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1 Abbreviations

5-H(P)ETE
5(S),12(S)-diHETE
30-Ac-7,24-dien-TA
(30-)Ac-(8,24-dien-)TA
30-OH-(7,24-dien-)TA
30-OH-8,24-dien-TA
3p-OH-(8,24-dien-)TA
3-0xo-TA
12-H(P)ETE

12-HHT

15-H(P)ETE

AA

A-a-BA

A-BA

a.f

Ac-LA

Ac-OH-LA

AKBA

ATP

(B-)BA

BAPTA-AM

BSA
C1P
ca*
CaMKll
CAMP
CDC
CG
COX
CcPLA;
CysLTs

5(S)-hydro(pero)xy-6-trans-8,11,14-gisesatetraenoic acid
5(S),12(S)-dihydroxy-6,10-tréB)34-cis-eicosatetraenoic acid
8-O-acetyl-7,24-dien-tirucallic acid
38-0-acetyl-8,24-dien-tirucallic acid
3e-hydroxy-7,24-dien-tirucallic acid
3a-hydroxy-8,24-dien-tirucallic acid
3B-hydroxy-8,24-dien-tirucallic acid
3-0x0-8,24-dien-tirucallic acid
12(S)-hydro(pero)xy-10-trans-5,8, 1¢~eicosatetraenoic acid
12(S)-hydroxy-5-cis-8,10-trans-heptadedeatsic acid
15(S)-hydro(pero)xy-13-trans-5,8,14-eicosatetraenoic acid

arachidonic acid

3-O-acetyla-boswellic acid

3-O-acetyl$3-boswellic acid

acid fraction

3-O-acetyl-lupeolic acid

3-O-acetyl-28-hydroxy-lupeolic acid

3-O-acetyl-11-keto3-boswellic acid

adenosine triphosphate

(B-) boswellic acid

1,2-bis(2-aminophenoxy)ethane-N,N,N'-tetraacetic acid

tetrakis(acetoxymethyl ester)

bovine serum albumin

ceramide-1-phosphate

calcium (ions)

C&*/calmodulin-modulated protein kinase Il

cyclic adenosine monophosphate
cinnamyl-3,4-dihydroxg-cyanocinnamate

cathepsin G

cyclooxygenase

cytosolic phospholipase;A

cysteinyl-leukotrienes
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DH-NA
DH-(k-)RA
DMSO
EDC
EDTA
ERK
FAF-BSA
FCS

FLAP
fMLP
Fura-2-AM

LPS
LT
MAPK
MEK
MMP
MNK1
MS
MSK1

4(23)-dihydro-nyctanthic acid
4(23)-dihydro-(11-keto-)roburic acid
dimethylsulphoxide
N-(3-dimethylaminopropyl)-N'-ethylcarbodiid@ hydrochloride
ethylenediaminetetraacetate

extracellular signal-regulated kinase

essentially fatty acid-free bovine seralimumin
foetal calf serum

5-LO activating protein
formyl-methionyl-leucyl-phenylalanine
1-[2-(5-carboxyoxazol-2-yl)-6-aminobenacdn-5-oxy]-2-(2'-amino-
5'-methyl-phenoxy) ethane-N,N,N',N'-tetraaceticdlapentaacetoxy-
methyl ester

green fluorescent protein
4-(2-hydroxyethyl)-1-piperazineethanesutphacid
human leukocyte elastase

high performance liquid chromatography
interferony

immunoglobulin

I«B kinase

interleukin

inducible nitric oxide synthase

c-Jun N-terminal kinase

11-ketoB-boswellic acid

lupeolic acid

lipoxygenase

lipopolysaccharide

leukotriene

mitogen activated protein kinase

MAPK/ERK kinase, MAPK kinase

matrix metalloproteinase

mitogen-activated protein kinase interagtkinase 1
mass spectrometry

mitogen- and stress-activated protein lenhs
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(m)PGES(-1)
NA

n. f.
NF-«xB
NMR
PAF
PAGE
PAPC
PAPE
PBMC
PBS
PG

PG buffer
PGC buffer
PIP
PLA,
PMA
PMNL
PMSF
POG
PPAR
PRAK1
RA

RE

RT
SDS
STAT
STI

TA
TNFa
X

(microsomal) PGEynthase (-1)
nyctanthic acids

neutral fraction
nuclear factok B
nuclear magnetic resonance
platelet activating factor
polyacrylamide gel electrophoresis

1-palmitoyl-2-arachidonogl-glycero-3-phosphocholine
1-palmitoyl-2-arachidonogl+glycero-3-phosphoethanolamine

peripheral blood mononuclear cells
phosphate buffered saline
prostaglandin

PBS + glucose (1 mg/ml)

PBS + glucose (1 mg/ml) + CaCl mM)
polyphosphoinositide

phospholipase A

phorbol myristate acetate
polymorphonuclear leukocytes
phenylmethylsulphonylfluoride
1-palmitoyl-2-oleoysnglycerol
peroxisomal proliferator-activated receptor
p38-regulated/activated protein kinase 1
roburic acid

raw extract

room temperature

sodium dodecyl sulphate

signal transducer and activator of traqg@n
soybean trypsin inhibitor

tirucallic acid

tumour necrosis factor

thromboxane
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2 Introduction

2.1 Inflammation

2.1.1 General remarks

Inflammation is a pathophysiological reaction cleéeazed by five cardinal sign®ubor, the
reddening of the skingalor, a local warming of the affected area as resulamfupregulated
metabolic ratefumor, the swelling of the tissuetolor, the painful consequence of swelling and
the generation of diverse mediators; dndctio laesathe loss of function of the affected organ.
Acute inflammation results from stimuli that can dagher external or internal. Mechanical stress
(through injury or foreign bodies), physical faddiUV or ionizing radiation) and chemical or
biological pollutants (acids, bases, heavy metadsterial toxins or allergens) represent external
stimuli. Internal triggers are tumours, excessieels of metabolites and physiologic mediators
that are released upon stimulation by external Wdtimr upon inappropriate regulation of the

synthesizing enzymes [1].

