia
(Levine et al., 1984). These properties imply anicant role for LTB, in the pathogenesis of
inflammatory diseases (arthritis, psoriasis, inflaatory bowel disease, and asthma). L TB
actions are mediated by the BLand BLT, receptors, which are G-protein coupled receptors
(GPCRs) with high homology (36-45 %), but distitissue distribution and affinity for the
ligand (Brink et al., 2003). The BlTreceptor mediates the chemotaxis and data from
different animal models suggest that LTBignalling through this receptor is related to
atherogenesis, bronchial asthma, glomerulonephaitiritis and chronic inflammatory bowel
diseases (Okuno et al., 2005). The physiological pathophysiological roles of the BLT
receptor are not clear, although it has been hgsathd that BLT receptor is responsible for
LTB,4 signalling when LTB concentrations are high and BLTight be desensitized. In
addition, LTB, binds and activates the peroxisome proliferatbiated receptor, a
transcription factor that mediates antiinflammataagtions, suggesting a pathway for
inflammation control (Devchand et al., 1996).

Cys-LTs induce smooth muscle contraction, mucusretiea, plasma extravasation,
vasoconstriction and recruitment of eosinophila@Skon and Dahlen, 1999). The cys-LTs are
recognized by two receptors (CysLand CysLT), which have been recently cloned, but
there are indications for the existence of subekssf CysLT and CysL}. Moreover,
numerous investigators have reported data suggestie presence of additional CysLT
receptor types in human tissues, but conclusiveeoubdr/biological information are still
unavailable (Brink et al., 2003; Capra et al., 20@Mso, a number of experimental evidence

indicates the possibility that CysLT receptors nhigkist as homo- and/or hetero-dimers, but
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how this can influence their pharmacology and fiomgtor if this is of any importance for the
cellular physiology, are issues that still neetd@caddresse(Capra et al., 2007Both CysLT
and CysLT receptors are GPCRs coupled with @ gBotein. The CysLT is expressed in
peripheral blood leukocytes, spleen, lung tissoeath muscle cells and macrophages (Lynch
et al., 1999), whereas the CyslLiE expressed more ubiquitously (eosinophils, ernial
blood monocytes, lung macrophages, endothelial,celic). The agonist potency at the
CysLT; receptor is LTR >> LTC, > LTE4, whereas LT and LTD, exhibit similar potency
at the CysL7 receptor and LTEis a weak agonist. Vascular leakage, bronchodatietr,
dendritic cell maturation and migration seem taniexliated by the CysliTreceptor, whereas
both receptors contribute to macrophage activasamoth muscle proliferation and fibrosis.
Interestingly, endothelial cell activation by Cysd Beem to be predominantly related to
CysLT; (Lotzer et al., 2003; Sjostrom et al., 2003)

The 5-ox0-ETE actions, that include chemotaxisjnapblymerisation, CZ mobilization,
integrin expression and degranulation (Ghosh anérb]y1998; Powell and Rokach, 2005),
are mediated by the OXE receptor, which is fBotein-coupled highly expressed in
eosinophils, neutrophils and monocytes (Brink gt2404).

Because of their biological actions, LTs have bammtified as mediators of a variety of
inflammatory and allergic reactions, including rheatoid arthritis, inflammatory bowel
disease, psoriasis, and allergic rhinitis, butrtimeajor pathophysiological implication was
linked to bronchial asthma (Samuelsson et al., 1898Wis et al., 1990). 5-LO pathway has
also been associated with shock (Rossi et al.,)2@@ierosclerosis (Mehrabian et al., 2002;
Spanbroek et al., 2003), osteoporosis and cenypiestof cancer, like prostate cancer (Werz

and Steinhilber, 2006).
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1.2.9. Gender differences in leukotriene-related deases

Intriguing and potentially very informative gendeifferences have been described in the
incidence of LT-related diseases. In particulam, &sthma, allergic rhinitis, rheumatoid
arthritis and osteoporosis, females have a sigmfichigher risk as compared to males
(Wingard, 1984; Osman, 2003). Of interest, epidéngical studies, of both incidence and
prevalence of asthma and atopic conditions, haperted a female predominance only after
puberty, whereas before puberty a male predominanaabserved(Fig. 11) (Ninan and
Russell, 1992; Zannolli and Morgese, 1997). Theergal of the male/female prevalence
conditions at puberty strongly suggests a role siex hormones. In particular, since this
reversion is due to a decrease in the incidenceales and not to an increase in females, a
protective role by androgens has been assumed.iniimenomodulatory properties of sex
steroids have been known for many years in theirmaatanity field. However this knowledge
has seldom been applied to asthma and allergyguaththere is some evidence for a role of
sex hormones as relevant principle.

Generally, androgens exert suppressive effects ath bumoral and cellular immune
responses and seem to represent natural anti-imddony hormones; in contrast, estrogens
exert immunoenhancing activities, at least on thedral immune response (Schmidt et al.,
2006). Low levels of gonadal androgens (testost#Bardihydrotestosterone) and adrenal
androgens (dehydroepiandrosterone and its sulfaseyvell as low androgen/estrogen ratios,
have been detected in body fluids (that is, blosghovial fluid, smears, salivary) of
rheumatoid arthritis patients, supporting the pgubsi of a pathogenic role for decreased
levels of the immune-suppressive androgens (Cwtioéd., 2002).

A beneficial effect by androgens was observed misather leukotriene-related diseases, like

atherosclerosis and cardiovascular diseases (CWDfact, although the incidence of these
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Fig. 11: Occurrence of asthma in male and female bjects. Asthma admissions (ICD J45)
for all hospitals in Scotland from April 2000 to Ap2001, by selected age groups and sex
(Source: Scottish Morbidity Data Information andattics Division, Common Services
Agency, NHS Scotland), show more boys admitted fgefouberty and an evident gender
reversal post-puberty. (fro@sman, M. Arch Dis Child 88, 587-90, 2003
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diseases is higher in males than in females, testoe is a protective factor against
atherosclerosis (Malkin et al., 2003), and men withonary artery disease have lower levels
of androgens than men with normal coronary angrogréenglish et al., 2000).

A mutual relation between the sex-related diffeeeirc autoimmune diseases and 5-LO has
been shown by animal studies after targeting digyopf the 5-LOgene. Of interest, it was
shown that the higher survival rate of male comgppaoefemale MRL/MpJ-Fdgr mice (where
mice spontaneously develop a generalized autoimmisease) was abolished after knock-out
of the 5-LO gene, implying differences in 5-LO puati synthesis or distinct actions of 5-LO

products in males and females (Goulet et al., 1999)
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1.3. Sex hormones

Sex hormones include estrogens, progestins, andogewks (Fig. 12) They have been
traditionally defined by their role in normal repective function: thus, Pfestradiol and
progesterone were considered the major sex hormpresduced by the ovary, whereas
testosterone and its active metabolitedthydrotestosterone ¢5DHT) are the major sex
hormones produced by the testis. Steroid hormdrmgever, are also produced by peripheral
conversion in target tissues (such as fat anditieg)| The typical plasma concentrations of
sex steroids are reported irable 2. These hormones may act in a paracrine manner or
circulate to act at target tissues in an endodashion. Recently, newly alternative forms of
sex steroid receptors have been recognized angretitf modes of genomic and nongenomic
actions have been described. These data haverningiven new insights into pathological
states. An understanding of this new information shed light into sex-based differences in

diseases and responses to therapeutic interventions

1.3.1. Sex hormone targets and receptors

Until recently, it has been assumed that the tardet sex hormones are primarily the
reproductive organs: the breast, female reprodeictract (uterus and ovary), and male
reproductive tract (testes and epididymis) (Santeral., 1986; Whitcomb and Crowley,
1993). An expanded list of sex hormone targets iecapparent when investigators examined
the phenotypes of naturally occurring mutationshumans and genetically altered mouse
models. Deficiency of the aromatase complex (tloatverts testosterone to [}éstradiol) or
knockout of the sex-steroid receptors showed tispeeific deficits (Eddy et al., 1996; Couse

and Korach, 1999; Curtis and Korach, 2000; Conn&$l@1; Matsumoto et al., 2005).
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testosterone 5 o-DHT

Fig. 12: Structures of sex hormonesThe structure of 1f-estradiol contains an aromatic ring
in A with hydroxyl group in position 3 and the nbla features of a 1B-OH (hydroxyl).
Progesterone contains a keto group jre@hjugated with a double bond in £a methyl group
in 198 and a acetyl group inB7 In the structure of testosterone, atOH (hydroxyl) is
present. The double bond in {&an be reduced to givee®HT by the enzyme b-reductase.
Abbreviations5a-DHT, 5a-dihydrotestosterone.

Table 2: Typical plasma concentration of sex steroids

male female Postmenop.
female
estradiol <40 ng/L 40 — 400 ng/L <50 ng/L
progesterone < 0.2 ng/mL 0.3 - 16 ng/mL < 0.2 ng/mL
testosterone 2 -10 ng/mL < 0.8 ng/mL < 0.5 ng/mL
5a-DHT 0.3-0.7 ng/mL < 0.02 ng/mL < 0.02 ng/mL
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Together, these data suggested that sex steraibhes function in an expanded list of target
tissues, including the vascular system, centralowes system, gastrointestinal tract, immune
system, skin, kidney, and lung. An understandingtha tissue-specific roles of gonadal
hormones is important when predicting the benefitasks of replacing natural ligands or use
of steroid hormone antagonists in humans.

Sex hormones have been traditionally considereatt@mn cells and tissues via the regulation
of transcriptional processes, involving the soemficlassic sex-steroid receptors’This
involves the nuclear translocation of the recefmtiowed by the binding to specific response
elements, and, ultimately, the regulation of gengression. However, novel non-
transcriptional mechanisms of signal transductibnough still uncharacterized steroid
hormone receptors have been identified. Theseamerapid effects (within minutes), mainly
affecting intracellular signalling, and they areanlly incompatible with the genomic model. In
fact, these rapid, non-genomic actions do not de&pen gene transcription or protein
synthesis, but involve steroid-induced modulatidncgtoplasmic or cell membrane-bound
regulatory proteins and are likely to be transrdittéia specific membrane receptors
(Falkenstein et al., 2000). A variety of rapid ans, not mediated by the classic nuclear
receptors, have been described also for other idtefmrmones (glucocorticoids,
mineralcorticoids, neuroactive steroids), suggestihat these hormones could share the

characteristic to work by both genomic and non-genonechanisms (Losel et al., 2003).

1.3.1.1. Genomic effects are mediated by the ctasek-steroid receptors
Classical sex-steroid receptors are hormone-aetivitanscription factors, whose activities
are also modulated by post-translational modiftsadi including phosphorylation (Faus and

Haendler, 2006). Two estrogen receptors {EERd ER), two progesterone receptors (PRA
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and PRB) and one androgen receptor (AR) have Heaedt and characterized (Greene et al.,
1986; Loosfelt et al., 1986; Lubahn et al., 1988aQg et al., 1988; Fuller, 1991). They are
modular proteins with distinct functional domai(fsig. 13A). The amino-terminal region
contains the activation function (AF)-1, a trangtianal activation surface. The midregion of
the molecule contains the DNA binding region (DBRJjowed by a hinge region and then
the ligand binding domain (LBD). Dimerization infi@ces are located in the mid- and COOH-
terminal regions. The COOH terminus of the moleoulthin the LBD contains the AF-2
domain, which is another ligand-dependent transonpl activation region.

In absence of hormone, receptor monomers assanidhe cytosol with heat shock protein
complexes(Fig. 13B) and, as a rule, are minimally phosphorylated. Bigdof steroid
hormones to the specific LBD induces a conformationodification of the receptor, followed
by the separation of the receptor from cytoplascthi@perone proteins and by the exposure of
nuclear localization sequences. This allows nudleaslocation and homo/heterodimerization
of the ligand-bound receptors, and their bindingp&tindromic hormone response elements
(HRE) on the promoter regions of the target genless regulating gene expression by
interacting with the transcription machinery anddmé&ng the genomic actions of sex-
hormones (Wierman, 2007). In addition, it has bezapparent that ligand-bound steroid
receptors may function in an alternative mechartisanh involves protein-protein interactions
to either augment or block the effects of othendcaiption factors bound to gene promoters

(Wierman, 2007).
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Fig. 13: (A) Modular structure of steroid hormone receptors. The NH,-terminal region

contains AF-1, a transcriptional activation surfatiee midregion of the molecule contains the
DBD, followed by a hinge region and then the LBDm@rization interfaces are located in the

mid- and COOH-terminal regions. The COOH terminustted molecule within the LBD

contains the AF-2 domain, which is another tragpgimmnal activation region that is dependent

on the ligand.Abbreviations: AF, activation function; DBD, DNA binding domain;BD,
ligand binding domain(B) Genomic action by sex steroidsThe ligand circulates in the

bloodstream, diffuses into cells, and interactshvii¢ cognate receptor in the cytoplasm or
nucleus to alter the conformational state. Thenligaound steroid receptor recognizes the

HREs on promoters of target DNA to directly bindstidNA as a transcription factor and

ultimately increase gene expression. In additibrhais become apparent that ligand-bound

steroid receptors may function in an alternativechamism that involves protein-protein
interactions to either augment or block the effeatsother transcription factors bound to
promoter DNA.Abbreviations:HRE, hormone responsive elements; SR, steroid teGepr,
transcriptional factor. (froriVierman, M. E. Adv Physiol Educ 31, 26-33, 2007
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1.3.1.2. Non-genomic effects and the hypothesise{-steroid membrane-bound receptors

In contrast to the genomic action, non-genomic otffeof sex-steroid are principally
characterized by their insensitivity to inhibitas$ transcription and protein synthesis, and,
representing the most obvious experimental evidebgeheir rapid onset of action (within
seconds to minutes). These rapid effects are likelybe mediated through receptor
subfractions of the classic receptor, that can kEsalize on the cell membrane (Pietras and
Szego, 1977; Pietras and Szego, 1980), or throeggptors with pharmacological properties
distinct from those of the intracellular steroidceptors. In this respect, accumulating
evidences indicate the existence of distinct cadhorane receptors, although they have not
been yet cloned and characterized (Simoncini anda@gni, 2003). Membrane receptor-
mediated events are typically not blocked by améege of the classical receptors and can be
stimulated by hormones coupled to high moleculagltecompounds (such as bovine serum
albumine, BSA), that retard their diffusion acrdke cell membrane (Heinlein and Chang,
2002). Moreover, for androgens, a binding to thets@mone binding globulin (SHBG) and a
consequent activation of SHBG receptor on thesgflace has been suggested (Heinlein and
Chang, 2002).

The hypothesis that the non-genomic actions ofnegrones involve membrane receptors is
also supported by the observation that they are tablecruit signaling pathways that are often
associated with cell membrane receptors, such @&RSPion channels or enzyme-linked

receptors (Watson, 1999).

Sex hormones and G-protein-coupled receptors
Regulation of GPCR by steroid hormones is one efiést characterized mechanisms of non-

genomic signaling. In fact, the classical estrogeceptors can couple to phospholipase C
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(PLC)J by interacting with a G-protein in osteoblast €€lle Mellay et al., 1997). This leads
to C£" mobilization from the endoplasmic reticulum andniation of inositol 1,4,5-
trisphosphate (IP3) and diacylglycerol (DAG). Cangl with G-proteins seems to be
restricted to certain isoforms, since, in trang#dd€OS-7 cells, Edinteracts with @; but not
with Gag or Gas (Wyckoff et al., 2001).

Progesterone binds the GPCR for oxytocin (Grazeinal., 1998), resulting in interference
with oxytocin binding, although this action of pesgerone seems not to be receptor-specific
and a direct involvement of the classical progestereceptor has not been reported (Burger
et al., 1999).

Androgens have been also indicated to interact/tatel GPCRs, through indirect lines of
evidence (Heinlein and Chang, 2002). In particuilae, ability of androgens to induce a rapid
increase in intracellular Gaseems to be strictly linked to a GPCR. In T-celfsl IC-21
macrophage-like cells, membrane binding of testosteinduced an increase in fGawithin
seconds (Benten et al., 1999a; Benten et al., J999HC-21 cells, the CA mobilization is
due to release from intracellular Catores and can be induced by testosterone coejiligat
BSA, which retards the free diffusion of the stdracross the plasma membrane. IC-21 cells
do not express the classical AR and?‘Caobilization in these cells is insensitive to the
antiandrogens cyproterone acetate and flutamideveder, both in IC-21 and T-cells, the
testosterone-induced &aincrease is sensitive to pertussis toxin (PTX),irdmbitor of G,
suggesting that the membrane androgen-binding ipratethese cells is either a G protein
receptor or its function is closely linked to origefiten et al., 1999b). A membrane GPCR
sensitive to PTX is also involved in androgen-iretliincrease in [G4]; in LNCaP prostate
cancer cells (Sun et al., 2006), implying that g@momic actions of testosterone could also be

involved in the regulation of cell survival and with. Interestingly, an increase in [Ch
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induced by testosterone or testosterone:BSA has bbserved also in osteoblasts, but this
effect was sexually dimorphic, since testosteroas wnly able to induce &ainflux in male
primary osteoblasts but not in female-derived dglisberherr and Grosse, 1994).

Therefore, the modulation of GPCRs may possiblylarpa variety of cellular actions of sex
steroids, such as regulation of the PLC/DAG/IP3cads (Le Mellay et al., 1999),
intracellular C&" mobilization, activation of PKC (Le Mellay et al997), and activation of

the adenylate cyclase/protein kinase A pathwaylykatlal., 1999).

Sex hormones and ion channels

It has been observed in endothelial and smooth Ieusells that sex steroids can also
influence cell membrane ion channels and can mapiabdulate transmembrane ion fluxes
(White et al., 1995; Barbagallo et al., 2001a; Bagdllo et al., 2001b). However, a direct
interaction between sex hormones and ion chanasaver been reported and the effect of

steroids on ion channels remains still unclear.

Sex hormones and kinase pathways

Sex steroids can also regulate in a rapid fasheweral kinase pathways, like the MAPK

cascades, several tyrosine kinases and lipid kinaséese signaling machineries are
ubiquitous signal-transducers, and their activat®finked to a variety of important cellular

events (including gene expression, protein regaatiell proliferation and survival).

The activation of the MAPK pathways by sex sterdids been characterized in several
tissues. Three main cascades are described, the lERKhe p38 MAPK and c-Jun NH2-

terminal kinase (JNK) cascades (Chang and Karir§l2@Pearson et al., 2001). These

pathways are organized in step-modules, where atragm kinase phosphorylates and
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activates the downstream MAPK. The relationshipveen MAPKs and steroid receptors is
complex, since several levels of mutual regulatioght exist (Weigel and Zhang, 1998).
Exposure to estrogens leads to rapid activatiothefERK 1/2 in various cell types, like
osteoblasts (Endoh et al., 1997), neuroblastombs ¢#Vatters et al., 1997) and white
adipocytes (Dos Santos et al., 2002). This actwathay be finely tuned by the coordinated
interaction with other signaling cascades. Foranesg, in adipocytes, PTX and wortmannin
reduce the magnitude of MAPK activation by E2 (C#mntos et al., 2002) suggesting the
parallel involvement of the @Qrotein/Src family kinase/phosphatidylinositol keea(PI3K)
pathways for the functional activation of MAPK. Attugh less is known about the regulation
of the other MAPK, the p38 cascade is activatecgstyogen in endothelial cells (Razandi et
al., 2000), whereas estrogens downregulate theitgctif JINK in RAW264.7 macrophages
(Srivastava et al., 1999).

In breast cancer cells, progesterone plays a mlekae in the regulation of ERK1/2
(Migliaccio et al., 1998). Indeed, the B isoformthe PR stimulates the activated estrogen
receptor to recruit the Src/p2lras/ERK pathwayeadimg a functional cross-talk between
different steroid receptors, which could be relevion their growth-promoting effects on
cancer cells.