2.1.2 Inflammation: A feature of general immune response

Inflammation is the local emergence of an activatechune response that does not only include
the tissue that is directly affected but also osgidnat are widespread in the whole body. The onset
and regulation of the inflammatory reaction is anptex mechanism involving a multitude of cell
types and can be classified in an innate and apti@dacomponent. Innate immunity is mainly
mediated by phagocytes, natural killer cells and tlomplement system, which immediately
respond to the stimulus. Macrophages are phagotiy&tsreside in the periphery, primarily in
tissues that constantly get in contact with extieimdfuences. They recognize common conserved
structures of bacteria (e.g. lipopolysaccharideSL.Py means of surface receptors (toll-like
receptors), followed by engulfment of the invaded @ecretion of cytokines, chemokines, tissue
hormones (histamine and serotonin) and lipid medsafe.g., prostaglandins or leukotrienes) [2].
All these mediators trigger the inflammatory onsethe infected tissue, leading to the cardinal
symptoms and preparing optimal conditions for thectioning of successive events of the
immune response. Neutrophil granulocytes make weplaigest population of leukocytes in the
blood (about 60%) and are the main cell type mafiilhg the inflamed tissue at the onset of
inflammation [1]. Like macrophages, they recogrseictures of the bacterial surface and are able
to neutralize large numbers of bacteria by phagmsigt The absorbed bacteria are killed and
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degraded in phagolysosomes by superoxide radmaismicrobial peptides (defensins) and serine
proteases (cathepsin G, human leukocyte elastasgrateinase 3) [3].

The regulation of adaptive immunity is even mor@lssticated and more time-consuming. It

comprises the specific combat of antigen structbyedifferentiated lymphocytes, which are able
to kill infected cells or to neutralize antigensrgans of specific antibodies [1].

Collectively, all these mechanisms are highly rated by intercellular communication through

mediators such as interleukins, prostaglandinslamkbtrienes, which represent potential targets

of pharmacological intervention.

2.1.3 Chronic inflammation

An efficient immune response represents an essdoth to combat environmental assaults.
Nevertheless, the complex immune system is vulhetabdysregulation. Especially when it is not
able to neutralize the stimulating noxa (for exaampl asbestosis or chronic hepatitis) or the body
reacts hypersensitive in response to innocuou®amipresent antigens (for example in bronchial
asthma), the resolution of inflammation cannotrmuced and the reaction perpetuates, resulting
in chronic inflammation.

Autoimmune disorders represent special chronicamfhatory diseases, characterized by an
immune reaction to host antigens, i.e. to strustuhat are natural part of the body. Here, the
immune response leads to persisting inflammatidhout effectual elimination of the antigen or
to a loss of physiologic structures in case of sssful elimination. Examples for autoimmune
diseases are rheumatoid arthritis, type | diab@igitus and multiple sclerosis [1].

Chronic inflammation can lead to severe damagassti¢s, to loss of function of the affected
organs or even to malign degeneration. Thus, whiemnation of an inflammatory noxa is not
possible, because it is a self antigen or the ineraystem is not able to face it, surgery or an anti
inflammatory therapy are rational means to avoidytterm consequences [1, 4].

2.2 Arachidonic acid signalling

2.2.1 Arachidonic acid metabolism and the pathophysiologial role of

prostaglandins and leukotrienes

Arachidonic acid (AA) is a polyunsaturated fattyida¢hat is stored in thesn2 position of
phospholipids of cellular membranes and is libetdbg hydrolysis through phospholipase A
(PLA,) [5]. AA serves as precursor of different groupk lipid mediators (prostaglandins,
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thromboxanes and leukotrienes) collectively cakdmbsanoids, which critically control multiple
events of the immune response. The types and gropsof eicosanoids that are produced depend
on the enzymatic configuration of the specific dgibe and the nature of the stimulus [6].
Naturally, AA supply through phospholipases@#ays a central role in the activity of downstream
enzymes (Figur& andFigure2).

Cyclooxygenases (COX) catalyze the first two stepthe synthesis of prostaglandins (PG) and
thromboxanes (TX) and produce the unstable hydoxmbe prostaglandin 5(PGG) and its
corresponding alcohol prostaglandia BPGH). PGH is a highly reactive intermediate and is
further metabolized dependent on the availabilityhe respective synthases to thromboxane A
(TXAy), prostaglandin B (PGD,), prostaglandin & (PGFR,), prostaglandin E (PGE) or
prostaglandin J (PGL) [7] (Figure 1). PGs predominantly exert their functions by aation of

G protein-coupled receptors: P@binds to DP1 and DP2 receptors, BGPGEL and TXA to FP,

IP and TR/p receptors, respectively, and for PG&ven four receptor subtypes (EP1-4) are
pharmacologically defined [7].

PGs are produced in a multitude of cells and tssue an inflammatory context, granulocytes,
macrophages and endothelial cells in the periphesilie represent the most important sources
leading to inflammatory symptoms and the expansiotine immune response. P&i8 produced
from PGH by different PGE synthases (see chapt2r2.4) and plays a predominant role in
oedema formation, pain sensitization and fevecdmbination wit PGl and PGD, PGE dilates
blood vessels and thus participates in oedema t@mE8]. Pain sensitisation is mainly driven by
PGE, and PGJ, whichsensitize nociceptors in the periphery [9-10]. R@&t only elicits acute
pain, it also enhances inflammatory hyperalgesthaong with PGD augments the processing of
pain in the spinal cord (allodynia) [11-12]. Funtme®re, PGE is a principal mediator of fever:
Stimulation with cytokines that are liberateder alia from stimulated macrophages is supposed
to induce the microsomal PGEynthase-1 (MPGES-1) in central nervous structumdsch
subsequently produces P&H3-14]. In the thermoregulatory centre in the diy@alamus, PGE
causes an increase of the set point of the bodgdrature and thereby gives rise to the generation
of fever [14].

Prostaglandin,l (PGk, prostacyclin) is produced by P&3ynthase and promotes vasodilatation
and anti-aggregatory effects in platelets [7]. \Witiminutes, non-enzymatic hydrolysis of BGI
leads to the inactive metabolite 6-keto RG®hich is commonly used for monitoring of COX or
prostacyclin synthase activity [15]. Thromboxane AXA,) is formed from PGH by TXA;
synthase and leads to artery constriction and Iptaggregation. It is inactivated within a hafeli
period of about 30 sec by non-enzymatic hydrolygithromboxane B(TXB,) [10]. TXA; is the
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functional antagonist of P@land unbalanced thromboxane and PlévVels are supposed to be
implicated in the cardiovascular side effects oecgtve COX-2 inhibitors [7, 16]. Another
metabolite of thromboxane synthase is 12(S)-hydfmxys-8,10-trans-heptadecatrienoic acid
(12-HHT) [17], which is also produced spontaneousiycatalyzed by ferrous ions, haeme or
cytochrome P450 enzymes [18-20]. Its synthesisilmeced at the expense of PGs in the presence
of high glutathione levels [21]. As an affine lighof the leukotriene B(LTB,) receptor BLT, it
induces chemotaxis of mast cells [222-HHT can be quantified spectrometrically, whichkes

it a useful marker of COX activity.

Leukotrienes (LTs) are produced from AA by theehkygenase (5-LO) in several myeloid cells
[23]. This enzyme introduces molecular oxygen A& leading to 5(S)-hydroperoxy-6-trans-
8,11,14-cis-eicosatetraenoic acid (5-HPETE) and altalyzes the subsequent reaction to the
epoxide leukotriene A(LTA,). Alternatively, the unstable hydroperoxide 5-HEEdecomposes
to the corresponding alcohol 5(S)-hydroxy-6-trarikt@l4-cis-eicosatetraenoic acid (5-HETE)
[24]. LTA4 can either be converted to LTBy LTA4 hydrolase in neutrophils and monocytes, or
to leukotriene ¢ (LTC4) under coupling of glutathione by LTCsynthase in mast cells,
macrophages, basophils and eosinophils [25]. Uadecessive hydrolysis of the peptide bonds,
LTC, is converted to leukotriene4s[ILTD4) and leukotriene E(LTE,), collectively referred to as
cysteinyl-leukotrienes (CysLTs). LTBinds to G protein-coupled receptors; the higinayf type
BLT1 and the low affinity type BLT2 [26], but it iglso a ligand of the peroxisomal proliferator-
activated receptar (PPARy) [27]. CysLTs bind to the G protein-coupled CysLaad CysLT?2
receptors [28].

LTs can act as potent inflammatory mediators. L ®dulates the immune reaction as it attracts
granulocytes to the inflammatory focus [29]. Itrieases leukocyte rolling, adhesion on venular
endothelia and acts as a chemokine [30-31]. It lalsds to enhanced degranulation of leukocytes
resulting in the release of reactive oxygen spears lysosomal enzymes [32]. Furthermore, it
attracts interleukin-5 (IL-5)-stimulated eosinoghjB3] and stimulates the production of IL-5 in
T lymphocytes [34]. LTB stimulates the differentiation of B lymphocytesddeng to enhanced
expression of immunoglobulin E (IgE) receptors aadretion of immunoglobulins [35-36]. Being
a ligand of PPAR, LTB, is also implicated in transcriptional signallindiieh possibly leads to
anti-inflammatory effects [27]. In monocytes, L7 Bctivates the expression of the pyrogen IL-6
[37]. Moreover, LTB was reported to exhibit hyperalgesic effects [88}sLTs are predominantly
known for the effective elicitation of brochocomstion, mucus secretion and vascular leakage
combined with enhanced recruitment of eosinopli®-43]. These airway responses are mostly
mediated by CysLT1 receptors. CysLT2-dependentatigg was observed in vascular smooth
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muscle cells [44-45]. LTs also play a role in atselerosis [46]. Atherosclerotic plaques are
commonly infiltrated by leukocytes that produce largl thereby sustain inflammatory conditions.
5-HETE and its 5-oxo-metabolite are implicated emotaxis and cell proliferation [47-50].
Further lipoxygenases were identified in humansnelg two 12-lipoxygenase isoforms (12-LO,
platelet- and epidermis-type), two 15-lipoxygenseenzymes (15-LO, leukocyte- and epidermis-
type) and the epidermis-type LO 3 [51-53]. 12- ab®-LO produce 12- and 15-HETE,
respectively, and in combination with 5-LO leadthe production of lipoxins [51, 54]. 12-HETE
was reported to enhance cell proliferation in paatic cancer cells [55] and to stimulate cellular
mobility of melanoma cells [56]; it is responsilite renal angiotensin Il-induced vasoconstriction
[57] and acts pro-inflammatory on vascular endah@8]. 15-HETE levels are elevated in
inflammation but different reports suggest an arftammatory effect that limits an inflammatory
overshoot [59]. Lipoxins are anti-inflammatory nmedirs implicated in the resolution of

inflammation [54].

membranous phospholipids

it M&%@%@@Em&%@%@ AR
A: @ PAF-AT @

OpG/s lipoxins] |LTB, @

@ 973
@ @ @ @ @ LTD, d.
58| @l @

\ 4 \ 4

L O U Ll

TPa/B DP1/2 EP1-4 ALX  BLT1/2 CysLT1/2

d
ea"

glutamyl t.