Androgens are also able to regulate the MAPK faroflyprotein kinases. In prostate cancer
cells, m-DHT leads to a rapid and reversible activatiorE&K1/2 (Peterziel et al., 1999).
Transient transfection assays demonstrated thaaritieogen receptor-mediated activation of
ERK1/2 results in enhanced activity of the transown factor Elk-1. This action of the
androgen receptor differs from its known transaoipal activity, since it is rapid and
insensitive to androgen antagonists such as hyfludagnide or casodex. In androgen

receptor-free macrophages, testosterone acts ¢ell anembrane receptor to attenuate the
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LPS-dependent activation of p38 MAPK (but not of KER/2 and JNK/SAPK), showing a
potential signaling cross-talk with the LPS pathw@&go et al., 2002). On the contrary-5
DHT was found to increase the activation of p38 NKAK male mice after trauma-
hemorrhage (Angele et al., 2003).

A prominent feature of sex steroids is also represk by activation of tyrosine kinases.
Estrogen treatment of various cell types inducesepm tyrosine phosphorylation (Simoncini
and Genazzani, 2003). Rapid activation of tyroskieases is accomplished also by
progesterone, probably via a specific interactietween a polyproline motif in the NH
terminal domain of PR with SH3 domains of variougoplasmic signalling molecules,

including c-Src tyrosine kinases (Boonyaratanakibetkal., 2001).

1.3.1.3. Genomic effects vs non-genomic effects

Based on the evidence of genomic and non-genomebamesms by sex hormones, a possible
interpretation have been put forward (Simoncini &ehazzani, 2003). Genomic signaling
mechanisms may represent the way used by steromdomes to program target cells, organs
and systems for complex functions, providing thegle cells and the cell networks with the
tools to accomplish these tasks. On the contraoy-genomic signaling mechanisms may
represent a way to rapidly activate the cellulancfionalities needed to adapt to dynamic
changes in the surrounding milieu. The time of béehese effects can be extremely rapid,
but the modifications of the cell program may begdasting anyway and, therefore, altered
or differential non-genomic steroid signaling mapedifically contribute to determine

pathological conditions.
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2. AIM OF THE PRESENT INVESTIGATION

5-LO catalyzes the initial steps in the conversib®A to LTs (Werz, 2002). LTs are potent
mediators of inflammatory and allergic reactionsit lalso may play prominent roles in
cardiovascular diseases, cancer, and osteopoMsiz (and Steinhilber, 2006). Therefore, a
number of compounds that interfere with LTs, eithath their synthesis (5-LO inhibitors,
FLAP inhibitors) or with the respective LT recemohave been developed. However, for the
successful development of drugs interfering with 8LO pathway and effective in 5-LO
related diseases, the understanding of 5-LO rdgualas of utmost importance (Werz and
Steinhilber, 2005; Werz and Steinhilber, 2006)tact, although the biology of 5-LO has been
intensively investigated, it is still incompletainderstood (Radmark et al., 2007).

The enzymatic activity of 5-LO in cell-free assaigs stimulated by C& and Md?
phospholipids (e.g. PC), glycerides, ATP, CLP, aertundefined leukocyte proteins and
LOOHSs with different magnitudes. In intact cellsid&ional events are of importance in the
regulation of 5-LO activity, such as the availaliliof AA as substrate by cPLA the
interaction of 5-LO with FLAP, phosphorylations&r residues (stimulatory, by ERK1/2 and
p38, and inhibitory, by PKA). Moreover, 5-LO produsynthesis strictly correlates with
subcellular localization of 5-LO, that is a mob#azyme in cellsln a generally accepted
model, 5-LO occurs in resting cells as a solubleysre, either in the cytosol or in the nucleus,
depending on the cell type (Werz and Steinhilb@6&). In particular, 5-LO has been reported
to be cytosolic in resting neutrophils or peritdneacrophages, and intranuclear in dendritic
cells or in alveolar macrophages. Although it hasrbshown that the nuclear import is driven

by three distinct NLS, the mechanisms involved ioSNactivation in different cell types are
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still unclear (Jones et al., 2003). Upon cell station, 5-LO comigrates with cPLAo the
nuclear envelope, in a & and phosphorylation-dependent manner. Here, gRib&rates
AA from phospholipids, which is then transferredthg membrane-bound FLAP to 5-LO for
metabolism. Interestingly, the locus of 5-LO intmeg cells depends on the cell type and
seems to determine the compartment where 5-LOtrédiges upon stimulation. Thus, for
example, in activated neutrophils and peritoneatro@hages, cytoplasmic 5-LO has been
found to associate with trendoplasmic reticulunand the outer nuclear membrane, whereas
the intranuclear 5-LO (e.g. in dendritic cells aralveolar macrophages) translocates to the
inner membrane of the nuclear envelope. Of intetestcapacity for LT generation is higher
when 5-LO translocates to the nuclear membrane tindhe endoplasmic reticulunfLuo et

al., 2003).

Up to date, many reports have confirmed theseriggliand it is accepted that the capacity of
cellular product synthesis from endogenous sulesinratesponse to an agonist (i.e. ionophore
or fMLP) depends on 5-LO translocation to the nackenvelope. However, in all the animals
studies performed, female but never male animal® weed and, when human cells were
analysed, the sex of the donor was never spedaifigdken into account. Also, inconsistent
patterns of 5-LO translocation were reported whetNE from several donors, whose gender
was not reported, were analyzed (Boden et al., RO@I@reover, the sex of the subject
wherefrom cell lines have been originally estaldsland the effects of sex hormones present
in fetal calf serum, that is generally added asuppkEment to cell cultures, have been
neglected when studying 5-LO cell biology in ceahels. Together, no study has ever
considered that the gender, the sex hormone statie donor, or sex hormones themselves
may influence subcellular localization, translocatiand biological activity of 5-LO.

However, such interrelations are conceivable bexaeveral experimental evidences and

53



2. Aim of the present investigation

clinical data suggest a possible relation betweamdgr and 5-LO. In fact, it was shown that
the differences in the survival rate on male anddie mice,in an experimental model of
autoimmune disease, was abolished after knock-obiL® gene, implying differences in 5-
LO product synthesis or distinct actions of 5-L@ducts in male and female animals (Goulet
et al., 1999). Also, as consequence of the tangetigtion of the LTB receptor 1 (BLT) in
mice, a reduced survival in males but a higherigahin females were observed, in a model
of PAF-induced anaphylaxis (Haribabu et al., 200@preover, many data have shown a
differential incidence in human, as well as in amimodels, of LT-mediated diseases, such as
rheumatoid arthritis, osteoporosis, Alzheimer digear asthma, for all of which females have
a significant higher risk as compared to males @&fid, 1984; Osman, 2003). Indeed,
although other LT-related diseases, like atherossie and cardiovascular diseases, have a
higher incidence in males, a protective actionestdsterone was demonstrated (English et al.,
2000; Malkin et al., 2003). Interestingly, sex homas were shown to have profound effects
on the immune response and inflammation (Obendodf Ratchev, 2004; Bouman et al.,
2005), acting through both genomic and non-genomichanisms to regulate protein
expression and signal pathways, that could consglguegulate 5-LO cellular biology.

In the light of these facts, the aim of the presemestigation was to evaluate if 5-LO is
regulated in a gender-dependent manner and if sgrdnes influence the 5-LO pathway.

To this purpose, primary human PMNL have been aseexperimental model, since they are
primary governors of inflammatory processes andntlagor 5-LO product synthesizing cells
in humans. In order to avoid or reduce the occueef a possible loss of the vivo cellular
state of PMNL by the removal from their normal phas environment, where they are in
contact with the sex hormones, the isolation praoedrom peripheral blood was strictly

performed at 4° C (Jethwaney et al., 2007). Undesé conditions, PMNL have been shown
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to retain the effects of treatments carried outhi blood. Moreover, in order to confirm the
biological relevance of the results obtained idutat models, whole blood assays were also

performed.
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3. MATERIALS AND METHODS

3.1. Materials

Nycoprep was from PAA Laboratories (Linz, Austri€) -ionophore A23187, ionomycin,
AA, LPS, fMLP, prostaglandin B margaric acid, 1-(dimethylaminopropyl)-3-
ethylcarbodiimide (EDC), ATP and EDTA were from Rig (Deisenhofen, Germany)a-5
DHT, testosterone, testosterone 3-(O-carboxy-mgikiyhe:BSA (testosterone:BSA; 20 mol
steroid per mol BSA), J¥estradiol, and progesterone were also purchased 8igma and
were dissolved in EtOH, so that the final conceitraof ethanol never exceeded 0.05 %.
Cinnamyl-3,4-dihydroxys-cyanocinnamate (CDC) was from BIOMOL Research Lhius
(Plymouth Meeting, PA, USA). Adenosine deaminaseaAbovine intestine), FuraAi/,
u0126, PD98059, SB203580, and PTX were from Cali@at (Bad Soden, Germany).
Cyproterone acetate and flutamide were from LKT drabories Inc. (St. Paul, MN, USA).
BAPTA/am was from Alexis (Grinberg, Germany). MK-886 and B¥C were generous
gifts by Dr. A. W. Ford-Hutchinson, Merck-Frosstatada) and by Dr. L. G. Garland
(Wellcome Res. Laboratories), respectiveligh performance liquid chromatography

(HPLC) solvents were from Merck (Darmstadt, Germany

3.2. lIsolation of human PMNL

Human PMNL were freshly isolated from leukocyte cemrates obtained at the Blood

Center, University Hospital (Tubingen, Germany)n¥@ies blood was taken from healthy adult
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donors, differentiated on the base of the sex, laokocyte concentrates were prepared by
centrifugation at 4,0a§20 minutes/20° C. The blood was then diluted lith whosphate-
buffered saline (PBS) and then 4.5 with ice-col#lXextran in PBS, for 30 minutes. After
dextran sedimentation PMNL were immediately isalatey centrifugation at 4° C on
Nycoprep cushions and hypotonic lysis of erythresytas described previously (Werz et al.,
2002b). Cells (purity > 96-97 %) were finally repaaded to the indicate density in ice-cold
PBS plus 1 mg/mL glucose (PG buffer), or alterredtivin ice-cold PBS plus 1 mg/mL

glucose and 1 mM Cag(PGC buffer) as specified.

3.3. Determination of 5-lipoxygenase product formation

For assays in intact cells, human PMNL (5 X)¥eshly isolated from whole blood or buffy
coats of male and female donors were finally resndpd in 1 mL ice-cold PGC buffer. The
reaction was started by addition of ionophore AZ3{B5 uM) and by AA (20 uM), either
used alone or in combination. After 10 minutes &t @, the reaction was stopped with 1 mL
of methanol and 30 pL of 1 N HCI, 200 ng prostadiamB,; and 500 pL of PBS were added.
In the experiments in which PMNL were stimulatedthwfMLP, cells (2 x 16 were
resuspended in 1 mL ice-cold PGC buffer and primvth 1 pg/mL LPS at 37° C for 10
minutes. Ada (0.3 U/mL) was added for additionalr@idutes of preincubation. Cells were
then stimulated with fMLP (1 uM) for 5 minutes (Knp et al., 1997) and the reaction was
stopped as described above.

In the experiments in which the effect of hormoors-LO product formation was evaluated,
the cells were preincubated for 30 minutes withititkcated sex steroids prior to the addition

of the stimulus. In some experiments, the treatmeith 5o-DHT for 30 minutes was
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performed in the blood, prior to the isolation loé tcells.

Formed 5-LO metabolites were extracted and analymedHPLC as described (Werz and
Steinhilber, 1996). In detall, after centrifugati@0Qy, 10 minutes, room temperature) the
samples were applied to C-18 solid-phase extractodimmns (100 mg; IST, Mid Glamorgan,
United Kingdom), preconditioned with 1 mL methamold 1 mL water. The columns were
washed with 1 mL water and 1 mL water/methanol Z85Ak0l/vol) and 5-LO metabolites
were eluted with 300 uL methanol. The extract e tdiluted with 120 puL water, and 100
pL diluted extract were analyzed by HPLC using &8CRadial-Pak column (Waters) eluted
with methanol/water/acetic acid 75/25/0.1 (vol/vol) at a flow rate of 1.2 mL/min. Amounts
of different metabolites were determined by peadaantegration. 5-LO product formation
was expressed as ng of 5-LO products pércels. 5-LO products included LTEnd its all-
trans isomers, 5(S),12(S)-di-hydroxy-6,10-trans4&;k-eicosatetraenoic acid (5(S),12(S)-
DIHETE), 5(S)-hydroxy-6-trans-8,11,14-cis-eicosatenhoic acid (5-HETE), and 5(S)-
hydroperoxy-6-trans-8,11,14-cis-eicosatetraenoid g&-HpETE). 5-HETE and 5-HpETE
coelute as one major peak, and the integratiohisfpgeak represented both eicosanoids. Cys-
LTs (LTC4 D4 and E) were not detected and oxidation products of LTere not
determined.

For assays in cell free systems, human PMNL (5 % ftéshly isolated from whole blood or
buffy coats of male and female donors were finediguspended in 1 mL ice-cold PBS plus 1
mM EDTA. They were sonicated on ice X510 seconds) with a cell disruptor B15 Branson
sonifier (output: 6; duty cycle: 40 %) and 1 mM ATWas added. In some experiments,
sonified samples were then ultracentrifuged at @@, 4° C, for 1 h in an ultracentrifuge
(Beckman Instruments) and the resulting supern&i0) was used for the evaluation of 5-

LO product formation. Samples (1 mL homogenateS10) were then pre-warmed for 30
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seconds at 37° C and 2 mM Ca@hd AA at the indicated concentration (5, 20 a@du&1)
were added to start 5-LO product formation. As ¢atikd, some experiments were performed
in the absence of Ca The reaction was stopped after 10 minutes atG3BYy addition of 1
mL ice-cold methanol, and then 30 pL of 1 N HCIP2@y prostaglandin Band 500 pL of
PBS were added. The formed metabolites were egtitaantd analyzed by HPLC as described

for intact cells.

3.4. Measurement of AA release

Human PMNL (5 x 10 freshly isolated from whole blood or buffy coafsmale and female
donors were finally resuspended in 1 mL ice-coldCRgaffer. They were pre-warmed at 37°
C for 10 minutes and then the 12-LO inhibitor COO (1M) and the 5-LO inhibitor BWA4C
(1 uM) were added to avoid the conversion of likedaAA to LO metabolites. After 10
minutes, the reaction was started by addition 6f 2V ionophore A23187 and the samples
were incubated for 5 minutes at 37° C. The reaotias stopped with 2 mL of methanol and
60 pL of 1 N HCIl and 2 mL of PBS were added togethi¢gh 60 g of margaric acid, used as
internal standard.

In the experiments in which PMNL were stimulatedthwfMLP, cells (5 x 16 were
resuspended in 1 mL ice-cold PGC buffer and prevedrat 37° C for 10 minutes. The 12-
LO inhibitor CDC (10 uM) and the 5-LO inhibitor BWIKC (1 uM) were added together with
1 pg/mL LPS at 37° C for 10 minutes. Ada (0.3 U/mlgs added for additional 20 minutes of
preincubation. Cells were then stimulated with fMIPuM) for 5 minutes and the reaction
was stopped as described above.

In the experiments in which the effect of hormowoesionophore-induced AA release was
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evaluated, cells were preincubated for 30 minutils thie indicated sex steroids prior to the
addition of the stimulus.
Released AA, as well as the margaric acid usedamslard, was then extracted, derivatized
with 2,4-dimethoxyanilin and analyzed by HPLC. Iatall, after centrifugation (8@) 10
minutes, room temperature) the samples were apfi€#18 solid-phase extraction columns
(100 mg; IST, Mid Glamorgan, United Kingdom), preddgioned with 1 mL methanol and 1
mL PBS containing 0.03 N HCI. The columns were veaskvith 1 mL water and 1 mL
water/methanol (75/25, vol/vol) and AA was eluteddwB00 pL methanol. The extracts were
derivatized by adding 37.5 pL 2,4-dimethoxyanilinO2 M) in water, and 75 pL of a solution
50/50 of 0.125 M EDC in ethanol and 1.5 % pyridimethanol. The reaction was performed
at 37° C for 1 hour. Then, 100 pL derivatized exttnaere analyzed by HPLC using a C-18
Radial-Pak colimn (Waters) eluted as follows:
* 0-20 minutes:a) methanol/water/acetic acid 75/25/0.1 (vol/volyvbuffer A) at a flow
rate of 1.4 mL/min as linear gradient from 100 %0 t&;
b) methanol/acetic acid 100/0.1 (vol/vol) (buffey & a flow rate of 1.4
mL/min as linear gradient from 0 % to 100 %;
e 20-23 minutes100 % buffer B at a flow rate of 1.4 mL/min;
e 23-35.5 minutes100 % buffer A at a flow rate of 1.4 mL/min.
Released AA was detected at 272 nm and determingedk area integration. Liberated AA
was calculated as percentage of the peak of theatieed standard (margaric acid) and is
expressed as percentage of the increase inducstnimylation, compared to non-stimulated

cells.
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3.5. Determination of 5-lipoxygenase protein expression

Human PMNL (3 x 10 freshly isolated from whole blood or buffy coafsmale and female
donors, were finally resuspended in 1 mL ice-cd&Smlus 1 mM EDTA and sonicated ¥5
10 seconds) with a cell disruptor B15 Branson sen{butput: 6; duty cycle: 40 %). Total cell
lysates were then centrifuged at 12§30r 15 minutes at 4 ° C. The supernatant was
collected and mixed 1:1 with 2x ice cold sodium elod sulphate (SDS)-polyacryamide gel
electrophoresis (PAGE) sample loading buffer (SDpShleated for 6 minutes at 95° C, and
analysed for 5-LO protein by SDS-PAGE and immunttislg. Total cell lysates were also
obtained by resuspending freshly isolated PMNL (80 in lysis buffer (50 mM Tris, pH
7.4, 1 % Nonidet P-40 (NP40), 0.01 % SDS) contgirdaamplete protease inhibitor cocktail
for 10 minutes at 4° C. The lysates were then daged at 12,000 for 15 minutes at 4° C
and the supernatants were mixed with gel loadinfleby50 mM Tris, 10 % SDS, 10 %
glycerol, 10 % 2-mercaptoethanol, 2 mg/mL of broh@mml) in a ratio of 1:1, heated for 6

minutes at 95° C, and analysed by SDS-PAGE.

3.6. Subcellular fractionation by mild detergent lysis

Subcellular localization of 5-LO, CLP, FLAP and pER2 was investigated by cell
fractionation as described previously (Werz et20Q1b). In detail, human PMNL (3 x 30
freshly isolated from whole blood or buffy coatsnafile and female donors, were resuspended
in 1 mL of cold PGC buffer. A23187 Gaionophore (2.5 uM) was added as indicated and the
samples were further incubated for 10 minutes, thed chilled on ice for 5 minutes to stop
the reaction.

In the experiments in which PMNL were stimulatedthwfMLP, cells (3 x 16 were
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resuspended in 1 mL PGC buffer, primed with 1 pglo®IS at 37° C for 10 minutes and 0.3
U/mL Ada were added for additional 20 minutes dipcubation. Cells were then stimulated
with fMLP (1 uM) for 5 minutes and the reaction veispped on ice.

In the experiments in which the effects of hormomé8PK inhibitors or C&” chelators were
evaluated, the cells were incubated at 37° C withihdicated compounds for the indicated
times and the reaction was stopped on ice.

In the experiments in which the effects of humamspia were analysed, the cells (3 %)10
were incubated in autologous plasma for 30 minate37° C. The reaction was stopped on
ice, and the cells were washed twice with ice-d®RBS prior to lysis, in order to minimize
contamination of plasma proteins in the samples.