Figure 1: Arachidonic acid signalling. Lysophospholipid (lyso-PL), platelet activating tiarc (PAF), arachidonic
acid (AA), prostaglandin (PG), leukotriene (LT), rdmboxane (TX), 12(S)-hydroxy-5-cis-8,10-trans-
heptadecatrienoic acid (12-HHT), 5(S)-/12(S)-/18{§)ro(pero)xy-6-trans-8,11,14-cis-eicosatetraeramil (5-/12-
/15-H(P)ETE), cyclooxygenase (COX), lipoxygenas®)Lsynthase (s.), LTAhydrolase (LTA h.), y-glutamyl
transpeptidase (glutamyl t.), L @ipeptidase (LTRd.), PAF acetyl transferase (PAF-AT).
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Figure 2: Biosynthesis of selected arachidonic acidhetabolites. Arachidonic acid (AA), prostaglandin (PG),
leukotriene  (LT), thromboxane (TX), 12(S)-hydroxyeis-8,10-trans-heptadecatrienoic acid (12-HHT),
5(S)-hydro(pero)xy-6-trans-8,11,14-cis-eicosatetcdeacid (5-H(P)ETE).

2.2.2 Phospholipases

2.2.2.1 Classification

Phospholipases catalyze the cleavage of phosptielfppm cellular membranes, with the family
of phospholipase A(PLA,S) preferentially cleaving the acyl-moieties in gre2 position. This
way, PLAsS release unsaturated fatty acids, where lysopladippts remain, both of which can be
metabolized into highly bioactive mediators [60]peSial lysophospholipids (lysoPAF) are
acetylated by specific acetyltransferases, leattirthe pro-inflammatory platelet activating factor
(PAF, 1.0-alkyl-2-acetylsn-3-phosphocholine), a lipid that among other actiamduces platelet
aggregation and anaphylaxis [61]. AA is one of tleéeased fatty acids and represents the
precursor of LTs, PGs and TXs (Figuie

Up to now, fifteen groups of PLA, comprising different subgroups were characerjsédThe
numbering of these groups arose from the histodedovery, whereas the classification in five
categories sheds light on their regulation andtianq Tablel).
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The secreted PLA (sPLAsS) represent the most diverse category, includieggroups I, 11, 111,

V, IX, X, XI, XII, XIll and XIV. They comprise vamwus venoms from snakes, scorpions and bees,
but also human PLA such as the pancreatic PisAgroup IB and IID), PLAs in macrophages
(group V) and leukocytes (group X) and a RBLfaund in platelets and in synovial fluid from
arthritic patients (group 1lA) [60]. The sPL# are characterized by a low molecular weight and a
C&*-dependent catalytic dyad composed of histidine asmhrtic acid [62]. As indicated by the
name, sPLAs commonly act extracellularly. Group IIA and V Phave been associated with
inflammatory diseases [63-64], but they rather atgercoordinated with cytosolic Pké&
(cPLAga) activity than directly leading to AA release [5-71]. Extracellularly, sPL#& exhibit
potent anti-bacterial properties [72-73]. An sBL@roup IIA) inhibitor was evaluated in clinical
trials in the treatment of rheumatoid arthritis,t lwlid not exhibit anti-inflammatory or anti-
rheumatic effects [74]. In contrast to group Il #BLgroup X sPLA features high affinity to
mammal extracellular membranes [75-76], which aot®dor its special role in AA supply for
CysLT synthesis in bronchial asthma [77]. Parthaf éffects elicited by sPLA may be based on
the specific binding to membranous receptors [88, 7

The C&'*-independent PL#s (iPLA;, group VI) not only cleave phospholipids but akfmow
transacylase activity [79]. Presumably, their mé&imction is the maintenance of membrane
homoeostasis. Experiments in iPLAnockout mice revealed changes in bone format&dj, [
apoptosis [81], insulin secretion [82], sperm depetent [83] and susceptibility to obesity [84].
Furthermore, iIPLAB plays a role in chemotactic migration of monocy&:.

The category of platelet activating factor acetgitofases/lipoprotein-associated phospholipases
A, (PAF-AH/LpPLA;) comprises enzymes that cleave acyl-moieties dhatup to nine carbons
long [86]. They cleave and inactivate PAF but adegrade lipids that comprise oxidized short
acyl-moieties, which arose from oxidative stresg [®AF-AHs display anti-inflammatory actions
in acute inflammation [88]. On the other hand, they established biomarkers of coronary heart
diseases [89-90]. A selective inhibitor of LpPi.Alarapladib (SB-480848), is currently subject of
a phase I clinical trial (estimated completiontala0/2012 [91]) and is supposed to reduce
cardiovascular risk arising from unstable athemrstic lesions.

The most recently identified group of phospholigaggroup XV) comprises one single enzyme,
the lysosomal PLA(LPLA,). LPLA,; was found in alveolar macrophages, exhibits trariaae
activity, synthesizes D-acylceramides [92] and is associated with thebrdism of pulmonary
surfactant [93-94].

The category of cytosolic PLA contains six members (cPiA— (). They are composed of a
C&*-dependent lipid binding C2 domain and a catalyti@rolase domain, except for the
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constitutively membrane bound cPA95], which lacks the C2 domain and the associ@t&d-
dependency [96]. The subtype cPshas been examined very extensively as it is espes) a
broad variety of cells and represents the only Ptbat preferentially cleaves substrate containing
AA in the sn2 position [97-98]. It also possesses minor lysmpiolipase and transacylase
activity. Its regulation will be discussed in th@ldwing chapters. Enzyme activity of cPLRIs
inferior to cPLAa [96, 99] and it is less selective for cleavagehatsn2 position. cPLAS was
originally discovered in the upper epidermis of qestac lesions, where it is supposed to play an
essential role in lipid signalling [100].