After 5 min on ice, the samples were centrifuged(p, 5 minutes, 4° C, and the pellets were
then resuspended in 300 pL ice-cold 0.1 % NP4G lgsifer (10 mM Tris-HCI, pH 7.4, 10
mM NaCl, 3 mM MgC}, 1 mM EDTA, 0.1 % NP40, 1 mM phenylmethyl sulforilgloride
(PMSF), 60 pg/mL soybean trypsin inhibitor, and H@mL leupeptin). The samples were
vortexed (3 x 5 seconds), kept on ice for 10 misusad centrifuged (1,00010 minutes, 4°
C). Resultant supernatants (non-nuclear fractiovexe transferred to a new tube, and the
pellets (nuclear fractions) were resuspended inpd0&e-cold relaxation buffer (50 mM Tris-
HCI, pH 7.4, 250 mM sucrose, 25 mM KCI, 5 mM MgCl mM EDTA, 1 mM PMSF, 60
png/mL soybean trypsin inhibitor, and 10 pg/mL lepgp®. Both nuclear and non-nuclear
fractions were centrifuged again (1,@0Q0 minutes, 4° C) for further purification. Ly
cells and integrity of nuclei were confirmed byhignicroscopy with trypan blue exclusion.
Nuclei in relaxation buffer were disrupted by saticn on ice (3 x 5 seconds) with a cell
disruptor B15 Branson sonifier (output: 3; duty leyat0 %). Aliquots of nuclear and non-

nuclear fractions were immediately mixed with treeme volume of SDS-b, heated for 6
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minutes at 95° C, and analyzed for 5-LO, CLP, FL&fl pERK protein by SDS-PAGE and
Western blotting. Lamin B, an ubiquitous proteinclesively present in the nuclear

membrane, was used as a marker to indicate theatdractionation (not shown).

3.7. Subcellular fractionation by sonication and ultracentrifugation

Subcellular localization of 5-LO, cPLA CLP and FLAP in the soluble and membrane-
associated fraction was investigated by sonicatiad ultracentrifugation (Pouliot et al.,
1996). In brief, human PMNL (3 x fpfreshly isolated from whole blood or buffy coats
male and female donors were resuspended in 1 mkoice PGC buffer and activated as
described iM3.6. The reaction was stopped on ice, the samples vesrifuged at 20§ 5
minutes, 4° C, and the pellets were then resuspemd&s0 pL ice-cold relaxation buffer (see
3.6). PMNL were sonicated on ice 10 seconds) with a cell disruptor B15 Branson feami
(output: 6; duty cycle: 40 %). Cell disruption wamnfirmed by light microscopy with trypan
blue exclusion. Sonicates were centrifuged at 19,070 minutes, 4° C in an ultracentrifuge
(Beckman Instruments). The 100,@08upernatant was referred as the soluble frac8a0Q);
the corresponding pellets were resuspended in 15@&¢tcold relaxation buffer and were
referred as the membrane-associated fraction (PXiguots of S100 and P100 fractions
were immediately mixed with the same volume of Sh3reated for 6 min at 95° C, and

analyzed for 5-LO, cPLA CLP and FLAP protein by SDS-PAGE and Westerrtiigt

3.8. Determination of MAPK activation

Human PMNL (1 x 10 freshly isolated from whole blood or buffy coafsmale and female
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donors were resuspended in 100 pL ice-cold PGCehuKfter addition of the indicated
stimuli, samples were incubated at 37° C and tlaetien was stopped after the indicated
times by addition of 100 pL ice-cold SDS-b, vortgxand heated 6 minutes at 95° C. In the
experiments in which the effects of human plasmaevemalysed, the cells (1 x )0vere
incubated in 100 pL plasma for the indicated tirme87° C. The reaction was stopped on ice
and then the cells were washed twice with ice-&B$5 prior to lysis, in order to minimize
contamination of plasma proteins in the samples.

Total cell lysates (20 pL) were analyzed for ERKI1jZhosphorylated MAPK and

phosphorylated Elk-1 by SDS-PAGE and immunoblotting

3.9. SDS-PAGE and Western Blotting

Total cell lysates (20 puL) and aliquots of nuclead non-nuclear fractions (25 pL) were
mixed with 4 ul glycerol/0.1 % bromophenolblue (1vbl/vol) and analyzed by SDS-PAGE
using a Mini Protean system (Bio-Rad) on a 10 % (§elLO, ERK1/2, pERK1/2, p-p38
MAPK, pElk-1), 6 % gel (cPLA) or 20 % gel (CLP, FLAP). Correct loading of thel gnd
transfer of proteins was confirmed by Ponceau Bis@ After electroblot to nitrocellulose
membrane (GE Healthcare), membranes were blocki&d5# BSA in 50 mM Tris/HCI, pH
7.4 and 100 mM NacCl (TBS) for 1 hour at room terapare. Membranes were then washed
and incubated overnight at 4° C with primary andiles.

5-LO antibody (affinity purified anti-5-LO antiseruon a 5-LO column, 1551, AK7), and
polyclonal anti-human CLP antiserum, raised in kéis against amino acids 116-130 of
human CLP, were kindly provided by Dr. Olof RadmdMarolinska Institute, Stockholm,

Sweden). Polyclonal anti-FLAP antiserum was prodidy Dr A. Hatzelmann (Konstanz,
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Germany). cPLA antibody was from Santa Cruz Biotechnology. Antles against ERK1/2
and phosphospecific antibodies recognizing pERK{TAr202/Tyr204), p-p38 MAPK
(Thrl80/Tyr182) and pElk-1 (Ser383) were from Ciljnaling Technology. The antibodies
were used as 1:1,000 dilution in 0.1 % Tween 20/€B&aining 5 % BSA.

After the incubation with the primary antibodiesemmbranes were washed with TBS and
incubated with 1:1,000 dilution of alkaline phosfas®-conjugated 1gGs (Sigma) for 3 hours
at room temperature. After washing with TBS and TB$ 0.1 % Tween 20, proteins were
visualized with nitro blue tetrazolium and 5-brodhachloro-3-indolylphosphate (Sigma) in
detection buffer (100 mM Tris/HCI, pH 9.5, 100 mNM@Gl, 5 mM MgC}).

In some experiments, an ECL Plex Western blottiysjesn was used. In detail, after SDS-
PAGE, the proteins were electroblotted to HybondLE@trocellulose membranes (GE
Healthcare), blocked with 2 % ECL advance bloclaggnt (GE-Healthcare) in TBS plus 0.1
% Tween 20, for 1 hour at room temperature and theabated with primary antibodies,
overnight at 4° C. Multiple detection was perfornimdincubating the membranes in solutions
containing dilutes of antibodies of different origffor example: anti-pERK1/2, mouse, and
antip-p38 MAPK, rabbit). The membranes were theshed in TBS plus 0.1 % Tween 20 and
incubated for 1 hour at room temperature with EAQexPCyDye conjugated secondary
antibodies (Cyb5-conjugated anti-rabbit and Cy3-ogajed anti-mouse, GE Healthcare)
diluted 1:2,500 in TBS. After washing, the membraveze dried at 37° C, for 1 hour in the
dark, and then scanned in the Cy3 (Excitation IFiid0 nm; Emission Filter: 595 nm) and in
the Cy5 (Excitation Filter: 635 nm; Emission Filt&880 nm) channels by an Ettan DIGE
imaging system (GE-Healthcare). Densitometry wagopmed with ImageQuant TL image
analysis software (GE Healthcare); relative intéesiwere calculated as percentage of the

strongest band in the corresponding membrane.
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3.10. Indirect Immunofluorescence Microscopy

Human PMNL (1.5x 10°), freshly isolated from whole blood or buffy coais male and
female donors, were resuspended in 1 mL ice-col@ BGfer. Cells were then centrifuged at
30g for 1 minute onto poly-L-lysine (MW 150,000-300(000Sigma-Aldrich)-coated glass
coverslips in the wells of a 12-well plate.

In some experiments, cells were activated by asldiof 2.5 uM ionophore A23187, for 3
minutes at 37° C.

In the experiments in which PMNL were stimulatecthwfMLP, cells (1.5x 10°) were
resuspended in 1 mL ice-cold PGC buffer and primtth 1 pg/mL LPS at 37° C for 10
minutes. Ada (0.3 U/mL) was added for additionalr@idutes of preincubation. Cells were
then centrifuged onto poly-L-lysine as reportedwaband stimulated with fMLP (1 uM) for 5
minutes at 37° C. In the experiments in which tffeats of hormones or MAPK inhibitors
were evaluated, cells (1:61¢) were incubated at 37° C with the indicated conmaisufor the
indicated times prior to cytospin onto the glasgerslips.

Cells were fixed in methanol (-20° C, 30 minutesyl @ermeabilized with 0.1 % Tween 20 in
Dulbecco’s PBS (room temperature, 10 minutes)ovedid by 3 washing steps with PBS.
Samples were blocked with 10 % non-immune goatnsé€mvitrogen) for 10 minutes at room
temperature and then washed again twice with PBS.

5-LO staining was performed by incubating the celes with the anti-5-LO serum (1551,
AK-7) for 1 hour at room temperature. The covesshpere then washed 10 times with PBS,
incubated with Alexa Fluor 488 goat anti-rabbit Ig@vitrogen, diluted 1:1,500 in PBS) for
10 minutes at room temperature in the dark, andhea40 times with PBS.

Double staining was performed by incubating theecshps with rabbit anti-5-LO serum

together with either mouse monoclonal anti-lamifAcam, 1/3 in PBS; nuclear envelope

66



3. Materials and Methods

marker) or mouse monoclonal anti-1D3 (Abcam, 1/%BS; endoplasmic reticulum marker
(Vaux et al.,, 1990)) antibody, for 1 hour at rooemperature. The coverslips were then
washed 10 times with PBS, incubated with a mixtfrdlexa Fluor 488 goat anti-rabbit IgG
(Invitrogen, 1/1500 in PBS) and Alexa Fluor 594 tgaati-mouse IgG (Invitrogen, 1/800 in
PBS) for 10 minutes at room temperature in the ,damkl washed 10 times with PBS.

The DNA was stained with 0.1 pg/ml diamidino-2-pylerdole (DAPI) in PBS for 3 minutes
at room temperature in the dark. The coverslipsevieen washed 10 times and mounted on
glass slides with Mowiol (Calbiochem) containingg 26 n-propyl gallate (Sigma). The
fluorescence was visualized with a Zeiss AxioveBOK microscope using a 100X oil-

immersion objective.

3.11. Spectruofluorimetric Ca**imaging

Human PMNL, freshly isolated from whole blood orffigucoats of male and female donors,
were resuspended in ice-cold PGX5L0" cells/mL), and incubated with 2 uM Furax@/
(Molecular Probes) for 30 min at 37° C in the dakRer washing, cells were resuspended in
PBS (1x 10’ cells/mL) and transferred into a thermally corigol(37° C) fluorometer cuvette
in a spectrofluorometer (Aminco-Bowman series 2eritio Electron Corporation, Waltham,
MA) with continuous stirring. Two minutes prior gtimulation, 1 mM CaGlwas added. In
some experiments, as indicated, the recalcificadiothe medium was performed 30 seconds
after the addition of the stimuli. The fluorescereraission at 510 nm was measured after
excitation at 340 nm (C&bound Fura-2) and 380 nm (free Fura-2), respdgtividhe [Cd7];
was computed from the ratio of 340:380 nm fluoraseevalues according to Grynkiewicz et

al. (Grynkiewicz et al., 1985). Maximal fluorescengnay) Was obtained by lysing the cells
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with 1 % Triton X-100 and minimal fluorescend@n(,) by chelating C¥ with 10 mM EDTA.
In some experiments, the area under the cytosalit €@ncentration curve was calculated for
100 seconds after recalcification of the mediunamsndex of C¥-mobilisation (Itagaki et

al., 2002).

3.12. Preparation of human plasma

For the isolation of human plasma, fresh blood eakected by the Blood Center, University
Hospital (Tubingen, Germany) in heparinized tutfdonovetten Sarstedt, 13.1628, 16 I|.E.
Heparin/mL blood) by venipuncture from fasted (Iduts) male and female volunteers, with
consent. The blood was centrifuged at@@fr 10 minutes at 4° C. The plasma (supernatant)
was then transferred into a different tube andrdeged again (80§ 10 minutes, 4° C) for
further purification. The resulting supernatant v@aslysed to confirm the absence of cellular

contaminations and was stored at -80° C till rezplifior use.

3.13. Determination of 5-lipoxygenase activity in whole lmod

Freshly drawn venous blood was collected at 9:00. &y the Blood Center, University
Hospital (Tubingen, Germany) in heparinized tubesdl@scribed ir3.12. The subjects had no
apparent inflammatory conditions and had not tak@nanti-inflammatory drugs or hormones
for at least ten days prior to blood collectioneTiood was divided in 2 mL aliquots in glass
vials and stimulated with either Cdonophore A23187 (3QM) or with A23187 (30uM) +
AA (100 uM), for 10 minutes at 37° C. The stimulation was perfed within 15 minutes after

blood withdrawal.
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In experiments evaluating the effect e-BHT on agonist-induced 5-LO product formation,
the blood was preincubated with 100 nMBHT or vehicle (0.05 % ethanol) at 37° C for 30
minutes. In control experiments, the blood wasipogtbated 10 minutes at 37° C with the 5-
LO inhibitor BWA4C (3 uM), prior to ionophore addib.

After the stimulation, the reaction was stoppedia®) and the samples were centrifuged at
600y, 10 minutes, 4° C. Aliquots of plasma (50D of supernatant) were then mixed with
2,000 uL of methanol and 200 ng prostaglandin Bere added as internal standard. The
samples were put at -20° C for 2 hours and thetritigged again (60§ 15 minutes, 4° C).
The supernatants were collected and diluted wB@uL PBS + 75uL HCI 1N. Formed 5-
LO metabolites were extracted and analyzed by H&R& @escribed iB.3.

For assays in blood homogenates, freshly drawnuseibtood was collected in heparinized
tubes (see above) and was put on ice for 5 miraftes addition of EDTA 1 mM. The blood
was then sonicated on ice X5L0 seconds) with a cell disruptor B15 Branson fsamjoutput:

6; duty cycle: 40 %) and the cell disruption wasdated by light microscopy. ATP was added
(2 mM), samples (2 mL of blood) were pre-warmed30rseconds at 37° C and 2 mM CaCl
and 100 uM AA were added to start 5-LO product fation. The reaction was stopped after
10 minutes at 37° C by addition of 8 mL ice-coldtinaol and 200 ng prostaglandin Bere
added as internal standard. The samples were pa0atC for 2 hours and then centrifuged
(600g, 15 minutes, 4° C). The supernatants were colleatel diluted with 6,00QL PBS +
180 uL HCI 1N. Formed 5-LO metabolites were then exedcand analyzed by HPLC as

described ir8.3.
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3.14. Statistical analysis

The results are expressed as meatandard error (SE) of the meannobbservations, where
n represents the number of experiments performedifterent days. Duplicates were used for
the various treatment conditions. In the Westet Bt immunofluorescence experiments, the
figures shown are representative of at least texgeriments.

Statistical evaluation of the data was performedbg-way analysis of variance (ANOVA)
for independent or correlated samples followed hykely HSD post-hoc tests. Where
appropriate, Studentistest for paired observations was applie ¥alue< 0.05 (*), < 0.01

(**) or <0.001 (***) was considered significant.
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4, RESULTS

4.1. Gender-dependent activity and subcellular lodesation of 5-

LO in human PMNL

4.1.1. 5-LO activity from endogenous AA is signifiantly lower in intact PMNL from
males than from females

Freshly isolated human PMNL from male and femaleods were incubated for 10 minutes at
37° C with C&%*ionophore A23187 (2.5M), AA (20 puM) or both, to induce 5-LO product
synthesis.

When cells were stimulated with Gdonophore alone, 5-LO product formation was 40 %
lower in cells from males than from femal&sg. 14A), with high levels of significance (<
0.00)). In particular, 5-LO products were 48.04 + 2.@f1f cells in malesr{= 14) vs 78.16

+ 3.8 ng/16 cells in femalesr(= 14).

In contrast, no significant difference was obserletiveen the genders when exogenous AA
was added, with or without ionophoteid. 14A). Thus, the levels of 5-LO products observed
in male and female PMNL were 31.7 + 1.7 and 31125ng/16 cells, respectively, after AA-
stimulation 6 = 4, p > 0.09, and 165.7 + 15.5 and 164.2 + 16.5 ng/t8lls, respectively,

after stimulation with CZ-ionophore plus AA stimulatiom(= 14,p > 0.05.

To evaluate whether the difference in 5-LO acti¥itym endogenous AA was observed also
after more physiologic stimulation than ‘&#nophore, cells were primed with 1 pg/ml LPS

(30 minutes, 37° C) and stimulated withud fMLP (5 minutes, 37° C). In order to mimic
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Fig. 14: 5-LO product formation from endogenous AAis significantly lower in intact
PMNL from males than from females. (A) Human PMNL from males and females were
resuspended in PGC buffer (5 x64fL), stimulated with CZ-ionophore A23187 (2.5 uM)
and AA (20 pM) for 10 min at 37° C, and 5-LO produfiemed were determined. Values are
given as mean + Sk, = 14, duplicates; data were analysed by ANOVA feka by Tukey-
HSD post-hoc test: **f < 0.001 vs correspondent treatment in PMNL from sigB) Human
PMNL from males and females were resuspended in BGir (2 x 10/mL) and pre-
incubated with 1 ug/mL LPS at 37° C for 10 min, felled by Ada (0.3 U/mL) for 20 min.
Cells were then incubated with vehicle (0.1 % DMS®)stimulated with 1 uM fMLP for 5
minutes and 5-LO products formed were determinedud&are given as mean + Stz 5,
duplicates; data were analysed by Student’s t tept< 0.01 vs corresponding treatment in
PMNL from malesAbbreviations:AA, arachidonic acid; Ada, adenosine deaminase;dBa-i
Ca%-ionophore A23187; DMSO, dimethyl sulfoxide; fMLR-formyl-methionyl-leucyl-
phenylalanine; LPS, lipopolysaccharide; PGC, PB&agte-C& buffer; PMNL,
polymorphonuclear leukocytes.

72



4. Results

physiologic conditions, adenosine deaminase (Ada,WmL) was added to the incubations
for 20 minutes prior to fMLP. In fact, it is wells@blished that adenosine accumulates in
leukocyte suspensions as a consequence of thecekitar breakdown of ATP (van Waeg
and Van den Berghe, 1991) and this accumulatiochesaconcentrations (25-400 nM after
15-30 minutes of incubation (Krump et al., 199 Hattexert suppressive effects on PMNL
functions and 5-LO activity. Adenosine interactghwthe A2a receptor that increases the
intracellular cAMP concentration leading to PKA+{aation and downregulation of 5-LO via
phosphorylation at Ser523 (Flamand et al., 20029 12.6.9. As shown inFig. 14B, fMLP-
induced 5-LO product formation was 10 fold lowePRINL from males than from females (

= 5,p < 0.0], confirming a prominent difference in 5-LO activfrom endogenous substrate.
In particular, 5-LO products levels were 1.6 + Hd15.9 + 3 ng/10cells in PMNL males and
females, respectively. In resting cells, the amooints-LO products was lower than the

detection limits of the assay.

4.1.2. AArelease is not significantly different beveen PMNL from males and females
Since the difference in 5-LO product synthesis femdogenous substrate was abolished when
AA was exogenously added to the cells, AA libenatiwas evaluated, in order to assess a
possible unequal substrate availability in PMNLnfronales and females. The increase in the
release of AA induced by Caionophore or by LPS/Ada/fMLP in PMNL was not
significantly different between the genders ®ianophore: 245 + 40 % in male and 246 + 40
% in femalen = 4; fMLP/Ada/LPS: 160 + 2 % in male and 165 + 13®4emale,n = 2; data

are percentage of the increase induced by stiroalatompared to unstimulated contr@t)g.