Table 1: Classification of phospholipasebased on [60, 92, 101-103].

size catalytic functional

roup common sources - .
group [kDa] mechanism classification

I A cobra, krait venom 13-15 His-Asp sPLA,

B mammal pancreas 13-15 His-Asp SPLA,

1] A human synovial fluid, thrombocytes, rattlesnake, 13-15 His-Asp sPLA,

viper venom

B gaboon viper venom 13-15 His-Asp sPLA,

C rat, mouse testis 15 His-Asp sPLA,

D human, mouse pancreas / spleen 14-15 His-Asp sPLA,

E human, mouse brain / heart / uterus 14-15 His-Asp sPLA,

F human, mouse testis skin 16-17 His-Asp sPLA,

[l bee, lizard, scorpion, human 15-18 His-Asp sPLA,

IV A human U937 cells, thrombocytes, monocytes, 85 Ser-Asp cPLAa

neutrophils; RAW 264.7, rat kidney

B human pancreas / liver / heart / brain 114 Ser-Asp cPLAB

C human heart / skeletal muscle 61 Ser-Asp cPLAy

D mouse placenta, human psoriatic skin ~100 Ser-Asp cPLAD

E mouse thyroid / heart / skeletal muscle ~100 Ser-Asp cPLA

F mouse thyroid ~100 Ser-Asp cPLAC

V mammal heart / lung / macrophage 14 His-Asp sPLA,

VI A-1 P388D, macrophages, CHO 84-85  Ser-Asp iPLAa

A-2 human B lymphocytes / testis 88-90  Ser-Asp iPLA,B

B human heart / skeletal muscle 88 Ser-Asp iPLAy

VIl A human, mouse, porcine, bovine plasma 45  Ser-His-Asp PAF-AH
B human, bovine liver / kidney 40  Ser-His-Asp PAF-AH (II)
VIII A human brain 26  Ser-His-Asp PAF-AH Ib q,
B human brain 26  Ser-His-Asp PAF-AH Ib q,

IX snail venom (conodipine M) 14 His-Asp SPLA,

X human spleen / thymus / leukocyte 14 His-Asp sPLA,

Xl A green rice shoots 12.4 His-Asp sPLA,

B green rice shoots 12.9 His-Asp sPLA,

Xl mammal heart / kidney / skin / muscle 18.7 His-Asp sPLA,

Xl parvovirus <10 His-Asp sPLA,

XV symbiotic fungus / Streptomyces 13-19 His-Asp sPLA,

XV alveolar macrophages 45  Ser-His-Asp LPLA,
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2.2.2.2 Pathophysiological role of cytosolic phospholipas&.a

cPLAxu is supposed to be the main phospholipase accguiatirAA release in inflammation [95],
though further enzymes subordinately contribute A supply [68]. The participation of
individual PLAss in AA release is dependent on the status ofrtfi@nnmatory progress [104] and
the stimulus [105]. Interaction and mutual regulatof PLAs even complicate the assessment of
their individual contribution to overall PLAactivity [65-67, 69-71]. However, a major roletbé
cPLAa in inflammatory AA release is indisputable [95]dathus this enzyme represents a
potential target for anti-inflammatory therapy (sbapter2.2.2.5).

cPLAya knockout mice develop normally, apart from diminad fertility of female mice [106] and

a defect of the renal concentration system [1&dlaked macrophages of LPS-, calcium ionophore
A23187- or casein-challenged cPidAdeficient animals are unable to produce RGEIB,,
CysLTs or PAF and the animals are resistant tageh-induced arthritis [108] and less prone to
artery occlusion-induced cerebral infarction, oedeformation and cerebral ischemia [109].
Ovalbumin-induced anaphylactic responses and miettiae-induced bronchial reactivity are
significantly decreased [106], due to reduced reigtof mast cells [110]. Bleomycin-induced
pulmonary fibrosis [111], high-fat diet-inducedtfativer disease [112], sepsis- or acid-induced
lung injury (adult respiratory distress syndrom&) 3], small intestinal polyposis [114], P&E
mediated bone resorption [115] and experimentaliauhune encephalomyelitis (animal multiple
sclerosis model) [116] are less severe or totddseat in cPLAx""” mice. Collagen-induced TXB
formation in cPLAa™ platelets is extensively reduced, accounting feduced tendency to
thromboembolism and increased bleeding times [1h74n experimental sepsis model, peritoneal
levels of PGE,, PGD, LTB,4 and at later time points also IL-6 are diministgti8]. In contrast,
colon tumourigenesis is increased in cRi-Aleficient mice, an effect that is supposed to e to
reduced ceramide-mediated apoptosis [119].

A case report of a human patient with inherited ARL deficiency revealed similar effects in
humans [120]. The production of TXB12-HETE and LTB in A23187-stimulated human whole
blood were markedly reduced. Adenosine diphosplatd-collagen-induced platelet aggregation
was diminished, whereas AA-induced platelet aggregavas not altered. Metabolite levels of
PGE, PGL, PGD and TXA in the urine were reduced. Furthermore, the pasaffered from
multiple small intestinal ulcers.

In substance P- and carrageenan-induced hyperalgegats, treatment with a common inhibitor
of cPLAx and iPLAa blocks hyperalgesic reactions, which was assatiatéh reduced
intrathecal PGElevels [121]. The reduction of eicosanoid formatio whole blood experiments
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and of PG synthesis in air pouch and carrageerduced paw oedema models after treatment
with cPLAxa inhibitors (efipladib and WAY-196025) clearly itrates the anti-inflammatory
potential of these drug candidates [122] (see eh@@2.2.5).