15). These data indicate that the differential 5-L@durct synthesis observed in male and

female PMNL was not related to differential AA stpp
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Fig. 15: AA release is not significantly different betweeMNL from males and females
Human PMNL from males and females were resuspended in lR&€r (5 x 10/mL), pre-
warmed at 37° C for 10 min and then the 12-LO inhibitoiGQ@R0 uM) and the 5-LO inhibitor
BWA4C (1 uM) were added. Cells were stimulated with @M Ca2-ionophore for 5 min at
37° C. In the experiments in which PMNL were stimulatechwiLP, 1 ug/mL LPS was
added together with CDC and BWAA4C at 37° C for 10 mirlsGeere then pre-incubated with
Ada (0.3 U/mL) for additional 20 min and stimulated witLlfP (1 uM) for 5 min. Released
AA was then derivatized and analysed by HPLC. Valuegimaen as mean + SE of % increase
compared to unstimulated cells= 2-4, duplicates; data were analysed by Student’s, ftest
0.05 (male vs female)Abbreviations:AA, arachidonic acid; Ada, adenosine deaminase; Ca-
ion, Ca%ionophore A23187; fMLP, N-formyl-methionyl-leucyl-phenylalanine; LPS,
lipopolysaccharide; PGC, PBS-glucose*Qauffer; PMNL, polymorphonuclear leukocytes.
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4.1.3. 5-LO protein expression and the amount of talytically active 5-LO are not
significantly different between PMNL from males andfemales

No significant difference between PMNL from malesl demales was observed also in 5-LO
protein expression, as evaluated by WB of wholé lyslates prepared by two different
methods of lysis (hamely, 1 % NP40 or sonicati®ig. 16A).

Moreover, 5-LO activity was also evaluated in dedle assays. As shown kig. 16B,5-LO
product synthesis in both homogenates and S10@idnscof PMNL was not significantly
different between the genders, at various concémisaiof Ca* and/or AA.

These data demonstrate that the amounts of bot® prbtein (WB) and catalytically active

(cell free assays) enzyme are essentially the saBINL from both genders.

4.1.4. 5-LO subcellular localization is differentm PMNL from males and females
To determine whether the gender-related difference5-LO activity in PMNL was
accompanied by a differential pattern of enzymaeribistion, 5-LO subcellular localization

was evaluated. To this purpose, three differertriigpies have been utilised:

a. Mild detergent (0.1 % NP40) lysis of the plasma rbeane, yielding a nuclear (Nuc)
and a non-nuclear (Non-N) fraction, that are arealyisy WB (se8.6);

b. Sonication of the cells and subsequent preparafcsoluble (S100) and membrane
(P100) fractions by 100,0@@&entrifugation, that are analysed by WB (3¢€#&);

c. Indirect immunofluorescence (IF), allowing “in celiolocalization studies of 5-LO

subcellular distribution (se210).
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Fig. 16: 5-LO protein expression and the amount otatalytically active 5-LO are not
significantly different between PMNL from males and females. (A) 5-LO protein
expressionHuman PMNL (3 x 10 from males and females were lysed by NP40 (1 %fgbu
or by sonication. Total cell lysates were then asedy by WB. The results shown are
representative of at least 2 independent expersn@d} 5-LO activity in homogenates and
S100 fractions Aliquots of homogenates and S100 fractions of huBRINL from male and
female donors, were pre-warmed for 30 sec at 37AcCimcubated, in presence or absence of
Ca (1 mM, final concentration), with AA (5, 20 or 80M) for 10 min at 37° C and 5-LO
products formed were determined. Values are givem@an + SH) = 4, duplicates; data were
analysed by ANOVA followed by Tukey-HSD post-hocstiep > 0.05 (male vs female).
Abbreviations:AA, arachidonic acid; PMNL, polymorphonuclear leuktey, S100, 100,0@0
supernatant
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a. Surprisingly, after mild NP40 fractionation, ®lwas equally present in both nuclear
and non-nuclear fractions in resting PMNL from nsaland low or no translocation of the
non-nuclear 5-LO was observed after exposure tdA®SMLP (1 pg/mL, 0.3 U/mL and 1
1M, respectively) or C&-ionophore (2.5 pMJFig. 17A, left panel) On the contrary, a very
prominent non-nuclear localization was observetkesting cells from females and 5-LO was
essentially found in the nuclear fraction upon tirent with LPS/Ada/fMLP or C&
ionophore(Fig. 17A, right panel).

b. The differential pattern of 5-LO localizatioetiveen the genders was confirmed also
after fractionation by sonication. In fact, 5-LO salistributed in both the membrane-
associated (P100) and the soluble (S100) fractionssting and activated PMNL from males,
whereas 5-LO was found in the S100 fraction iningstells from females, and translocated to
the P100 fraction after activatigRig. 17B). It should be noted that the P100 fraction costain
several cell membranes, not only the nuclear menebra

C. IF analysis of 5-LO in resting PMNL from malevealed a prevalent punctate staining
in the region surrounding the nucleus, visualisgdB\PI-staining of DNA(Fig. 18A). The
small amount of enzyme present in the cytosoliccspalso showed a punctuate staining.
Costaining studies showed a clear colocalisatior5-0fO with the endoplasmic reticulum
marker protein 1D3(Fig. 18B) present also in the perinuclear region, and digbar
superimposition with the nuclear envelope markatgn lamin B(Fig. 18C). Of interest,
after activation with C&-ionophore(Fig. 18D) or with LPS/Ada/fMLP(Fig. 18E), a similar
staining was observed and the localization in theéoplasmic reticulum was still prevalent.
On the contrary, in resting cells from females, G@-was homogenously and diffusely
localized in the cytosdlFig. 19A), and was clearly away from DNA. Only a marginatday

with the endoplasmic reticulum marker 1D3 was obsgr probably because in PMNL the
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Fig. 17: 5-LO subcellular localization is differentin PMNL from males and females.(A)
5-LO subcellular localisation by mild NP40 lysisduman PMNL from males and females
were resuspended in PGC buffer (3 /i) and kept on ice or treated with 1 ug/mL LPS
(20 min, 37° C) and 0.3 U/mL Ada (20 min, 37° C) andrttstimulated with fMLP (1 pM, 5
min, 37° C) or, alternatively, directly stimulatedthvCa2-ionophore (2.5 uM, 5 min, 37° C).
After mild detergent (0.1 % NP40) lysis and subdeaHdractionation, 5-LO was determined in
nuclear and non-nuclear fractions by WB. The resdhown are representative of 9
independent experiment®) 5-LO subcellular localisation by sonication/uticentrifugation.
Human PMNL from males and females were stimulatedina(A). After sonication and
ultracentrifugation (100,0@) 1 h, 4° C), 5-LO was determined in S100 and Ptaétibns by
WB. The results shown are representative of 4 iaddpnt experiment&bbreviations:Ada,
adenosine deaminase; Ca-ion,*&ianophore A23187; fMLP N-formyl-methionyl-leucyl-
phenylalanine; 5-LO, 5-lipoxygenase; LPS, lipopalysharide; Non-N, non-nuclear fraction;
Nuc, nuclear fraction; PGC, PBS-glucose*Qauffer; PMNL, polymorphonuclear leukocytes;
P100, membrane-associated fraction; S100, solubitidn; WB, western blotting.
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Fig. 18: 5-LO subcellular localisation in PMNL from males by IF microscopy.(A-C)
Resting cells.Human PMNL from males were resuspended in ice-cdkL Pouffer (1.5x
10/mL) and cytospun onto poly-L-lysine-coated glassverslips. Cells were fixed,
permeabilized, blocked, and stained for 5-LO witii-&-LO serum and Alexa Fluor 488 goat
anti-rabbit IgG (green) (A-C). The DNA was stainedhaDAPI (blue) (A), and the samples
were double stained for the endoplasmic reticulusrker (1D3, red) (B) or the nuclear
envelope marker (lamin B, red) (C), using Alexa FI&684 goat anti-mouse 1gG as secondary
antibody. (D) Ca*%-ionophore-activated cellsHuman PMNL from males were resuspended
and cytospun onto coverslips like in (A-C) and adtdawith Ca2-ionophore (2.5 uM, 3 min,
37° C). Cells were double stained for 5-LO and 1B3lascribed abov¢E) LPS/Ada/fMLP-
activated cellsHuman PMNL from males were resuspended in PGC buffér x 105/mL),
pre-incubated with 1 pg/mL LPS (10 min, 37° C) an8 O/mL Ada (20 min, 37° C). Cells
were then cytospun onto poly-L-lysine-coated glasgecslips and activated with fMLP (1 uM,
5 min, 37° C) and then double stained for 5-LO ab® &s described above. Single stainings
and overlays are shown being representative ofifid@pendent experimentdbbreviations:
Ada, adenosine deaminase; Ca-iont%danophore A23187; DAPI, diamidino-2-phenylindole;
fMLP, N-formyl-methionyl-leucyl-phenylalanine; 5-L0O, 5-bgygenase; LPS,
lipopolysaccharide; PGC, PBS-glucoset&auffer; PMNL, polymorphonuclear leukocytes.
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Fig. 19: 5-LO subcellular localisation in PMNL from females by IF microscopy.(A-C)
Resting cellsHuman PMNL from females were resuspended in ice-&&LC buffer (1.5x
10°/mL) and cytospun onto poly-L-lysine-coated glassverslips. Cells were fixed,
permeabilized, blocked, and stained for 5-LO withi-&-LO serum and Alexa Fluor 488 goat
anti-rabbit IgG (green) (A-C). The DNA was stainedhaDAPI (blue) (A), and the samples
were double stained for the endoplasmic reticulusrker (1D3, red) (B) or the nuclear
envelope marker (lamin B, red) (C), using Alexa FI&664 goat anti-mouse 1gG as secondary
antibody.(D) Ca*%-ionophore-activated cellsHuman PMNL from females were resuspended
and cytospun onto coverslips like in (A-C) and adtdawith Cd2-ionophore (2.5 uM, 3 min,
37° C). Cells were double stained for 5-LO and laasrdescribed abovée) LPS/Ada/fMLP-
activated cellsHuman PMNL from females were resuspended in PGGCeb\(ff.5x 10°/mL),
pre-incubated with 1 pg/mL LPS (10 min, 37° C) an8 O/mL Ada (20 min, 37° C). Cells
were then cytospun onto poly-L-lysine-coated glasgecslips and activated with fMLP (1 uM,
5 min, 37° C) and then double stained for 5-LO aadhih B as descibed above. Single
stainings and overlays are shown being represeatativ 5-7 independent experiments.
Abbreviations:Ada, adenosine deaminase; Ca-iont%danophore A23187; DAPI, diamidino-
2-phenylindole; fMLP N-formyl-methionyl-leucyl-phenylalanine; 5-LO, 5-bgygenase; LPS,
lipopolysaccharide; PGC, PBS-glucose*&auffer; PMNL, polymorphonuclear leukocytes.
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endoplasmic reticulum seems to be spread in thesclt spacéFig. 19B) No overlay was
observed with the nuclear enveloffég. 19C) Note that in C&-ionophore-(Fig. 19D) or
LPS/Ada/fMLP-(Fig. 19E) activated PMNL from females, 5-LO translocatede thuclear
envelope, showing a characteristic granular stgirtimt superimposed with the nuclear
envelope marker protein lamin B. No significantfeliénce in 5-LO localisation compared to
resting cells was observed when the cells werebated with the vehicles (0.25 % methanol

or 0.1 % DMSO) in the respective experimental chods (not shown).

4.1.5. The subcellular localization of CLP, but notof cPLA, and FLAP, correlates to
5-LO

To evaluate if the gender-related difference incgllblar localization was specific for 5-LO
or applied also to other proteins involved in Lodynthesis in intact cells, the subcellular
localisation of cPLA, FLAP and CLP was analysed.

Localisation of cPLA has been assessed by WB after sonication of fleared subsequent
100,00@ ultracentrifugation (methot in 4.1.4). The NP40 assay (methadin 4.1.4), in
fact, is not suitable for analysis of cPiAedistribution in PMNL (Pouliot et al., 1996). As
shown inFig. 20A cPLA; was found in the S100 fraction in resting PMNLnfrdooth males
and females, confirming that cPLAs a soluble enzyme in non-activated cells. After
stimulation with LPS/Ada/fMLP (1 pg/mL, 0.3 U/mLna 1M, respectively) or with C&-
ionophore (2.5 uM), cPLAwas found in the P100 membrane-associated fradtionoth
males and females, without any significant diffeebetween the genders.

Also for FLAP no difference between the genders alzserved. Thus, FLAP is located in the
nuclear (mild NP40 fractionation, methadin 4.1.4) (Fig. 20B) and P100 (P100/S100

fractionation, method in 4.1.4) (Fig. 20C) fraction in both resting and stimulated PMNL

81



4. Results

LPS/Ada/fMLP - + - -
Ca-ion - - + - - +
B MALE FEMALE
[—
LPS/Ada/fMLP - +
Ca-ion - - + - - +
C MALE - FEMALE
5100} . 9;::5 . ‘«FLAP
LPS/Ada/fMLP - + - - +
Ca-ion - - + - - +
D MALE FEMALE
e e e Emd wotp
Non-N ‘—q
LPS/Ada/fMLP
Ca-ion - - + - +
LPS/Ada/fMLP - + - - +
Ca-ion - - + - - +

Fig. 20: The subcellular localisation of CLP, but ot of cPLA, and of FLAP, correlates to
that of 5-LO. (A,C,E) Determination of the subcellular localisation of ¢A,, FLAP and
CLP by sonication-ultracentrifugation. Human PMNL from males and females were
resuspended in PGC buffer (3 x’ilL) and kept on ice or treated with 1 pg/mL LPS (i@,
37° C) and 0.3 U/mL Ada (20 min, 37° C) and then steed with fMLP (1 uM, 5 min, 37°
C) or, alternatively, directly stimulated with €donophore (2.5 uM, 5 min, 37° C). After
sonication and ultracentrifugation (100,@0Q h, 4° C), cPLA(A), FLAP (C) and CLP (E)
were determined in S100 and P100 fractions by WEe rEsults shown are representative of 4
independent experimenté,D) Determination of the subcellular localisationf FLAP and
CLP by mild NP40 lysisHuman PMNL from males and females were incubated é&,C,E).
After detergent (0.1 % NP40) lysis and subcellutactionation, FLAP (B) and CLP (D) were
determined in nuclear and non-nuclear fractiond\MB. The results shown are representative
of 4 independent experimentébbreviations: Ada, adenosine deaminase; Ca-ion,*€a
ionophore A23187; CLP, coactosin like protein; cBLéytosolic phospholipase AFLAP, 5-
lipoxygenase-activating protein; fMLP N-formyl-methionyl-leucyl-phenylalanine; LPS,
lipopolysaccharide; Non-N, non-nuclear fraction;cdNumuclear fraction; PGC, PBS-glucose-
Ca*? buffer; PMNL, polymorphonuclear leukocytes; P100, ntheane-associated fraction;
S100, soluble fraction; WB, western blotting.
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from males and females. These data confirm theusi@ localization of FLAP in the nuclear
membrane-associated locale. Moreover, no differemabe FLAP protein expression levels
was observed between the genders.

On the contrary, CLP showed a redistribution pat@milar to 5-LO. Thus, CLP was found
both in the nuclear and non-nuclear fraction itingsmale PMNL, and only a low amount of
protein was found to be enriched in the nucleastiiba after treatment with LPS/Ada/fMLP or
Ca'>ionophore(Fig. 20D) On the contrary, in cells from females, CLP waainty in the
non-nuclear fraction in resting conditions, but i@snd in the nuclear fraction after treatment
with LPS/Ada/fMLP or C#&-ionophore (Fig. 20D) Similarly, the same subcellular
localization of 5-LO and CLP was found by P100/Si@@tionation Fig. 20E). Thus, CLP
was partially soluble-partially pellettable in batrsting and activated male PMNL, whereas it
was found to be soluble in resting female cells amdranslocate after activation to a

membranous locus.
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4.2. ERK1/2 and C&? are the molecular elements involved in the

gender-specific regulation of 5-LO in human PMNL

4.2.1. Inhibition of ERK1/2 abolishes the different 5-LO subcellular localization
between PMNL from males and females

To determine the molecular machinery responsible tfee different 5-LO subcellular
localization between the genders, the effect of MARhibition was analysed. In fact, MAPK
are, together with C4 the main signalling pathways involved in the regjon of 5-LO
subcellular localisation (sek2.6.2). In particular, both inhibition of ERK1/2, via gpression
of their upstream kinases MEK1/2, and of p38 MARKhpvay were analysed.

The MEK1/2 inhibitors U0126 (M) or PD98059 (3@M), but not the p38 MAPK inhibitor
SB203580 (10uM), induced a prevalent non-nuclear 5-LO distribatin male cells and,
notably, conferred the property of 5-LO to transkecto the nucleus after subsequent’Ca
ionophore activatioifFig. 21A). Therefore, ERK1/2 inhibition, but not p38 MAPKhibition,
causes a 5-LO subcellular localisation pattern mlemPMNL as observed in cells from
females.

Interestingly, as analysed by IF, treatment of PMim males with the MEK1/2 inhibitor
U0126 (3uM) resulted in a redistribution of 5-LO from therjpriclear region to the cytosol,
with a homogenous and diffuse stainiifgg. 21B), similar to the staining observed in resting
PMNL from females (cfFig. 19A).

On the contrary, no difference was observed in 5duBcellular localisation after MAPK
inhibition in female cell{Fig. 21C). Thus, treatment with MAPK inhibitors did not mbdi
the prevalent cytosolic localisation in non-actedtells and did not modify the translocation

to the nuclear fraction after &aonophore activation.
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Fig. 21: Inhibition of ERK1/2 abolishes the differatial 5-LO subcellular localization
pattern between PMNL from males and femalesEffect of MAPK inhibitors on 5-LO
subcellular localisation in PMNL from males and frm females determined by mild NP40
lysis. Human PMNL from males (A) or females (C) were reamled in PGC buffer (3 x
10’/mL) and incubated with vehicle (DMSO, 0.1 %), witle p38 MAPK inhibitor SB203580
(10 uM), or with the MEK1/2 inhibitors U0126 (38M) or PD98059 (3QuM) for 15 min at 37°
C, before C&-ionophore (2.5:M, 5 min, 37° C) stimulation. After detergent (0.1 [¥40)
lysis and subcellular fractionation, 5-LO was det@ed in nuclear and non-nuclear fractions
by WB. (B) Effect of U0126 on 5-LO subcellular localisatinin PMNL from males by IF
mycroscopy.Human PMNL from males were resuspended in ice-cdBC Pouffer (1.5x
105/mL) and incubated with vehicle (DMSO, 0.1 %), oithMmJ0126 (3uM, 15 min, 37° C).
The incubation was stopped on ice for 5 min andciiis were cytospun onto poly-L-lysine-
coated glass coverslips. Cells were fixed, perniizabl blocked, and stained for 5-LO with
anti-5-LO serum and Alexa Fluor 488 goat anti-raldp@ (green). The DNA was stained with
DAPI (blue). The results shown are representative 3ofindependent experiments.
Abbreviations: Ca-ion, Cé#2-ionophore A23187; DAPI, diamidino-2-phenylindolBMSO,
dimethyl sulfoxide; IF, indirect immunofluorescen&l O, 5-lipoxygenase; MAPK, mitogen-
activated protein kinase; Non-N, non-nuclear fiagti Nuc, nuclear fraction; PGC, PBS-
glucose-C# buffer; PMNL, polymorphonuclear leukocytes.
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4.2.2. ERK1/2, but not p38 MAPK, is constitutivelyactivated in human PMNL from
males as compared to females

Since the inhibition of the ERK pathway in PMNL fnamales yielded a “female type” 5-LO
redistribution pattern, it appeared reasonable BMNL from male might have a higher
activation status of ERK as compared to female PMNterefore, it was analysed whether
there was a difference in the constitutive actoatof ERK1/2 between PMNL from males
and females. As shown iRig. 22 male PMNL showed significantly higher levels of
phosphorylated ERK1/2. Densitometric analyses &f WiB from 5 separate experiments
showed that the constitutive phosphorylated ERK&i2Is observed in resting males were
about twice as much as in females (0.D. %: 70.33taftd 32 + 7, in male and female,
respectively;n = 5, p < 0.05. No difference was observed in ERK1/2 proteinregpion
(O.D. %: 78.2 £ 3 and 80.0 £ 5.5, in male and feme¢spectivelyn = 5,p > 0.09 (Fig. 22),
indicating that the difference in the amounts ofRpB/2 was related to a different
phosphorylation status and not to different protevrels.

No significant difference was observed in p-p38 MkABvels (O.D. %: 69.3 £ 8.2 and 69.7 +
6.7, in male and female, respectivety= 5, p > 0.09, indicating that the higher pERK1/2

levels in male cells is selective and not widespteaall MAPK pathways.

Phosphorylation of ERK1/2 is considered as an indetheir activation (Yoon and Seger,
2006) and activated ERK1/2 is known to translotat¢he nucleus (Turjanski et al., 2007),
where it phosphorylates several transcription fac{mcluding Elk-1 (Peterziel et al., 1999)).
To confirm that the higher levels of pERK1/2 obsshin males were accompanied by higher
ERK1/2 activity, pERK1/2 nuclear localisation antet phosphorylation of the well-

recognized ERK substrate Elk-1 were analysed. NgptaBRK1/2 phosphorylation was
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Fig. 22: The levels of phosphorylated ERK1/2 (pERKZ), but not phosphorylated p38
MAPK (p-p38 MAPK) are constitutively higher in human PMNL from males as
compared to females.Human PMNL from males and females were resuspendgddC
buffer (1 x 10/100 pL) and lysed by addition of 100 pL ice-cold Sbuffer. pERK1/2,
ERK1/2 and p-p38 MAPK levels were analysed by Wigisn Ettan DIGE imaging system.
Densitometry was performed with ImageQuant TL imagelysis software. The results shown
are from 5 independent experiments and values igen g@s mean + SE; relative intensities
were calculated as percentage of the strongestibaheé corresponding membrane; data were
analysed by Student's t test;p*&« 0.01 vs corresponding PMNL from maldsbbreviations:
ERK, extracellular signal-regulated kinase; F, faandfl, male; O.D., optical density; PGC,
PBS-glucose-C& buffer; PMNL, polymorphonuclear leukocytes; SDS, isad dodecyl
sulphate; WB, western blotting.
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accompanied by enhanced translocation to the nsicknce pERK1/2 levels in the nuclear
fraction of resting PMNL from male donors were teglthan in femal¢Fig. 23A). Moreover,
the levels of pElk-1 in resting PMNL from males eérigher than in resting females (O.D. %:
75.2 £ 13 and 48.6 £ 5.9, in male and female, spmdy; n = 5, p < 0.095 and correlated

with pERK1/2 levelgFig. 23B).

4.2.3. CdZis required for 5-LO nuclear localisation in restng PMNL from males

Together with MAPK, C¥ is involved in the regulation of 5-LO subcellulcalisation.
Interestingly, chelation of intracellular Eaby 50 uM BAPTAAM and of extracellular Ca

by 1 mM EDTA induced a complete non-nuclear loalan of 5-LO in male cellgFig.
24A). No difference was observed in PMNL from femalekere 5-LO was cytosolic in both
Ca'>-supplemented and Cadepleted cell§Fig. 24B). These data indicate that the association

of 5-LO with the nuclear fraction in male restinglRL depends on C&.

4.2.4. Intracellular Ca™ concentrations are not significantly different betveen PMNL
from males and females

Because of the Cadependance of 5-LO nuclear localisation in restimgle cells, [CH];
were investigated as a possible molecular machinewlved in the different 5-LO
subcellular localisation between the genders.

No differences were observed in [&abetween PMNL from males and females, in resting
cells (Fig. 25A) or PMNL stimulated with fMLP (1 pMjFig. 25B) and calcimycin (1 puM)
(Fig. 25C), neither in cells activated in Eacontaining buffer (PGC BuffeEig. 25 or cells
activated in C¥#-free buffer (PG Buffer) followed by addition of &gnot shown). Instead of

A23187, calcimycin was used, since A23187 intedfavéh the spectruofluorimetric signal.
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Fig. 23: ERK1/2 activity is constitutively higher n human PMNL from males as
compared to females.(A) Subcellular localisation of pERK1/2 determineldy mild NP40
lysis. Human PMNL from males and females were resuspent®GC buffer (3 x 10mL)
and lysed by 0.1 % NP40. pERK1/2 was determineduiear and non-nuclear fractions by
WB. The results shown are representative of 3 iaddpnt experimentgB) Levels of
phosphorylated Elk-1 (pElk-1)Human PMNL from males and females were resuspended i
PGC buffer (1 x 10100 pL) and lysed by addition of 100 uL ice-cold Sbuffer. pElk-1
levels were analysed by WB using an Ettan DIGE imagstem. Densitometry was performed
with ImageQuant TL image analysis software. The ltesshown are from 5 independent
experiments and values are given as mean + SHjveelmtensities were calculated as
percentage of the strongest band in the correspgndiembrane; data were analysed by
Student’s t test: g < 0.05 vs corresponding PMNL from maleAbbreviations: ERK,
extracellular signal-regulated kinase; F, female;rivile; Non-N, non-nuclear fraction; Nuc,
nuclear fraction; O.D., optical density; PGC, PBGegse-C&# buffer; PMNL,
polymorphonuclear leukocytes; SDS, sodium dodecyltsate; WB, western blotting.
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Fig. 24: Ca? is required for 5-LO nuclear localisation in resting PMNL from males.
Effect of Ca? chelators on 5-LO subcellular localisation in PMNLrém males and from
females by mild NP40 lysisduman PMNL from males (A) and females (B) were sgsinded
in PGC buffer (3 x 10mL) and incubated with vehicle (DMSO, 0.1 %) ahert rested or
stimulated for 5 min at 37° C with 28M Ca*2-ionophore (as control), or they were incubated
with BAPTA/AM (50 uM) for 15 min at 37° C. When the effect of EDTA waskiated, cells
were resuspended in PG buffer (3 ¥/hfL) and incubated with 1 mM EDTA for 15 min at
37° C. After detergent (0.1 % NP40) lysis and sulndailfractionation, 5-LO was determined
in nuclear and non-nuclear fractions by WB. Theultssshown are representative of 3
independent experimentsAbbreviations: BAPTA/AM, 1,2-Bis(2-aminophenoxy)ethane-
N,N,N’,N’-tetraacetic acid tetrakis (acetoxymethyl ester);i@a-Ca2Z-ionophore A23187;
EDTA, ethylenediamine-tetraacetic acid; 5-LO, 5-kggenase; Non-N, non-nuclear fraction;
Nuc, nuclear fraction; PG, PBS-glucose buffer; PGTBS-glucose-C& buffer; PMNL,
polymorphonuclear leukocytes; DMSO, dimethyl sulfexi@lVB, western blotting.
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Fig. 25: Intracellular Ca*? concentrations are not significantly different betveen PMNL
from males and females(A) Resting cellsHuman PMNL from males and females 5.0’
cells/mL) were loaded with 2 uM Fura-2/AM for 30mat 37° C. After washing, cells were
resuspended in PBS 110’ cells/mL) and the fluorescence was measured twaoarfidém 1 mM
CaCl, was added and [C%; were calculated(B-C) fMLP- and ionomycin-stimulated cells.
fMLP or ionomycin (both 1 uM) were added 30 sec afteyr measurement was started. The
curves shown are representative of 6 independeperarents. Abbreviations: ionom,
ionomycin; fMLP,N-formyl-methionyl-leucyl-phenylalanine; PG, PBS-ghse buffer; PMNL,

polymorphonuclear leukocytes.
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4.3. Male sex hormones are responsible for the gesdspecific

subcellular localisation of 5-LO in human PMNL

4.3.1. The male sex hormone ¢6DHT induces 5-LO translocation to the nuclear
compartment

To evaluate whether 5-LO subcellular localizatisraffected by sex hormones, PMNL from
males and females were incubated for 30 minute37atC with physiologically-relevant
concentrations of @DHT, 17B-estradiol and progesterone and the distributiob-oD was
analysed by WB in the nuclear and non-nuclearifsaatf human PMNL (method in 3.1.4).
The male sex hormonex®HT (10 nM) induced 5-LO translocation from thenaouclear to
the nuclear compartme(iig. 26A-26B) Although this effect was more evident in cellgnfr
females(Fig. 26B), because of their prevalent 5-LO non-nuclear isaibn in the resting
state, an increase of 5-LO in the nuclear fractod a concomitant decrease in the non-
nuclear fraction was also observed in PMNL fromeséFig. 26A).

This effect was not achieved by the female sex baes 1B-estradiol (100 nM) and
progesterone (1QM), either used alone or in combinati(ffig. 26A-26B)

Induction of 5-LO nuclear localisation by®HT suggested that the androgen sex hormone
might cause a “male type” 5-LO pattern in cellsrfireemales. This hypothesis was confirmed
by IF (Fig. 27A-B). In fact, in female PMNL, 10 nM&BDHT induced a translocation from
the cytosol to membrane structures surroundingnttdeus(Fig. 27B), with a staining similar

to that observed in resting male cells (dfig. 18A and 27A, resting male cel}s In
accordance with the data obtained by subcelluatifsnation experiments (NP40 assayy); 5
DHT treatment induced a further increase in thechuate, perinuclear staining of 5-L(®ig.

27A) also in PMNL from males, probably due to an agditffect.
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Fig. 26: The male sex hormone &DHT, but not 17p-estradiol and/or progesterone,
induces 5-LO translocation to nuclear structures.Effect of sex hormones on 5-LO
subcellular localisation in PMNL from males and frm females by mild NP40 lysisluman
PMNL from males (A) and females (B) were resuspénidePGC buffer (3 x 10mL) and
incubated with vehicle (EtOH, 0.05 %) or with thexshormones &DHT (10 nM), 1P-
estradiol (100 nM) and progesterone (10 uM) for 3@ at 37° C. After detergent (0.1 %
NP40) lysis and subcellular fractionation, 5-LO wietermined in nuclear and non-nuclear
fractions by WB. The results shown are represemabf 3 independent experiments.
Abbreviations:50-DHT, 5a-dihydrotestosterone; 5-LO, 5-lipoxygenase; NonAdn-nuclear
fraction; Nuc, nuclear fraction; PGC, PBS-glucose4buffer; PMNL, polymorphonuclear
leukocytes; WB, western blotting.
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Fig. 27: The male sex hormone &DHT induces 5-LO association with membrane
structures surrounding the nucleus.Effect of 52-DHT on 5-LO subcellular localisation in
PMNL from males and from females by IF microscopfiuman PMNL from males (A) or
females (B) were resuspended in PGC buffer .80°/mL) and incubated with vehicle
(EtOH, 0.05 %) or with &DHT (10 nM), for 30 min at 37° C. The reaction w&spped on ice
for 5 min and the cells were then cytospun onto pelysine-coated glass coverslips. Cells
were fixed, permeabilized, blocked, and stained5drO with anti-5-LO serum and Alexa
Fluor 488 goat anti-rabbit IgG (green). The DNA weesrsed with DAPI (blue). Pictures with
single stainings and overlays are shown being reptatve of 5 independent experiments.
Abbreviations:DAPI, diamidino-2-phenylindole; IF, indirect immutheorescence; 5-LO, 5-
lipoxygenase; PGC, PBS-glucoset&auffer; PMNL, polymorphonuclear leukocytes; Veh,
vehicle.
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4.3.2. ®-DHT induces 5-LO translocation to the nuclear comprtment in a rapid and
concentration-dependent manner

To characterize thea8DHT-induced 5-LO translocation, time course andcemtration-
response experiments were performed.

50-DHT induced 5-LO nuclear localisation in a rapiémer(Fig. 28A-28B) In particular,
the translocation of 5-LO to the nuclear compartmerPMNL from male donors occurred
within 5 and 50 minuteg¢Fig. 28A) and in PMNL from female donors within 5 m{fig.
28B). Maximum of translocation was reached betweendbShminutes for both genders, and
an incubation time of 30 minutes has been theretbosen for the subsequent experiments.
Longer incubation times (up to 16 hours) in presesiccn-DHT still gave nuclear localisation
of 5-LO.

50-DHT induced the translocation of 5-LO in a concatiwn-dependent mannéfig. 29A-
29B). To remark, in PMNL from females,o8HT at the concentration of 0.01 nM was
already able to induce a partial increase of 5-bhQhie nuclear fraction, and the maximal
effect was obtained at 10 nMuB®HT (Fig. 29B) In cells from males, where 5-LO was
already present in the nuclear fraction also inrdsting state, a substantial increase in the
nuclear fraction was evident only at concentrattdhnM So-DHT (Fig. 29A).

Of interest, the FLAP inhibitor MK886 did not sidieantly modify 5-LO nuclear localisation

in male PMNL and failed to inhibit BDHT induced 5-LO association with the nuclear
fraction (not shown), suggesting that nuclear ligasion of 5-LO due to @DHT does not

depend on FLAP.
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Fig. 28: 5-DHT induces 5-LO translocation to nuclear structures in a rapid manner.
Time course of &-DHT-induced 5-LO translocation in PMNL from maleand from females
by mild NP40 lysisHuman PMNL from males (A) and females (B) were spainded in PGC
buffer (3 x 10/mL) and incubated withd&eDHT (10 nM) for the indicated time points at 37° C.
After detergent (0.1 % NP40) lysis and subcellulactionation, 5-LO was determined in
nuclear and non-nuclear fractions by WB. The raswdhown are representative of 3
independent experimentsAbbreviations: 5a-DHT, b5a-dihydrotestosterone; 5-LO, 5-
lipoxygenase; min, minutes; Non-N, non-nuclear titat Nuc, nuclear fraction; PGC, PBS-
glucose-C# buffer; PMNL, polymorphonuclear leukocytes; WB, vest blotting.
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Fig. 29: Concentration-response of & DHT-induced translocation of 5-LO to the nuclear
compartment. Human PMNL from males (A) and females (B) were sp&inded in PGC
buffer (3 x 10/mL) and incubated with®dDHT at the indicated concentrations for 30 min at
37° C. After detergent (0.1 % NP40) lysis and sulutadl fractionation, 5-LO was determined
in nuclear and non-nuclear fractions by WB. Theultssshown are representative of 3
independent experimentsAbbreviations: 5a-DHT, 5a-dihydrotestosterone; 5-LO, 5-
lipoxygenase; Non-N, non-nuclear fraction; Nuc, Ieac fraction; PGC, PBS-glucose-Ca
buffer; PMNL, polymorphonuclear leukocytes; WB, vest blotting.
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4.3.3. @-DHT-induced translocation of 5-LO is not reversedby antagonists of the
classic androgen nuclear—receptor

Since B-DHT induced 5-LO translocation in a concentratd@pendent manner, a receptor-
mediated mechanism could be hypothesized. Sexigteffects are known to be mediated
either by the classic and well-characterized irgatar steroid receptors, or by novel and still
uncharacterized cell-membrane receptors {seQ).

To evaluate the involvement of the intracellulacegtor in the effect of GDHT on 5-LO
translocation, a pharmacological approach was egplThus, PMNL from both male and
female donors were stimulated with-BHT in presence of steroidal (cyproterone acetate)
non-steroidal (flutamide) antagonis{fig. 30A) of the classic AR receptor, and 5-LO
subcellular localisation was assessed by WB imtieéear and non-nuclear fraction.

Of interest, neither cyproterone acetate (M) nor flutamide (10uM) reversed &-DHT
induced-translocationn PMNL from both males(Fig. 30B) and females(Fig. 30C)

suggesting that other receptor than the classien&Riates the effect ouSDHT.

4.3.4. Testosterone, testosterone:BSA and human plaa from males induce 5-LO
translocation in PMNL from females

To evaluate whether the effect on 5-LO translocatwas specific for &DHT or was
achieved also by other androgens, human PMNL fraiesnand females were incubated with
testosterone (10 nM) and 5-LO subcellular localsatvas evaluated by NP40 assay.

As shown inFig. 31A, testosterone modulated 5-LO subcellular redigtidm similarly to -
DHT. Notably, this effect was achieved also by then-cell-permeable testosterone
conjugated with BSA (testosterone:BSA), suggestihgt androgens act via a receptor

exposed on the cell surface.
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Fig. 30: 5u-DHT-induced 5-LO translocation is not abolished bythe antagonists of the
classical androgen receptor.(A) Molecular structures of Cyp-Ac and Flutamide B(C)
Effect of Cyp-Ac and Flutamide on &DHT-induced 5-LO translocation in PMNL from
males and from females by mild NP40 lysiduman PMNL from males (B) and females (C)
were resuspended in PGC buffer (3 x//ifL) and incubated with vehicle (0.05 % EtOH),
Cyp-Ac (10uM) or flutamide (10uM) for 30 min and then&@DHT (10 nM) was added for
additional 30 min at 37° C. After detergent (0.1 %4QPlysis and subcellular fractionation, 5-
LO was determined in nuclear and non-nuclear foastiby WB. The results shown are
representative of 3 independent experimefibbreviations:50-DHT, 5a-dihydrotestosterone;
Cyp-Ac, cyproterone acetate; 5-LO, 5-lipoxygenasegni, non-nuclear fraction; Nuc,
nuclear fraction; PGC, PBS-glucose€huffer; PMNL, polymorphonuclear leukocytes; WB,

western blotting.
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Fig. 31: Testosterone, the non-cell-permeable testierone:BSA, and human plasma from
males induce 5-LO translocation.A) Effect of testosterone and Test:BSA on 5-LO
subcellular localisation in PMNL from males and feates by mild NP40 lysidduman PMNL
from males and females were resuspended in PGCrb#fe 10/mL) and incubated with
vehicle (0.05 % EtOH) or withdceDHT (10 nM), testosterone (10 nM) or testoster8SA
(10 nM for testosterone) for 30 min at 37° C. Aftertatgent (0.1 % NP40) lysis and
subcellular fractionation, 5-LO was determined urclear and non-nuclear fractions by WB.
The results shown are representative of 3 independgperimentsB) Effect of human
plasma on 5-LO subcellular localisation in PMNL fra males and females by mild NP40
lysis. Human PMNL from males and females were resuspendedale or female human
plasma (3 x 10mL) and incubated for 30 min at 37° C. The reactimas stopped on ice and
the cells were washed at 4° C with ice-cold PBSeAfietergent (0.1 % NP40) lysis and
subcellular fractionation, 5-LO was determined irclear and non-nuclear fractions by WB.
The results shown are representative of 3 indep#nebgperimentsAbbreviations:5a-DHT,
5a-dihydrotestosterone; FHP, female human plasma05-b-lipoxygenase; MHP, male
human plasma; Non-N, non-nuclear fraction; Nuc,leacfraction; PGC, PBS-glucose-Ca
buffer; PMNL, polymorphonuclear leukocytes; Test:B3@stosterone conjugated with bovine
serum albumine; WB, western blotting.
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To confirm the biological relevance of these obaBons, it was evaluated whether also
human plasma from males, and therefore the hormpimgsiologically present in the plasma,
could influence 5-LO distribution. As shown kg. 31B, human plasma from male (MHP)

but not from females (FHP), induced nuclear loeaits of 5-LO in female PMNL.