2.2.2.3 Structure and catalysis of the cytosolic phospholgse Ao

cPLAx is an 85 kDa-sized protein (749 amino acids) caeadmf an N-terminal G&binding C2
domain (138 amino acids) and a C-terminal catalytimain linked by a short and flexible tether
(amino acids 139-143, FiguBeA) [123-125].
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Figure 3: Crystal structure of cPLA2a (A) and the assumed transition-state complex (B}5, 125].

The C2 domain is responsible for the ?Gdependent targeting and binding of distinct
membranes [126] (see chap®R.2.4). It is composed of eigftstrands that are connected by
three C&*-binding loops, which are able to coordinate twg*@ms [127]. C&" chelation enables
lipophilic amino acid residues in two of these lsedp penetrate the membrane [128-129] and
allows polar amino acid residues of the’Gainding loops to interact with the phospholipicae
groups of the membrane [127-128, 130-131]. Furtbeemthe C2 domain includes a binding site
(cationic -groove) for the sphingolipid ceramide-1-phosph@#&P) (see chapt&t.2.2.4) [132].

The C2 domain does not contribute to the enzynm@Esificity for AA [126].

The enzymatic activity of the catalytic domain ifse independent of Ga[123]. A unique feature

of the catalytic domain is a cap/lid region, whpnevents the access of substrate to the active site
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until activation [133-134]. A conformational changé the enzyme opens the lid, which is
assumed to be induced by electrostatic repulsianmhic residues of the lid on the one side and
the phosphate- and anionic phospholipid-borne amim@mbrane surface on the other side [135].
Upon opening, a lipophilic region is exposed arab#ized by interaction with the membrane,
giving rise to the so-called interfacial activatioithe enzyme.

Some amino acid residues on the membrane-orientddcs of the catalytic domain are also
implicated in membrane binding by interaction wlighds or proteins [136]. One cluster of basic
residues was identified as binding site for polyggtminositides (PIPs) [137] (see chae.2.4).

As mentioned before, the cPLdAspecifically cleaves AA from phospholipids, whishattributed

to the special architecture of the hydrophobic vactsite funnel system [125]. The spatial
dimensions of this funnel allow the specific emgrof AA due to its characteristic angulation that
arises from theis double bond in position C-5.

The catalytic centre of the cPLd contains a catalytic dyad composed of A8mnd Ser*®
(Figure 3 B) [138-139]. Arg® was found to be essential for the enzyme’s agt[\ti88], which is
presumably due to a contribution to the bindingtled substrate’s phosphate-moiety or to the
stabilization the oxyanion transition state of #nachidonic acyl-moiety [125].

2.2.2.4 Regulation of the cytosolic phospholipase A&

As delineated below, cPLA is regulated on the transcriptional and post-ttapsonal level.
Principally, the post-transcriptional mechanismsynaifect the affinity of the enzyme to
membranes, which is prevalently driven by the C&adio [128], or they directly change the
enzymatic activity of the catalytic domain [140].

Transcriptional regulation

The gene encoding human cPleAis located on chromosome 1925, next to the gewedamny
COX-2 [141]. But unlike COX-2, cPLA is constitutively expressed in most cells andugss
[142-144]. Transcription is induced after stimwatiwith pro-inflammatory cytokines, such as
IL-1a [145], tumour necrosis factar (TNFo) [146], macrophage colony stimulating factor (M-
CSF) [147] and LPS [148]. Glucocorticoids reprdss ¢ytokine-induced upregulation of cPloA
[145-146, 149]. The promoter of the cPloAgene contains several interferpritFNy) response
elements and two glucocorticoid response elemetBf]] cPLAa expression is induced by
platelet-derived growth factor (PDGF) or thrombhraugh signal transducer and activator of
transcription 3 (STAT3) [151-152] and by phorbolmstate acetate (PMA) through c-Jun/Spl and
c-Jun/nucleolin complexes [153]. A co-repressor fimmoeodomain transcription factors, the

homoeodomain-interacting protein kinase-2 (HIPK2)s found to restrain cPLA transcription
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[154]; increased HIPK2 levels might account for tgeneration of familial adenomatous
polyposis, which results in colorectal cancer. déased expression of cPksAwas found in several
types of cancer and was associated with the tupmmoting role of PGE[155]. However, the
role of cPLA«a in tumourigenesis is controversially disputed dating a tissue specific impact of
dysregulated cPLA [95].

Regulation by membrane binding and cellular traffiking

cPLAa does not only need phospholipids as substpatese but also an intact phospholipid
membrane for interfacial activation [135]. cPloAis typically situated in the cytosol [97]. Upon
stimulation with C&"-mobilizing agents, two Gaions are bound to the C2 domain, which leads
to a conformational tightening of the C2 domain4JLand enhances the affinity to membrane
surfaces by neutralizing the anionic charge of @&'-chelating residues that accomplish
electrostatic repulsion in the unbound state. Sitiee truncated C2 domain targets the same
membranous structures as the entire cfaljgotein, the catalytic domain seems not to bergsde

in C&*-dependent translocation [128]. Upon stimulatiothv@&*, cPLAx usually translocates to
the nuclear envelope, endoplasmatic reticulum amdgiG156-160]. Low (100-125 nM) or
transiently elevated Ghlevels provoke preferential translocation to thegs whereas additional
translocation to the endoplasmatic reticulum anghpelear membrane occurs in case of sustained
C&” levels (> 210-280 nM) [158].

The targeting of intracellular membranes is atteluto preferential binding of the €ariggered
lipophilic C&*-binding loops to membranes that are rich in zwitéc phosphatidylcholine,
whereas membranes that contain important amourfe@ibnic lipids (e.g. the plasma membrane)
are disfavoured [161-162].