4.3.5. Reversibility of 5a-DHT-induced nuclear localisation of 5-LO

Interestingly, &-DHT-induced nuclear localisation was found to lewersible when the
hormonal stimulus was removed. In fact, after tremit of female PMNL with &DHT and
subsequent washing and resting at 37° C, a timeraimt return of the nuclear 5-LO to the
non-nuclear fraction was observ@elg. 32A). Moreover, after such reversal of the hormone
effect within 120 minutes, 5-LO was again capablé&anslocate to the nuclear fraction when
Ca'>ionophore was applie@Fig. 32B)

Similarly, when PMNL isolated from males were inatdd at 37° C for 120 minutes (instead
of keeping on ice) a prevalent non-nuclear locéibraof 5-LO was observed and 5-LO

translocated to the nuclear fraction after ionoplarallengéFig. 32C).
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Fig. 32: Reversibility of 5u-DHT-induced nuclear localisation of 5-LO.(A) Effect of Sz-
DHT removal on &-DHT- induced 5-LO nuclear localisation in PMNL fromfemales by
mild NP40 lysis.Human PMNL from females were resuspended in PGCeby# x 13/mL)
and incubated with vehicle (0.05 % EtOH) or with BHT (10 nM) for 30 min at 37° C. Cells
were then centrifuged, washed, and resuspended @ R@Eer (3 x 1/mL) and incubated at
37° C for 0, 30 or 120 min. After detergent (0.1 ®40) lysis and subcellular fractionation, 5-
LO was determined in nuclear and non-nuclear foastby WB.(B) Effect of Ca2-ionophore
on 5-LO subcellular localisation in PMNL from femais after &-DHT removal by mild
NP40 lysis.Human PMNL from females were treated as in (A).eAffa-DHT removal and
incubation at 37° C for 120 min, cells were stimethtvith 2.5 uM C&-ionophore for 5 min
at 37° C. After detergent (0.1 % NP40) lysis and sllblar fractionation, 5-LO was
determined in nuclear and non-nuclear fractiond\8. (C) Effect of resting at 37° C on 5-
LO subcellular localisation in PMNL from males by id NP40 lysis.Human PMNL from
males were incubated at 37° C for 120 min and stted| with 2.5 pM CZ-ionophore for 5
min at 37° C. After detergent (0.1 % NP40) lysis audbcellular fractionation, 5-LO was
determined in nuclear and non-nuclear fractiond\. The results shown are representative
of 3 independent experimentbbreviations:5¢-DHT, Sa-dihydrotestosterone; Ca-ion, Ca
ionophore A23187; 5-LO, 5-lipoxygenase; min, misutdlon-N, non-nuclear fraction; Nuc,
nuclear fraction; PGC, PBS-glucose*€huffer; PMNL, polymorphonuclear leukocytes; Veh,
vehicle; WB, western blotting.
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4.4, ERK1/2 and Cd* mediate the effect of androgens on 5-LO in

human PMNL

4.4.1. Male sex hormones rapidly and moderately activate EK1/2

To evaluate the molecular machineries involvedhim tegulation of 5-LO by androgens, the
effect of sex steroids on MAPK phosphorylation weasluated. Addition of 10 nMoBDHT
rapidly (within 1 to 2.5 minutes) induced phospHhatipn of ERK1/2 but not of p38 MAPK in
PMNL from both males and femalékig. 33A). Furthermore, &DHT induced ERK1/2
phosphorylation in a concentration-dependent manfer female PMNL, 10 pM &DHT
were sufficient to induce ERK2 phosphorylation.AMNL from males, that showed higher
basal levels of phosphorylated ERK2 compared taafes) maximal stimulation was reached
at 1 to 10 nMFig. 33B, upper panel) whereas in females 10 nM-®DHT were neede(Fig.
33B, lower panel) Notably, the effect of ®DHT on ERK2 phosphorylation was only

moderate, compared to fMLP (100 nifig. 33B)

Interestingly, also testosterone and the non-caitheable testosterone:BSA (each 10 nM),
but not 1B-estradiol (100 nM) or progesterone (10 uM), everemvused in combination,
increased the levels of phosphorylated ERRR). 34A). Note that the phosphorylation state
of p38 MAPK was not influenced by sex hormones.

Moreover, male human plasma (MHP), but not femal®adn plasma (FHP), induced ERK1/2
activation in female cells, comparable to the leMeterved in resting ma(€ig. 34B). Hence
androgens (or at least male specific factors) pteésethe human plasma, upregulated ERK1/2

phosphorylation.
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Fig. 33: 5u-DHT rapidly and moderately activates ERK1/2.(A) Time course of G-DHT-
induced MAPK phosphorylation in PMNL from males antémales.Human PMNL from
males and females were resuspended in PGC bufferl(/100 pL) and incubated witho5
DHT (10 nM) at 37° C for the indicated periods. Gellere then lysed by addition of 100 pL
ice-cold SDS-buffer and pERK1/2 and p-p38 MAPK lsvavere analysed by WB(B)
Concentration-dependency ofaSDHT-induced ERK1/2 phosphorylation in PMNL from
males and femaledduman PMNL from males and females were resuspend&iC buffer
(1 x 107100 pL) and incubated with vehicle (0.05 % EtOB)-DHT at the indicated
concentrations or fMLP (100 nM) for 1.5 min at 37° Cells were then lysed by addition of
100 pL ice-cold SDS-buffer and pERK1/2 levels wamalysed by WB using an Ettan DIGE
imager system. Densitometry was performed with le@agant TL image analysis software.
The results shown are representative of 3 simigesments.Abbreviations:5a-DHT, 5a-
dihydrotestosterone; ERK, extracellular signal-retedl kinase; fMLP N-formyl-methionyl-
leucyl-phenylalanine; O.D., optical density; PGCBSPglucose-CZ buffer; PMNL,
polymorphonuclear leukocytes; SDS, sodium dodecyltsatle; WB, western blotting.
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Fig. 34: Testosterone, the non-cell-permeable test@erone:BSA and human plasma from
males induce ERK1/2 phosphorylation. (A) Effect of sex hormones on MAPK
phosphorylation in PMNL from males and femalesBluman PMNL from males and females
were resuspended in PGC buffer (1 /100 pL) and incubated with vehicle (0.05 % EtOH),
50-DHT (10 nM), testosterone (10 nM), testosteron&B&0 nM for testosterone), B7
estradiol (100 nM), progesterone (10 puM), op-Esétradiol (100 nM) + progesterone (10 puM),
at 37° C for 1.5 min. Cells were then lysed by additof 100 uL ice-cold SDS-buffer and
pPERK1/2 and p-p38 MAPK levels were analysed by WHB). Effect of human plasma on
ERK1/2 phosphorylation in PMNL from males and femaeHuman PMNL from males and
females were resuspended in male or female humamplél x 18100 pL) and incubated for
5 min at 37° C. The reaction was stopped on icetbadells were centrifuged at 4° C, washed
with ice-cold PBS and lysed by addition of 100 pe-mold SDS-buffer. The results shown are
representative of 3 similar experimen#bbreviations: 5a-DHT, 5o-dihydrotestosterone;
ERK, extracellular signal-regulated kinase; Estp-ggtradiol; FHP, female human plasma,;
MHP, male human plasma; PGC, PBS-glucos&Qauffer; PMNL, polymorphonuclear
leukocytes; Prog, progesterone; SDS, sodium dodrdghate; Test, testosterone; Test:BSA,
testosterone conjugated with bovine serum albunyied; vehicle; WB, western blotting.
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4.4.2. Male sex hormones are involved in the reguian of the intracellular Ca*?
homeostasis

To investigate whether also ©as involved in the effect of androgens on 5-LO, FMfrom
male and female donors were treated with sex hoesiand [C¥]; were determined. In both
male and female PMNL,05DHT, testosterone and testosterone:BSA (each 1)) rdgidly
(within 30 seconds) induced Eamobilisation in 4 out of 6 PMNL preparations. Irestingly,
the increase in [C4; observed in responsive sampless only moderate and slow in
comparison to the inflammatory stimulus fMLP (10@)nFig. 35A).

Moreover, 5-DHT-induced C& mobilisation in responsive PMNL preparations wagtiplly
inhibited by preincubation (1 hour, 37° C) withug/mL PTX, an inhibitor of Gproteins,
suggesting the involvement of a GPCR in the efééeindrogengFig. 35B)

Furthermore, in both PMNL from male and female dsndw-DHT, testosterone and
testosterone:BSA (each 10 nM) significantly and eratkly increased the area under curve
(AUC) regarding elevation of the cytosolic aconcentration for 100 seconds after
recalcification of the medium, that is an indeximracellular C&” influx (Fig. 35C) This
effect was not reversed by the antagonist of tlessat intracellular androgen receptor
cyproterone acetate (1) (not shown).

No significant effect on [CA]; was observed by incubating PMNL with the femal& se
hormones 1ff-estradiol (100 nM) or progesterone (10 pM), alsot mvhen used in
combination (not shown).

Moreover, pre-treatment of PMNL for 30 seconds @on@inutes with sex-hormones did not
significantly modified the C& mobilization induced by subsequent addition of flor

ionophore (not shown).
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Fig. 35: Male sex hormones regulate intracellular @2 levels in PMNL. (A) Effect of male
sex hormonesHuman PMNL from males and femalesX8.07 cells/mL) were loaded with 2
UM Fura-2AM for 30 min at 37° C. After washing, cells were rgmreded in PBS (k% 107
cells/mL) and the fluorescence was measured 2 ffiten addition of 1 mM CaGl Vehicle
(0.05 % EtOH), &-DHT (10 nM), testosterone (10 nM), testosteroné&sB&0 nM for
testosterone), were added 30 sec after the measntemas started. The curves shown are
representative of 4 androgen-responsive PMNL pegjmars out of 6 preparations test¢s)
Effect of PTX on &-DHT-induced [C&?;. Human PMNL from males and females were
loaded with Fura-2M and resuspended as above, and then they were iedubvéth vehicle

(2 mM Tris, 0.4 mM glycine, 20 mM NacCl, 2 % glycergld 7.5) or 2 pug/mL PTX for 1 h at
37° C. The fluorescence was measured 2 min afteadhiéion of 1 mM CaGCl 5a-DHT (10
nM) was added 30 sec after the measurement wasdtdihe curves shown are representative
of 3 responsive PMNL preparatiof{€) Calculation of the AUC ofCa'*?]; in PMNL. Human
PMNL from males and females were loaded with Furad2and resuspended as above.
Vehicle (0.05 % EtOH), &DHT (10 nM), testosterone (10 nM), testosteron&8§80 nM for
testosterone), were added and after 200 sec 1 mM,@&G added. The AUC was calculated
for 100 sec after recalcification of the medium. Y are given as mean + SE= 3,
duplicates; data were analysed by ANOVA followedThkey-HSD post-hoc testp*< 0.05.
Abbreviations: 50-DHT, 5o-dihydrotestosterone; AUC, area under the cytosdla?
concentrations; PG, PBS-glucose buffer; PMNL, palyomonuclear leukocytes; PTX,

pertussis toxin; Test, testosterone; Test:BSA, sstone conjugated with bovine serum
albumine; Veh, vehicle.
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4.4.3. ERKZ1/2 inhibition or Ca" chelation prevent the effect of &-DHT on 5-LO
subcellular localisation

To confirm that ERK and Caare the pathways responsible for the androgencediG-LO
nuclear localisation, human PMNL were incubatechAPK inhibitor or Ca? chelators
prior to 5o-DHT treatment and 5-LO distribution was analysed.

Inhibition of ERK1/2 activation, by the MEK1/2 iritors U0126 (3uM) or PD98059 (30
uM), as well as chelation of intracellular (BAPTM, 50 uM) or extracellular (EDTA, 1
mM) Ca'’?, prevented &DHT-induced translocation of 5-LO to the nuclemmpartment
(Fig. 36A) in both PMNL from males and females. No significaffect was observed by
inhibiting p38 MAPK with SB203580 (10 uM).

Furthermore, the effect of ERK inhibition oa-®HT induced-translocation was analysed by
IF microscopy. Interestingly, U0126 (3V) blocked 5-LO translocation induced by-BHT

in PMNL from female donors and, remarkably, redelsthed the diffuse 5-LO subcellular

localisation observed in resting cellHg. 36B)
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Fig. 36: ERK1/2 inhibition or Ca*? chelation prevent the effect of @a-DHT on 5-LO
subcellular localisation. (A) Effect of MAPK inhibitors on &-DHT-induced 5-LO nuclear
localisation in PMNL: NP40 lysisHuman PMNL from males or females were resuspended in
PGC buffer (3 x 10mL) or in PG (EDTA sample) and incubated with \ai(0.1 % DMSO),
with SB203580 (1M), U0126 (3uM) or PD98059 (3QM), or with BAPTA/AM (50 uM) or
EDTA (1 mM) for 15 min at 37° C.&DHT (10 nM) was added for additional 30 min at 37°
C. After detergent (0.1 % NP40) lysis and subcetl@tactionation, 5-LO was determined in
nuclear and non-nuclear fractions by WHE) Effect of U0126 on 5-LO subcellular
localisation in 5z-DHT-treated PMNL from females: IF microscopyHuman PMNL from
females were resuspended in PGC buffer & B®/mL) and incubated with vehicle (0.1 %
DMSO), or with U0126 (M) for 15 min, 37° C. &-DHT (10 nM) was added for additional
30 min at 37° C. The incubation was stopped on icéfmin and the cells were cytospun onto
poly-L-lysine-coated glass coverslips. Cells wexed, permeabilized, blocked, and stained for
5-LO with anti-5-LO serum and Alexa Fluor 488 goati-aabbit IgG (green). The DNA was
stained with DAPI (blue). The results shown are @spntative of 3 independent experiments.
Abbreviations: 5a-DHT, 5a-dihydrotestosterone; BAPTAM, 1,2-Bis(2-
aminophenoxy)ethane-N,NNI'-tetraacetic acid tetrakis (acetoxymethyl ester); DAP
diamidino-2-phenylindole; DMSO, dimethyl sulfoxid&DTA, ethylenediamine-tetraacetic
acid; 5-LO, 5-lipoxygenase; MAPK, mitogen-activatgdotein kinase; PG, PBS-glucose
buffer; PGC, PBS-glucose-Cabuffer; PMNL, polymorphonuclear leukocytes; Veh, ioddt
WB, western blotting.
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4.5. 5a-DHT represses 5-LO activity in human PMNL

4.5.1 S-DHT downregulates 5-LO activity in ionophore-stimdated PMNL from
females

Next, it was evaluated whether the effect of[BHT on 5-LO subcellular localization is
connected to changes in the production of 5-LO budiizs.

In PMNL isolated from males, preincubation withri 50-DHT caused only a slight and not
significant decrease of Caionophore-induced 5-LO activityFig. 37A). In fact, 5-LO
product levels were 25.64 + 2.6 ngiitells and 22.1 + 3 ng/i@ells o = 4, p > 0.05, in
vehicle- and 6-DHT-treated cells, respectively.

On the contrary, in PMNL from females treated wbthDHT, 5-LO product synthesis upon
Ca'%ionophore stimulation was about 40 % less thanctireesponding control withoutos
DHT (Fig. 37A). 5-LO products formed were 37.04 + 1.98 n§/délls and 21.02 + 1.6 ng/d0
cells f = 4, p < 0.00), in vehicle- and &DHT-treated PMNL, respectively. Of interest,
there was no significant difference in ionophorddced 5-LO activity between vehicle
treated males andEDHT treated females (25.64 + 2.6 ngit@lls cells in vehicle/male and
21.02 + 1.6 ng/10cells in B-DHT/female,n = 4, p > 0.05, suggesting thatsBDHT addition
to female PMNL abolishes the difference in 5-LO durct formation between males and
females.

As shown in(Fig. 37A), no significant difference in ionophore-induced_G- product
synthesis was observed after treatment with thaliesex hormones fstradiol (100 nM)
and progesterone (10 uM), either used alone oonmbtnation.

Furthermore, &DHT effects were not reversed by the antagonithe classic intracellular

androgen receptor cyproterone acetateufllp and flutamide (1@M) (not shown).
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Fig. 37: %S-DHT downregulates 5-LO activity in ionophore-stimulated intact PMNL
from females to the levels in malegA) Effect of sex hormones on 5-LO activity in ¢a
ionophore-stimulated PMNL.Human PMNL from males and females were resuspended in
PGC buffer (5 x 18mL), and incubated with vehicle (0.05 % EtOH}-BHT (10 nM), 1P-
estradiol (100 nM), progesterone (10 pM), op-Eétradiol (100 nM) + progesterone (10 pM),
for 30 min at 37° C. Cells were then stimulated vdth uM Ca2-ionophore for 10 min at 37°
C, and 5-LO products formed were determined. Valaes given as mean + SH, = 4,
duplicates; data were analysed by ANOVA followed Tiykey-HSD post-hoc test: *1F <
0.001 vs vehicle femalgB) Effect of 52-DHT on 5-LO activity in PMNL stimulated with
exogenous AA and in homogenatesluman PMNL from males and females were pre-
incubated with vehicle (0.05 % EtOH) on-®HT (10 nM) for 30 min at 37° C and then
stimulated for 10 min at 37° C with AA (20 uM) (lefanel) or C&-ionophore (2.5 uM) + AA
(20 pM) (middle panel). The enzyme activity wagedsin cell homogenates in presence of
Ca2 (1 mM) and AA (20 uM) (right panel). Values are givas mean + SB,= 3, duplicates;
data were analysed by ANOVA followed by Tukey-HSsphoc test:p > 0.05.
Abbreviations: AA, arachidonic acid; &DHT, 5o-dihydrotestosterone; Ca-ion, €a
ionophore  A23187; Est, Bfestradiol; PGC, PBS-glucose-Ca buffer; PMNL,
polymorphonuclear leukocytes; Prog, progesterond, Vehicle.
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50-DHT did not significantly modify 5-LO product syrgsis in cells stimulated with
exogenous substrate (AA, 20 uM), both in the abs@rig. 37B, left panel)and in presence
of 2.5 pM Cé&%ionophore(Fig. 37B, central panel) Also, in cell homogenates (EalmM,

AA 20 puM), So-DHT did not affect 5-LO product synthegsig. 37B, right panel)

4.5.2. 50-DHT does not significantly influence ionophore-indiced AA release in PMNL
from males and females

In order to evaluate whether the inhibitory effemt ionophore-induced 5-LO product
synthesis by &DHT was related to a suppression of the releas&”AgfAA liberation was
evaluated in vehicle andy@HT treated PMNL.

5a-DHT did not significantly modify the release of AAduced by 2.5 uM C#ionophore in
both PMNL from males (vehicle: 300 + 7 %-BHT: 329 + 7 % of unstimulated cells;= 3,

p > 0.05 and females (vehicle: 272 £ 6 Y@-BHT: 305 = 6 % of unstimulated cells;= 3, p

> 0.05) (Fig. 38) These data show that the reduction in 5-LO prbdynthesis by &DHT

was not related to a suppression of the AA supply.

4.5.3. Pre-treatment of female human blood with &-DHT results in a reduction of 5-LO
activity in isolated PMNL

Next, it was evaluated whether the treatment of dnurblood with 5-DHT affected 5-LO
activity in PMNL analysed after subsequent isolatio

To this purpose, blood was incubated with vehiglevith 50-DHT (used at 100 nM in order
to consider the binding to plasma proteins) fornd@utes at 37° C, and then PMNL were

isolated and, therefore, activated to induce 5-k@lpct synthesis.
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Fig. 38: 50-DHT does not significantly influence ionophore-indiced AA release in PMNL
from males and femalesHuman PMNL from males and females were resuspend@gGia
buffer (5 x 13/mL), pre-warmed at 37° C for 10 min and then theL@inhibitor CDC (10
uM) and the 5-LO inhibitor BWA4C (1 uM) were addegether with vehicle (0.05 % EtOH)
or 50-DHT (10 nM) for 30 min at 37° C. Cells were thennstlated with 2.5 uM C=&-
ionophore for 5 min at 37° C. Released AA was therivdtized and analysed by HPLC.
Values are given as mean + SE of % increase indlage€a?-ionophore compared to
unstimulated cells n = 3, duplicates; data were analysed by ANOVA fokalwby Tukey-
HSD post-hoc tesp > 0.05.Abbreviations:AA, arachidonic acid; Ada, adenosine deaminase;
Ca-ion, Cé&2%ionophore A23187; PGC, PBS-glucoset&auffer; PMNL, polymorphonuclear
leukocytes.
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Interestingly and similarly to the data showndis.1, no significant difference was observed
in Ca'%ionophore-stimulated PMNL, isolated from vehictsd S-DHT-treated male blood
(vehicle: 52.1 + 4 ng/Tcells; ®-DHT: 42.16 + 2.6 ng/10cells;n = 3,p > 0.05 Fig. 39A).

On the contrary, in PMNL isolated fromuB®HT-treated female buffy coats, 5-LO activity
was 40 % lower than in the corresponding contrehigle: 69 + 3.2 ng/TOcells; 5-DHT:
39.57 + 1.44 ng/10cells;n = 3, p < 0.00 (Fig. 39A) and, thus, similar to the levels observed
in PMNL from males.

These results demonstrate that[@HT is active also in presence of a complex sysli&m
whole blood and that this effect in the blood itamed by the cells during the isolation
procedure at 4° C.