As translocation of cPLA in cellular models already occurs at sub-microm@a” levels but
requires higher concentrations in cell-free mofie§3], additional mechanisms seem to potentiate
the binding of natural membranes. Binding of C1Pthe C2 domain was identified as
supplementary binding principle [132] and increasBkAca activity [164]. C1P is produced by
ceramide kinase, which is located in the Golgi [[1&3d siRNA-mediated downregulation of this
enzyme blocks cPLA translocation, agonist-induced AA release and Réglyction [166-167].
Thus, targeting of the Golgi may be explained bydbig of C1P in combination with the €a
induced raise in the C2 domain’s affinity for phbapdylcholine membranes.

cPLAu translocation may also occur independently of'CAA induces the translocation of
cPLAxa or its truncated C2 domain to phosphatidylcholicé- intracellular membranes [168].
The concrete mechanism of this pathway has not leéaeridated yet but it is seemingly not
mediated by AA metabolites or through the activatid G protein-coupled receptors.
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In some cases, cPL#& also translocates to cellular plasma membrangs;ire.PMA-stimulated
glomerular epithelial cells [169]. Upon stimulatiohgranulocytes with PMA, zymosan or formyl-
methionyl-leucyl-phenylalanine (fMLP), cPLA transiently translocates first to the plasma
membrane and then to the nuclear membrane [170judman platelets, mechanical or thrombin-
induced activation leads to cPkdAtranslocation to the plasma membrane [171]. Thesnbrane
association is resistant to the’Gahelating agent EGTA but is abolished upon de-peljzation

of actin filaments.

Regulation by phosphorylation

Three phosphorylation sites have been identifiedRbAxa [172-173]; all of them are located in
the catalytic domain. S&F is phosphorylated by the mitogen-activated prokéirases (MAPK)
extracellular signal-regulated kinase-1/-2 (ERK2L/{174], p38 [175] and c-Jun N-terminal
kinase (JNK) [176-177], S& is phosphorylated by G#calmodulin-dependent kinase |
(CaMKIl) [173], and S€F’ is phosphorylated by mitogen-activated proteinak@ interacting
kinase 1 (MNK1), mitogen- and stress-activated eotkinasel (MSK1) and p38-
regulated/activated protein kinase 1 (PRAK1) [178pmpletely dephosphorylated cPicAis
catalytically active and phosphorylation at Befeads to a 3-fold increase in enzymatic activity
[179], whereas phosphorylation of irreversibly meante-bound cPL& only increases AA
release about 1.3-fold [180]. In platelets, phospladion at position S&F° enhances the catalytic
activity without reducing the requirement for €4181]. However, more detailed experiments
applying site-directed mutagenesis indicate thatsphorylation of Séf* critically enhances the
membrane attachment at physiologicafClevels (in the submicromolar range) but does not
affect cPLAa translocation and activity at high €alevels [140]. Ds et al. suggested a
conformational change of cPL& upon phosphorylation at S& leading to membrane
penetration of hydrophobic residues that are uliatext to the active site, which sustains the
membrane interaction even after decline of the' @aels.

Ser?’is selectively phosphorylated by MNK1, MSK1 andA&. These kinases are activated by
ERK-1/-2 and p38 MAPK and therefore, phosphorylaid Ser® is likely to be accompanied by
phosphorylation at SE& [178, 182]. Phosphorylation of Séf leads to increased enzymatic
activity of cPLAa [183], which in analogy to phosphorylation of 3&ris more distinctive at low
C&" levels but seems to be negligible at highet*@ancentrations [140]. Recently)AR et al.
discovered that phosphorylation of $&activates cPLAx by disruption of the inhibitory complex
of cPLAxa and A2t, a complex composed of p11 (S-100A10/cipa light chain) and annexin 11
[184].
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Regulation of cPLAa by CaMKIl appears to be complex and is not fullydarstood yet.
Phosphorylation of S&f by CaMKIl is associated with increased cBtAactivity [173].
However, the suppressive effect of calmodulin oM&H inhibitors on cPLAa activity is
conserved in a S515A cPL& mutant [185], suggesting further regulatory medctas of
CaMKII that are independent of $&r phosphorylation. CaMKII-mediated effects on cRuA
activity are frequently accompanied by activatidtMAPK and the associated phosphorylation of
Ser?[186-187]; nevertheless these pathways are ringstitly connected [188-189].

Interaction with proteins and lipids

Several proteins have been identified interactingh wPLAyo, mostly regulating cPLA
translocation and membrane binding. Vimentin [190Q]1 actin [171, 192], cPLA-interacting
protein (PLIP) [193], cPLAu-activating protein (PLAP) [194-198] and inducibhgtric oxide
synthase (iINOS) [199] increase cPlAactivity in cellular systems. On the other harajemlin-1
[200], p11/annexin Il complex [184, 201-202], aninelx[203-204], annexin I/pl11/cystic fibrosis
transmembrane conductance regulator (CFTR) mutgprocomplex [205], annexin Il and V
[202, 206] and annexin VI [207] are negative mothrsof cPLAa activity.

cPLAza exhibits a high specificity for AA in then2 position of phospholipids [98]. Membranes
that contain high levels of phosphatidylinositofepbosphatidylserine represent the main reservoir
of sn-2-bound AA [208]. However, membrane binding isnparily carried out by the C2 domain,
and thus membranes that are rich in phosphatidijfehare preferentially targeted and provide the
main share of AA [209]. Anionic lipids activate thazymatic activity, an effect that is attributed
to the electrostatic repulsion of the lid regiorridg interfacial activation of the enzyme [135].
Anionic lipids in the membrane are also implicatadthe binding of cationic patches of the
catalytic domain, which enhances AA release esfeaia low C&* levels [210]. On the other
hand, anionic lipids that exceed a critical amoleatd to repulsion of the lipophilic C2 domain
[211].