Notably, such downregulation of ionophore-induceld® product synthesis byo5DHT was
not observed when exogenous AA was added to tihe(Eed. 39B, left panel)or when 5-LO
activity was evaluated in PMNL homogenat@#sg. 39B, right panel) Hence, &-DHT

treatment of the blood did not modify the amountatalytically active 5-LO.
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Fig. 39: Treatment of human blood with &-DHT results in a reduction of 5-LO activity

in subsequently isolated PMNL from females(A) Effect of 5z-DHT treatment on 5-LO
activity in isolated PMNL stimulated with C&-ionophore.Buffy coat blood from male and
female donors was incubated for 30 min at 37° C WwettDHT (100 nM). PMNL were then
isolated at 4° C, resuspended in PGC buffer (5 %mb), and stimulated with 2.5 pM &
ionophore for 10 min at 37° C, and 5-LO products fedmvere determined. Values are given
as mean + SHj = 3, duplicates; data were analysed by ANOVA fokalwby Tukey-HSD
post-hoc test: **p < 0.001 vs vehicle femalgB) Effect of 5z-DHT treatment on 5-LO
activity in isolated PMNL stimulated with C&-ionophore plus exogenous AA and in
homogenatesHuman PMNL were isolated from vehicle ou-BHT-treated blood from buffy
coats as described in (A), then stimulated for 1® an 37° C with C&-ionophore (2.5 uM) +
AA (20 uM) (left panel). The enzymatic activity waralysed in cell homogenates in presence
of Ca?2 (1 mM) and AA (20 uM) (right panel). Values are givas mean + SH) = 3,
duplicates; data were analysed by ANOVA followedTukey-HSD post-hoc tesp > 0.05.
Abbreviations: AA, arachidonic acid; &DHT, 5a-dihydrotestosterone; Ca-ion, Ca
ionophore A23187; PGC, PBS-glucoset€huffer; PMNL, polymorphonuclear leukocytes;
Veh, vehicle.
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4.6. Gender-dependent regulation of 5-LO activity in hunan

whole blood

4.6.1. 5-LO activity from endogenous AA is lower irhuman whole blood from males
than from females: the role of @-DHT

To evaluate the physiological relevance of theltesabtained in isolated cells, a whole blood
assay was performed. Stimulation of blood with“@anophore (30uM) resulted in 5-LO
product synthesis in males being 54 % lower thafemales(Fig. 40A). Thus, 5-LO product
levels were 170.9 + 2.9 ng/ml plasma in male blaod 372 + 24 ng/ml plasma in female
blood f= 6,p < 0.00).

This difference was abolished when female blood teated with &G-DHT. Incubation of
female blood with &DHT (100 nM, 30 min, 37° C) prior to ionophore &duh resulted in a
50 % decrease in 5-LO product synthesis (vehid@: 824 ng/mL plasma;cbDHT: 181.8+

36 ng/mL plasman = 6, p < 0.00), whereas no significant difference was observethe
blood from males (vehicle: 170.9 + 2.9 ng/ml plas&aDHT: 169.2+ 22 ng/mL plasman =

6, p > 0.05 (Fig. 40A). Notably, ionophore-induced 5-LO activity in-DHT-treated female
whole blood was not significantly different fromathobserved in non-treated male blood-(5
DHT/female: 181.8 36 ng/mL plasma, vehicle/male: 170.9 + 2.9 ng/pbhsma;n = 6, p >
0.05.

Of interest and in accordance with the data obthinem isolated cells, no difference was
observed between the genders when exogenous sal@rs 100 pM) was added together
with ionophore (5-LO products: 591.2 + 22 ng/migptea in male blood and 542.7 + 52 ng/mi

plasma in female blooady= 3, p > 0.09 (Fig. 40B)
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Fig. 40: 5-LO activity from endogenous AA is lowelin human whole blood from males
than from females: the role of -DHT. (A-B) 5-LO activity in untreated and &DHT-
treated whole blood from males and femal&sesh blood was collected in heparinized tubes
from male and female donors. The blood was divide@ mL aliquots, preincubated with
vehicle (0.05 % EtOH) or &6DHT (100 nM) for 30 min at 37° C and stimulated lwéither
Cat%-ionophore 3QuM (A) or with Ca2-ionophore 3QuM + AA 100 pM (B), for 10 min at 37°

C. Formed 5-LO metabolites were extracted and aedlypy HPLC. Values are given as mean
+ SE,n=6 (A) and 3 (B), duplicates; data were analysedNOVA followed by Tukey-HSD
post-hoc test: **p < 0.001 vs corresponding male; 93°< 0.001 vs Ca-ion femaléC) 12-
HHT production in untreated and &-DHT-treated whole blood from males and females.
Samples in A were analysed for the production ef @OX metabolite 12-HHT(D) 5-LO
activity in homogenates of untreated andz®HT-treated whole blood from males and
females Fresh blood was incubated as reported in (A-B) ten homogenized by sonication.
ATP (1 mM), CaC] (1 mM, final concentration) and AA (100 uM) weredad and the
samples were extracted and analyzed by HPLC. Vawesgiven as mean + SH,= 5,
duplicates; data were analysed by ANOVA followedTaykey-HSD post-hoc tesp > 0.05.
Abbreviations: AA, arachidonic acid; &DHT, 5o-dihydrotestosterone; Ca-ion, €Ca
ionophore A23187; 5-HETE, hydroxy-6-trans-8,11,1gt@icosatetranoic acid; 12-HHT, 12-
hydroxy-5,8,10-heptadecatrienoic acid.
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Moreover, no difference in the formation of the CQXproduct 12-hydroxy-5,8,10-
heptadecatrienoic acid (12-HHT) was observed beitwde genders or afteroDHT
treatment in blood treated with ionophore (vehiolge: 131.34 = 32 ng/ml plasmap-5
DHT/male: 111.2 + 22 ng/ml plasma; vehicle/femal&l.58 + 26 ng/ml plasma;ob
DHT/female: 128.6 + 18.8 ng/ml plasmaz= 6, p > 0.05 (Fig. 40C). Also, 5-LO activity in
whole blood homogenatdgig. 40D), as evaluated by quantifying 5-HETE productionswa
not different in males and females (vehicle/mak68t 2.76 ng/ml plasma;eEDHT/male:
82.5 + 6.8 ng/ml plasma; vehicle/female: 72.74 % ag/ml plasma; &DHT/female: 82.04 +
7.5 ng/ml plasman = 5, p > 0.09. These data indicate that the gender-dependfatatice
might be specific for 5-LO since it did not conce@®X. Moreover, the gender-dependent
regulation of 5-LO was not related to different ambof catalytically active 5-LO in blood

samples from male and female donors, and was opemtly in the intact cell environment.
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5. DISCUSSION

5-LO catalyzes the first two steps in the conversaf AA to LTs, a group of pro-
inflammatory lipids that have been identified asdmators of a variety of inflammatory and
allergic reactions, including asthma, rheumatoithrérs, psoriasis and allergic rhinitis.
Moreover, the 5-LO pathway has also been assocwitihdatherosclerosis, osteoporosis and
certain types of cancer (e.g., neuroblastoma, g®sand pancreas cancer) (Werz and
Steinhilber, 2005). Notably, several of these 54lelated diseases display marked higher
prevalence in women than in men and a protectiYecefof androgens in inflammatory
conditions has often been reported (fe2.9). Thus, knowledge of the biological and
biochemical processes involved in these gendetectlaissues would improve the
understanding of the pathophysiology of these diseand could have potential implications

for the pharmacological therapy.

In this thesis it is shown for the first time thlhe subcellular compartmentalization of 5-LO
and the efficacy in LT biosynthesis are highly degent on the gender in humans, due to a
differential activation status of ERK. These stidkigender-specific differencies are related to

variant androgen levels of males and females.

As experimental model, isolated human PMNL havenbetosen, since PMNL are
characteristic cells present in the acute inflanomyainfiltrate and, in line with the function of
LTs as mediators of inflammation and immune reasticghe major cell type generating 5-LO
products in humans. In order to obtain PMNL forsea@xperiments, a dextran-based method

combined with a differential density centrifugation Nycoprep cushions has been used for
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the isolation of PMNL from blood of male and femadlenors. It must be pointed out that all
steps were carried out at 4° C. In fact, this methas been described to avoid priming of cells
(Jethwaney et al., 2007) induced, for example, thero preparations (like gelatine-based
methods) (Stie and Jesaitis, 2007), and has beed tss avoid temperature-dependent
functional changes of the cells (Borregaard etl&i87; Stie and Jesaitis, 2007).

Surprisingly, in isolated human PMNL, the amounfs 56LO product generated from
endogenous AA were 40 % to 90 % lower in males thdamales, depending on the stimulus
used (ionophore or fMLP, respectively). This diffiece could be related to varying levels of
AA as substrate for 5-LO. However, analysis of tledease of AA from membrane
phospholipids, showed no differential substratelalgity. Also the expression of 5-LO was
not different between male and female PMNL. Coricklg, the unequal generation of 5-LO
products is apparently related to other regulatogchanisms concerning 5-LO activity (see
1.2.6.2), strictly linked to the cellular environment. Maver, when 5-LO product synthesis
was evaluated in cell free assays, after disrupifrige cellular context by homogenisation, no
difference was observed between the genders.

The results obtained in cell free assays also lgl@&adicated that the amount of catalytically
active 5-LO is essentially equal between the gemd€his was confirmed when AA was
exogenously supplemented to PMNL. In absence ofjexaus AA, 5-LO has to redistribute
to a locale (the nuclear membrane) in order toivedéerated AA, provided by the action of
cPLA; on membrane phospholipids (Werz, 2002). In cohtid8 from exogenous sources
might be available for metabolism also by cytos8HtO (Sala et al., 1999; Werz, 2002; Luo
et al., 2003). Therefore, although the synthesi®-tfO products from exogenous AA is a
valid index and a well-accepted tool for the evatraof the catalytic activity of 5-LO, it does

not allow to discriminate the subcellular locusnaétabolism. Upon AA supplementation, 5-

120



5. Discussion

LO product synthesis was not significantly diffearenintact PMNL from males and females,
confirming that the difference between the genaes not due to an unequal 5-LO catalytic
activity itself. Instead an unequal capability 6£6 to access the endogenous substrate, or
unequal subcellular compartmentalisation may cotffer different capacities of male and

female PMNL to generate 5-LO products.

5-LO product synthesis in the cell strictly deperads the subcellular localisation of the
enzyme (seé.2.6.2) (Werz et al., 2001b; Luo et al., 2003). In a galig accepted model for

human PMNL, 5-LO occurs as a soluble enzyme ircthesol of resting cells and translocates
to the nuclear membrane or to the endoplasmicutetic surrounding the nucleus after
activation (for review see (Peters-Golden and Br@€03)). In association with the nucleus,
5-LO then interacts with FLAP and gets access tordldased by cPLA It must be observed

that in all the studies addressing the regulatios-bO subcellular localisation, the sex of the
PMNL donor was never taken into account and instest patterns of 5-LO translocation
were reported when PMNL from several donors, whgeader was not reported, were
analyzed (Boden et al., 2000). Thus far, there asv rconcrete explanation for these

inconsistencies.

The results of this thesis clearly demonstrates tha long appreciated model of 5-LO
subcellular localisation and translocation in hunRMNL may apply only to cells from
females, but not to those from males. To studystitecellular localisation of 5-LO, different
techniques were utilized, that is, (I) mild-detergé0.1 % NP40) lysis yielding in a nuclear
and a non-nuclear (cytosolic) fraction, (ll) sonica and separation of a soluble and a

particulate (membraneous) fraction, and (lll) IFcroscopy. Indeed, by using crude
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subcellular fractionation methodologies, in femBMNL 5-LO was in the cytosol of resting
cells and was detected at the nuclear membrane stpoualation with ionophore or fMLP, as
generally described by others before (Brock et 297; Surette et al., 1998; Werz et al.,
2001b). However, resting PMNL from male donors shdva pattern of 5-LO distribution
similar to partially activated cells (Brock et a@997), namely both nuclear/non nuclear (0.1 %
NP40 fractionation) and membrane-associated/sol(R1€0/S100 fractionation) association.
Of interest, in contrast to female PMNL, no sigrafit change in 5-LO localization in PMNL
from males was observed after ionophore or fMLRvatibn. Upon agonist challenge of
PMNL from male donors, 5-LO was still found in bdtle nuclear and non-nuclear fractions,
and in both the membrane-associated and solubt#idng. It has been described that
prolonged activation of leukocytes might resultiineduced capability of 5-LO to translocate
to the nuclear membrane after a second stimulgBoock et al., 1998). As consequence of
the persistent nuclear association induced byiteedtimulus, a reduced ability of generating
5-LO products on re-stimulation has been obserdedably, the first stimulus does not have
necessarily to induce 5-LO product synthesis, sordg nuclear persistent association but not
5-LO action is required for the inactivation (Bro@t al., 1998). In the light of these
observations, the pattern of 5-LO subcellular lisedion observed in PMNL from male
donors might then be due to constitutive stimutatiovivo, resulting in a persistent nuclear
localisation (but not necessarily in 5-LO produgtthesis). As a consequence, 5-LO would be
desensitized in both respects, translocation armatlyst synthesis, when a second and
inflammatory stimulus would be applied. It must peinted out that besides being pro-
inflammatory, LTB, (the main LT formed in PMNL) is an important agénthe first line of
the immune defence of the body. Thus, our findinggy have a profound physiological

importance: the mechanisms governing the subcellolealisation in male PMNL could
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represent a regulatory process culminating in d-kalnced formation of 5-LO metabolites
upon exposure to an inflammatory stimulus.

Moreover, as analysed by IF microscopy, 5-LO wamiypdocated in the perinuclear region
of male resting PMNL, showing a prominent coloclisn with the endoplasmic reticulum
marker 1D3 (Vaux et al., 1990). In male PMNL onlpartial increase of the perinuclear
staining was observed after agonist activation. t@m contrary, a homogeneously diffuse
staining for 5-LO was observed in the cytosol aftirg PMNL from female donors, and this
5-LO was detected at the nuclear membrane afteration. Although a partial overlay was
also observed with the endoplasmic reticulum maddeB, probably because of the close
vicinity of the outer nuclear envelope with the gbuendoplasmic reticulum (Spector, 2001),
activation of PMNL from females resulted in a clemnslocation of 5-LO to the nuclear
membrane, where 5-LO colocalised with the nucleamiha in a clustered pattern.
Interestingly, the clustering of 5-LO, cPkAand the nuclear membrane integral FLAP and
LTC4-synthase has been suggested as a metabolome feyrthiesis (Murphy and Gijon,
2007). Data obtained from the recent resolutiontre crystal structure of both FLAP
(Ferguson et al.,, 2007) and LJ-€ynthase (Ago et al.,, 2007) seemingly confirm this
hypothesis. Therefore, the clustered localisatibrb-0O in activated female PMNL may
reflect this metabolome implying that the nucleavedope, but not the endoplasmic reticulum,
is the locus where 5-LO is eventually redistributed

It has been hypothesized that the nuclear envetoptl be a better site for 5-LO to access
released AA than the perinuclear region (Luo et2803). Since 5-LO localizes at the nuclear
membrane in activated female PMNL but in the pediear region in males, the difference in

the synthesis of 5-LO products could be also rdltdea different substrate accessibility.
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Nuclear translocation of 5-LO has been describettetdnduced by an increase of [€a
and/or by phosphorylation by protein kinases (MR;2in Ser271 and ERK, on Ser663) (see
1.2.6.2). Interestingly, depletion of extra- or intra- lcédr Cd? by the chelators EDTA and
BAPTA/AM, respectively, as well as inhibition of ERK1/2 Ipaty, induced a cytosolic
distribution of 5-LO in male PMNL, yielding a “ferfeatype” 5-LO pattern. On the contrary,
the inhibition of the p38 MAPK pathway did not mfydb-LO subcellular distribution. This
implies that both C& and ERK1/2 are required for 5-LO nuclear localizatin resting male
cells. Although C¥ was required for membrane binding (cfr. als@.6.), no difference in
the [Cd?; was observed between male and female PMNL indigatiat the differential
regulation of 5-LO between the genders is not doevariant [C&%.. However, the
experimental setting for the measurement of théjCeequires the incubation of PMNL for
30 minutes at 37° C in order to load the cells witd dye (se8.11). During this period the
gender-specific Ca physiology of PMNL may change, so that tinevivo condition (sex
hormone effects) could partially be lost.

One of the most intriguing findings in this theds the observation that ERK1/2 is
constitutively activated in human PMNL from males @mpared to females which has not
been discovered before. Activation of ERK1/2 hasrbanalysed by its dual phosphorylation
at Thr202 and Tyr204, which is recognized by a phosspecific antibody. Thus, the levels of
phosphorylated ERK1/2 were significantly highePRINL from male donors as compared to
females. This variance is not due to unequal ansooifitiotal ERK1/2 protein expression.
Notably, the higher levels of phosphorylated ERKItvRPMNL from males were accompanied
by an enhanced translocation of ERK1/2 into theleusc Moreover, this was accompanied
also by an increased kinase activity visualizedhigher levels of phosphorylated Elk-1, a

well-recognized ERK1/2 substrate (Davis et al.,,®00he finding that male PMNL have a
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higher ERK activation status could have severabmiapplications for PMNL functions since
ERK1/2 regulate many processes in human PMNL, dicty expression of proteins, PMNL
activation, degranulation, apoptosis (Lu et al93;Burg and Pillinger, 2001). In line with the
role of PMNL as critical effector cells in humoiahd innate immunity, they contribute to the
control of phagocytosis and bacterial killing (Daayret al., 1998; Hii et al., 1999; Raeder et
al., 1999; Mansfield et al., 2000; Zhang et al.020 The increased activation status of
ERK1/2 coincided with the nuclear localisation ofL® in PMNL from males. Also
pharmacological ERK1/2 inhibition caused depletdrb-LO from the nuclear loci and 5-LO
was redistributed into the cytosol. Hence, the ERKiathway is likely to be a determinant in
the gender-dependent 5-LO regulation. Such speécuntaére in accordance with the literature
(Werz et al., 2001b; Luo et al., 2003), indicatthgt phosphorylation events are important
regulators of 5-LO localisation which as a consegeedetermine the cellular formation of 5-
LO products, rather than modulating 5-LO catalwativity itself. 5-LO is phosphorylated by
ERK1/2 at Ser663 and by the p38 MAPK-regulated Mit2Ser271 (Werz et al., 2002a;
Werz et al., 2000). If phosphorylation of Ser663 BRK1/2 mediates the gender-effect
remains to be determined.

Ca'? and ERK1/2 are also recognized as activators bAgRseel.2.6.2). Based on the fact
that ERK1/2 is more active in male PMNL, one mapext that cPLA is also regulated in a
gender-specific manner. However, no differenciesveen the genders were observed in
cPLA; subcellular localization or in the release of Alarh intact PMNL. How can this be
explained? For activation of cPLAy phosphorylation the enzyme requires phosphtioyla
by both ERK1/2 and p38 MAPK at different serineidass (Hazan-Halevy and Levy, 2000;
Hazan-Halevy et al., 2000). Furthermore a signifideigher threshold of [C§]; is needed for

activation of cPLA (350 to 400 nM) than for activation of 5-LO (20Mn(Fischer et al.,
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2005; Schatz-Munding et al., 1991). This observai®in accordance with previous reports
(Pruzanski et al., 1988), where no difference iruse PLA, activity among subjects of
different sex was observed. Moreover, although féerdince in PLA activity has been
observed in plasma extracts (acid extraction aradifngd of males and females (Kuslys et al.,
1996), no difference between the genders were fourtde same study in PlAactivity in
crude plasma, crude serum, neutrophils or lymplescyit should be noted that PLActivity

in plasma extract is an index for group Il secrngteLA, (sPLAy), but not for cPLA activity
(Vishwanath et al., 1996), whereas the activitycinde plasma or serum is an index for
cellular PLA, enzymes, including cPLA Therefore, our and previous results clearly iatdc
that cPLA activity and the subsequent AA release is notledgd in a sex-dimorphic manner.
Nevertheless, in light of the differential ERK adly between the genders, a sex-related
regulation could affect also other enzymes or pmsténvolved in the modulation of the
inflammatory response (e.g. sPY)AThis is supported by the observation of a séxémce
on the activity of antioxidant enzymes of PMNL iadithy subjects (Saraymen et al., 2003).
Similarly, a higher activity of myeloperoxidase Hasen demonstrated in neutrophils from
females than from males (Kabutomori et al., 1999).

Interestingly, a gender-dependent regulation waseied also for CLP. In fact, in human
PMNL, CLP showed a similar pattern of subcellulatribution of 5-LO. CLP is an F-actin
binding protein that was previously found to birgloa5-LO (Provost et al., 2001) and it has
been established as a relevant factor for 5-LO ymbtbrmation (Rakonjac et al., 2006) (see
1.2.6.1). It has been hypothesized that, in intact c@€ls may form a stable complex with 5-
LO and function as a chaperone and/or a scaffosufiport 5-LO activity (Rakonjac et al.,
2006). Notably, our data showing a similar pattefmistribution between 5-LO and CLP in

both PMNL from males and females seem to confirmitiea that CLP is a scaffold protein
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for 5-LO in the cells. It must be mentioned thae thender-related difference in 5-LO
subcellular localisation involving ERK1/2 may alsmction via CLP in an indirect manner,
which means that CLP is primarily affected and astsransport vehicle for 5-LO.

In contrast to CLP, no difference was observed betwthe genders for FLAP expression and
subcellular localisation. In accordance with theréture (cfr1.2.6.2), FLAP was found only

as a nuclear membrane-associated protein of bd#éhand female cells.

To identify the molecular basis responsible for théerence in 5-LO cellular biology
between the genders, the effects of sex-hormonées-ldd subcellular localisation, activity
and on the mechanisms involved in 5-LO regulatibe. ERK1/2, C&) were analysed.
Treatment of female PMNL with physiologically redt concentrations of androgens
(testosterone and its active metaboliteCHT; < 10 nM) resulted in the translocation of 5-LO
to the nuclear membrane. This translocation wasewrsed by the FLAP inhibitor MK-886,
showing that the association with the nuclear mambris probably not accompanied with a
binding to FLAP and, therefore, the apparatus yigldo 5-LO product synthesis in the cells
might be not recruited under these conditions. blgtaVIK-886 also did not modify 5-LO
association to the nuclear fraction in unstimulateale cells and, therefore, 5-LO may not
bind to FLAP under these conditions.

In contrast, no effect on 5-LO subcellular locdima was observed after treatment with
female sex hormones (@-&stradiol and progesterone; 100 nM and 10 puM,edspely). Of
interest, under the IF microscope-BHT-treated PMNL from females showed a granular 5-
LO staining in the perinuclear region, similar twat observed in male resting cells. The
androgen-induced “male-type” 5-LO pattern in thesmale PMNL suggests that the gender-

related difference might be due the unequal exjposib androgen levels in the bloodvivo
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From this point of view, elevated levels of testoghe and its active metabolites in the plasma
of males could influence PMNL to induce a persis&ssociation of 5-LO with perinuclear
structures, thereby desensitising the enzyme tosesutent inflammatory stimuli. The
hypothesis of an interaction between plasma andsoged PMNL was confirmed by the
finding that also male human plasma, but not ferhal@an plasma, induced an increase of 5-
LO in the nuclear fraction. Interestingly, a funthacrease in the content of 5-LO in the
nuclear fraction and in the 5-LO staining in theusture surrounding the nucleus was also
observed in &DHT-treated male PMNL. This effect could be mostlqably ascribed to an
additive effect of androgens or to a partial retofthe nuclear 5-LO to the cytosol, in PMNL
from male donors, during the isolation proceduresfthe blood where PMNL are separated
from the androgens.

Nuclear localization induced byfDHT was found to be reversible which is in favafithe
speculations made above. Thus, in PMNL from fenddeors, the androgen effect was
reversed within 2 hours upon removal. At the same that the androgen effect was reversed,
5-LO recovered the property to translocate from d¢iosol to the nuclear membrane after
ionophore stimulation. Interestingly, in PMNL fromale donors, 5-LO redistributed to the
cytosol when PMNL were freshly isolated and incedaat 37° C for 2 hours. Also in this
case, 5-LO was able to translocate to the nuclftas @a*-ionophore stimulation. Therefore,
the nuclear localisation of 5-LO in resting male RIMshares the same characteristics @s 5
DHT-induced nuclear localisation of 5-LO in PMNLofm females. It is interesting that in
RBL cells and alveolar macrophages prolonged sttiaris with strong stimuli (e.g. Ga
ionophore) resulted in an irreversible associatibB-LO with the nuclear envelope (Brock et

al., 1998). Therefore, the reversibility of the esgkn-induced association of 5-LO with the
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nuclear membrane may reflect a role as physiolagit subtle negative modulator of 5-LO
function rather than an 5-LO-activating stimulus.
50-DHT-induced nuclear localisation occurred in a@mtration-dependent manner, starting
already at 0.01 nM &DHT in female PMNL and peaking at 10 nM. The concation-
dependency and the high effectiveness even at pileorooncentrations strongly suggests that
50-DHT might act via a high-affinity receptor. Sex rhhmnes have been traditionally
considered to bind to and act via the so-calleéssic sex-steroid receptors”, a class of
nuclear steroid receptors that functions as a tlgaativated transcription factors to mediate
genomic effects of steroids (s&e8.2.1). However, sex hormones have also been reported to
induce non-genomic effects through other and gtitharacterised plasma membrane-bound
receptors (se&.3.2.2). These non-genomic sex-steroid effects are tilgicharacterized by:

1. their rapid onset of action (within seconds to nas);

2. insensivity to the antagonists of the classic gersfd receptors;

3. the property to be stimulated also by hormones @otm high molecular weight

compounds (e.g. BSA), that retard their diffusicnoas the cell membrane.

Notably, nuclear localization induced by-BHT was:

1. rapid (occurring within 5 minutes);

2. not reversed by antagonists of the classical amuroguclear receptor, namely

cyproterone acetate (steroidal antagonist) andrfiide (non-steroidal antagonist);

3. achieved also by the non-cell permeable testosteBSIA,;
and therefore it showed all the characteristicsaafion-genomic, cell-membrane-receptor-
mediated effect.
The non-genomic effect of sex hormones (Falkenstead., 2000), in particular of androgens

(Heinlein and Chang, 2002) are known to mainly @ffentracellular signalling, that is,
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phosphorylation events and @aignalling (se€l.3.2.2). In fact we found that the androgen
hormones &-DHT and testosterone, and also testosterone:B&RAiced a fast but moderate
increase in pPERK1/2 levels, whereas p38 MAPK wasafiected. Notably, the effect obb
DHT was moderate in comparison to the inflammastipulus fMLP, most likely reflecting a
basal homeostatic physiological regulation rathkant a stimulatory excessive burst.
Interestingly, a moderate activation of ERK waabserved by incubating PMNL in male
human plasma, confirming the physiological relewan€ these findings. Thus, male human
plasma induced ERK1/2 phosphorylation in femaldésdel similar levels that were observed
in resting male cells. This effect can be mostljikee ascribed to the androgens present in the
plasma, since no significant effect was observetemale human plasma. Moreover, ERK1/2
inhibitors suppressedoSDHT-induced nuclear translocation of 5-LO, andestablished its
diffuse cytosolic staining in female PMNL challedgeith So-DHT. Together, these data
clearly indicate that ERK1/2 are the molecular peth underlying the regulation of 5-LO by
androgens.

50-DHT-induced 5-LO localization was also inhibitegl balcium chelators, confirming the
putative role of C¥ in the membrane-binding of 5-LO (cfr.2.6.1). Moreover we found that
androgens influence the cellular ‘€&omeostatis as much as they facilitate"*daflux,
thereby increasing [G§;. Although androgens significantly mobilised inefalar C&?, the
increase in [C4];, was only moderate in comparison to the inflammagtimulus fMLP and
was not always evident in all PMNL preparationadstHowever, this inconsistency could be
due to the involvement of multiple independent patys in the regulation of the Eaentry in
human neutrophils (Itagaki et al., 2002). One cogpeéculate that the moderate effects of
androgens on intracellular €an human PMNL are sort of a guarantee for sufficiCa"];

allowing modulation of select homeostatic cellymocesses without inducing overall ‘&a
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dependent cellular responses, including, for exandgigranulation, presentation of adhesion
molecules and oxidative burst.

Interestingly, the effect of BDHT on [C&']; was not blocked by the antagonists of the
androgen nuclear receptor, but was partially inbibby PTX, a Gprotein-coupled receptor
inhibitor, suggesting that the cell membrane remefar androgens could either be a GPCR or
could be functionally linked to such one. Moreovéne observations of non-genomic
androgen-mediated increases of {iaappear to occur through different mechanisms in
different cell types (Heinlein and Chang, 2002)ggesting that C& increase may not be an
intrinsic property of the membrane-androgen reaeptal supporting the idea of a different
GPCR associated to it. A different degree of cowuplof these proteins could therefore
partially explain the difference in the [€h increase in different cell types or PMNL
preparations. Of importance, androgen pre-treatrdiehnot modify the CZ influx induced

by ionomycin or fMLP, suggesting that male sex homen guarantee appropriate PMNL
activation in response to inflammatory stimuli. §lé of great importance since suppression
of PMNL function has been associated, for exampi¢h septic complications (Aldridge,
2002).

As major consequence of the androgen effect on SsuBellular localisation, exogenous
addition of &-DHT induced a decrease of about 40 % in ionoplmdaced 5-LO product
synthesis in female PMNL, but not in PMNL from nal®&otably, the 5-LO product levels in
ionophore-activated male PMNL were not significandifferent as compared toa®HT-
treated female PMNL. These data strongly suggest dhdrogens may be the responsible
factors resulting in sex-related differencies irL@- product synthesis. Of interest, the
inhibitory effect of »-DHT was observed when leukocyte concentrates ybedfits) from

female blood were exposed to the androgen pridatisa of PMNL, implying that &-DHT

131



5. Discussion

acts also in the presence of a complex systenb{oed) and that its effect was retained by the

PMNL under the specific cell isolation conditionpéipd in this study.

In the light of the above reported data, we promosew model for 5-LO regulation in human
PMNL (Fig. 41A,B). Thus, the classical model of a cytosolic 5-LOjchkhtranslocates to the
nuclear envelope interacting with FLAP after agoolsallenge can be considered valid only
in PMNL from (normal) female donor@-ig. 41B). On the other hand, we suggest that the
androgens present in the plasma of male subjedtsomcPMNL via a non-genomic
mechanism, most probably via a membrane receptorconstitutively and moderately
stimulate ERK1/2 and to slightly elevate the {a(Fig. 41A). This leads in turn to an
association of 5-LO with the endoplasmic reticulangd to a desensitization of 5-LO and/or
to a different capability to access the endogersolrstrate, therefore resulting in a reduced 5-
LO product synthesis in males compared to femalBgnwan inflammatory stimulus is

operative.

The biological relevance of these findings anduhldity of our model were confirmed by a
whole blood assay which is recognised to be alik@edictor of thein vivo functions
(Chadwick et al., 1992). In whole blood, ionophorduced 5-LO product synthesis from
endogenous AA was 55 % lower in males than in femarhis difference was abolished by
the treatment of female blood withw-BDHT and these levels of 5-LO products were not
significantly different compared to ionophore-stiated male blood. Of interest, the addition
of 5a-DHT to male blood did not significantly modify iophore-induced 5-LO product
synthesis, suggesting that the concentration omboes physiologically present in male

plasma might be already in the optimum range talegdg 5-LO. Notably, the differences
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Fig. 41: Proposed models for 5-LO subcellular redtsibution and activation in human
PMNL from males and females.In PMNL from maleqA), androgens present in the plasma
act via a non-genomic mechanism, most probably atedi by a membrane receptor, to
constitutively and moderately stimulate ERK1/2 amdnobilize Ca* (left panel). This leads,
in turn, to the association of 5-LO (bound to Clvia)h the endoplasmic reticulum, where it
does not interact with FLAP. This mechanism impledesensitization of 5-LO and/or a lower
capability to access the endogenous substrate mpaadson to PMNL from female, in
response to an inflammatory agent (right panelcdis from (normal) femaléB) donors, 5-
LO is cytosolic (left panel) and translocates to tN&, where FLAP is located, upon
stimulation (right panel). The overall consequeatéhe androgen effect is that 5-LO product
synthesis in presence of an inflammatory stimuusignificantly reduced in males compared
to femalesAbbreviations:AA, arachidonic acid; ER, endoplasmic reticulum; ClcBactosin-
like protein; 5-LO, 5-lipoxygenase; LT, leukotriene NE, nuclear envelope; PMNL,
polymorphonuclear leukocytes.
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between the genders or aftea-BHT treatment of female blood were abolished when
exogenous AA was added to the blood or when thayasss performed in whole blood
homogenates. These results are in complete acamdeth the findings made using isolated
PMNL and further confirm that the amount of catalglly active 5-LO was not different
between the genders. Again, the cellular enviroringsems absolutely required for the
gender-specific 5-LO regulation. Moreover, no digigce was evident in the amount of the
COX product 12-HHT, suggesting that the sexual dph@ regulation is not a general
phenomenon but instead seems specific for 5-LO.

In summary, the data presented here provide theduidence for a gender-related regulation
of 5-LO and reveal the molecular mechanisms inwhlvEhis might be of great importance
since the increased synthesis of 5-LO productemmaies correlate with the higher incidence
of 5-LO-related diseases in females observed ieraéelinical studies (cfr1.2.9). Moreover,
the 5-LO suppressive properties of male sex horsiaoerelate with the protective effects of
androgens observed in diseases where 5-LO plagificalcrole (cfr.1.2.9). As an example,
the incidence of asthma before puberty is highemale, and after puberty, when the
testosterone levels rise in male subjects, is ogmtly reduced. For females the incidence
does not change around puberty and becomes predimiarsus males in the post-puberty
phase (see alsbig. 11). Furthermore, our results strongly suggest actimefluence of
testosteronefb-dihydrotestosterone on PMNL via regulating ERKinaatton. Since ERK is
known to regulate numerous neutrophil functions, fdings could provide the molecular
basis for differential regulation of PMNL biologyt must be observed that in studies
addressing the biology and functionality of bloais the influence of gender/sex hormones

has been rarely taken into account. As mentionedagglERKs regulate numerous functions of
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blood cell and, as visualized with 5-LO, the diffietial activation state of these kinases may

have significant consequences on the overall cerars.

These sex differences and the role of androgensfamgore than purely biological interest.
The anti-inflammatory effects of testosterone atygiblogical concentrations raise the
prospect of putting this knowledge to therapeuse,both for male and female patients. In
fact, the sex-related difference in 5-LO regulats@ems to be dependent only on different
plasma levels of androgens between the genderse samdrogens induced significant
inhibitory effects in 5-LO product synthesis in Iseisolated from female subjects and in
female whole blood, demonstrating their responsgento androgens. However, for an
effective therapeutic use, the anti-inflammatorgpgarties of androgens should be separated
from their effects on the reproductive system. riedéngly, adrenal androgens, such as
dihydroepiandrosterone, are shared between malesfeanales and have fewer virilising
effects (van Vollenhoven et al., 1998). Developnadrugs by modification of androgens in
order to keep their anti-inflammatory effectivenegghout the masculinizing consequences
could therefore form a strategy of research. T thim, and in the light of the anti-
inflammatory non-genomic effects of androgens oleskrin this study, the cloning of the
respective membrane-associated receptor for anasagrild be a step forward to characterise
its biological role and to develop selective agtmikacking virilising effects, normally
mediated by the classic nuclear androgen receptor.

In any case, an alternative approach could be septed by the so-called “gender tailored
therapy”, which means treatment with testosteronmale patients that exert relatively low
testosterone levels. Of interest, on this subjextioring testosterone in male rheumatoid

arthritis patients resulted in a clinically sigoéint reduction in the number of affected joints
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and minimised the need for non-steroidal anti-imftaatory drugs (Cutolo et al., 1991).

Moreover, males with Klinefelter's or Sjogren’s siyjome have a reduction in associated
inflammatory mediators and antibodies on beingtéeavrith replacement of testosterone
(Bizzarro et al., 1987).

Notably, despite evidences of sex-based differernineshe pathophysiology of diseases

certainly imply important underlying differences fysiological function, most basic and

clinic research either was performed exclusivelynale or female subjects, or included both
sexes, but did not differentiate between the gendierthe data analysis (Blair, 2007).

Recently, the description of sex-differences ingdrasponses is outlining the idea that the
gender is a fundamental variable that cannot beodiged in the evaluation of the

pharmacological efficacy of drugs (Martin, 2006;akconi et al., 2007). Therefore, the

discovery of a gender-specific regulation of 5-Lidedtly implies that in the development of

drugs modifying the 5-LO pathway as therapeuticméggehe sex issue must be considered in

order to improve their efficacy and optimize medib&rapy both in men and women.
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Appendix 1: Abbreviations

APPENDIX 1: ABBREVIATIONS

AA

Ada

AF

AR

AUC
BAPTA/AM

BSA
[Ca®";
Ca-ion
CaMK
CLP
COX
cPLA,
CYP
Cys-LT
DAG
DBD
DHT
DMSO
EBV
EDTA
EPR
ER
ERK
FHP
FLAP
fMLP
GM-CSF

arachidonic acid
adenosine deaminase
activation function domain
androgen receptor

area under the curve

1,2-Bis(2-aminophenoxy)ethane-N,N,N/-tetraacetic acid tetrakis

(acetoxymethyl ester)

bovine serum albumine
intracellular calcium concentration
calcium-ionophore A23187

C&* /calmodulin-dependent protein
coactosin-like protein
cyclooxygenase

cytosolic phospholipase,A
cytochrome p450
cysteinyl-leukotriene

diacylglycerol

DNA binding domain
dihydrotestosterone

dimethyl sulfoxide

Epstein Barr Virus
ethylenediamine-tetraacetic acid
electron paramagnetic resonance
estrogen receptor

extracellular signal-regulated kinase
female human plasma
5-lipoxygenase activating protein
N-formyl-methionyl-leucyl-phenylalanine

granulocyte/macrophage colony-stimulating factor
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Appendix 1: Abbreviations

GPCR G-protein-coupled receptor

GPx glutathione peroxidase

HEDH hydroxyeicosanoid dehydrogenase
HETE hydroxyeicosatetraenoic acid

12-HHT 12-hydroxy-5,8,10-heptadecatrienoic acid
HpETE hydroperoxy-6-trans-8,11,14-cis-eicosatetranoid ac
HPLC high performance liquid chromatography
HRE hormone response element

IF immunofluorescence

IP3 inositol 1,4,5-trisphosphate

JNK c-Jun NH2-terminal kinase

LBD ligand binding domain

LO lipoxygenase

LOOH lipid hydroperoxide

LPS lipopolysaccharide

LT leukotriene

MAPEG membrane-associated proteins in eicosanoid arndtigione metabolism
MAPK mitogen-activated protein kinase

MHP male human plasma

MK MAPK activating protein kinase

Mnk MAPK-interacting kinase

NE nuclear envelope

NES nuclear export signal

NF-xB nuclear factoreB

NIS nuclear import sequence

NLS nuclear localization sequence

Non-N non nuclear fraction

NP40 Nonidet P-40

Nuc nuclear fraction

OAG 1-oleoyl-2-acetyl-sn-glycerol

O.D. optical density

PAF platelet activating factot
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PBS

PC

PG buffer
PGC buffer
PI3K
PKA
PKC

PL

PMA
PMNL
PMSF
PR

PS

PTX
RBL
RORa
RZRa
SDS
SH3
SHBG
SPLA;
TGFp
TRAP-1
wWB

phosphate buffered saline
phosphatidylcholine

PBS-glucose buffer (see materials and methods)
PBS-glucose-C4 buffer (see materials and methods)
phosphatidylinositol 3-OH kinase

protein kinase A

protein kinase C

phospholipase

phorbol 12-myristate 13-acetate
polymorphonuclear leukocytes

phenylmethyl sulfonyl fluoride

progesterone receptor

phosphatidylserine

pertussis toxin

rat basophilic leukemia cells

retinoic acid receptor-related orphan-receptor
retinoid Z receptor alpha

sodium dodecyl sulphate

Src homology

sex hormone binding globulin

secretory phospholipase A

transforming growth factds

TGF beta receptor-l-associated protein |

western blot
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