Some membranous lipids provoke enhanced cRLActivity by facilitating membrane
accessibility. Ceramides and diacylglycerols distine lamellar structure of membranes to inverse
hexagonal structures [212-213] and thereby mayititel the access of the enzyme to its substrate
[214-215]. Several studies demonstrated the stiorylaffect of ceramides and diacylglycerols in
cell-free [211, 216] and various cellular modeld§221]. In addition, membrane-incorporated
cholesterol was reported to stimulate cRiActivity in a cellular and non-cellular contextil
222].

The C2 domain of cPLA exhibits a binding site for C1P [132], which med& preferential
targeting of distinct membranes [167] (see chapt2r2.3 and i paragraph of this chapter); C1P



2.2 Arachidonic acid signalling 27

binding leads to enhanced cPisAactivity and reduces the threshold level for*daduced
activation [164, 166].

Furthermore, the catalytic domain of cPluAcontains a binding site for polyphosphoinositides
(PIPs) [137] (see chapteR.2.2.3). Phosphatidylinositol-4,5-bisphosphate P{Plis mainly
integrated in the inner leaflet of plasma membraaesl lower levels are found on the
endoplasmatic reticulum, the nuclear envelope Aadzolgi [223]. Binding of Plfdecreases the
C&* concentration required for full activation of cPieA[211] and stimulates cPL#& activity,
distinctively exceeding the effect of other anioligeds [224]. Das et al. proposed a PHhduced
conformational change of the C2 domain againsc#ialytic domain that optimally positions the
catalytic centre in respect of its substrate [L&kn in the absence of €aPIP enables cPLAu

to bind phosphatidylcholine membranes and to relées [137]. In cellular models, stimulation
or inhibition of PIR strikingly modulates cPLA activity [225-226].

2.2.2.5 Inhibitors of the cytosolic phospholipase Ao

AA-analogues like methoxy arachidonyl fluorophospiie (MAFP) and the trifluoromethyl
ketone AACOCE represent the first generation of cRkAinhibitors and irreversibly bind the
Sef®residue of the catalytic dyad [227]. These compisypossess Kgvalues in the micromolar
range in cellular models and are only little effeeton sPLAa (group 1IA) [228]. However, they
unselectively affect AA-metabolism in polymorphotear leukocytes (PMNL) [229] and feature
high cytotoxicity that is most likely based on themphiphilic structure [230].

Several choline derivatives inhibit cPkoA acting by incorporation in the membrane and
competing with phosphatidylcholine for binding d?ldA.a binding. These compounds exhibit
ICsp values in the low micromolar range, have aboutol®-specificity for cPLAa compared to
SPLA; (group 11A) and do not interfere with PLC, PLAr PLD [231].

2-Oxoamide derivatives inhibit cPLA in cell-free, cellular anth vivo models [232] by binding
in proximity to the active site [233]. Selected idatives suppress PGproduction in stimulated
macrophages with Kg values of 5 uM [232] and inhibit carrageenan-iretlipaw oedema in rats
with EDsp values of 0.02 mg/kg [234]. Analgesic [234] andi-&yperalgesic activity [121] were
stated in pain models in rats.

A variety of pyrrolidine (or pyrrophenone) deriwags inhibit cPLAo with 1Cso values in the
nanomolar range in cellular and cell-free model85]2and in human whole blood [236].
Pyrrolidine 1 exhibits 17-fold selectivity for cPL& compared to cPLA&, more than 100-fold
selectivity compared to iPLA and it does not perceivably affect sRL#ctivity (group lIA, V
and X) [237]. Automated molecular docking studiesl aeuterium exchange mass spectrometry
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revealed interaction of a pyrrolidine-type inhibitwith the active site S&° combined with
numerous lipophilic binding events distal from #etive site [233]. In collagen-induced arthritis
in mice, pyrrolidine-type inhibitors markedly reducthe symptoms of arthritis, osseous
destruction, the expression levels of cBitAthe production of PGEand LTB, and the mRNA
levels of matrix metalloproteinases (MMP-3, -8,-83) and COX-2 [238]. It should be noted that
the required doses for the effects were rather (8gto 100 mg/kg twice per day).

Another lead structure of modern cPloA inhibitors comprises an indole and a benzyl
sulphonamide moiety, yielding the most common agives efipladib and WAY-196025, with
submicromolar 16 values in cell-free and human whole blood mod2RB9{240]. They also
display oral efficacy in rat carrageenan-inducedpauch and paw oedema models as well as in
carbachol-induced bronchoconstriction in sheep. eitéeless, these compounds offer poor
bioavailability of maximally 16% after oral admitration in dogs, which may be explained by
their high molecular weight and lipophilicity [240]

LEHR and co-workers developed different inhibitors lbasa an indolylpropanone scaffold [241]
that inhibit cell-free or cellular cPLA& activity in submicromolar concentrations [241-242]
However, they are extensively metabolized by limecrosomes [243] and offer poor availability
upon peroral application in mice [244]. Intravenguspplied drug is rapidly cleared from the
plasma but the inflammatory reaction in a murinedeimf contact dermatitis was significantly
suppressed after topical administration [244].

Only few natural compounds have been describednbmitors of cPLAc activity so far.
Variabilin, a sesterterpene isolated from the mespongdrcinia variabilis was found to inhibit
sPLA; (group 11A) and cPLAo in cell-free and cellular assays withsiGralues of 7 and 8 uM,
respectively [245]. PMA-induced but not AA-inducedouse ear oedema was suppressed by
topical administration of variabilin and perorahaidistration inhibited PGEand LTB, formation

in a murine air pouch model. Recently, lutein wasnd to inhibit cPLAa with an 1G, value of

14 uM and without affecting sPLAactivity [246]. Abruquinone A, an isoflavanquinof@®m
Abrus precatoriusnhibits AA release and subsequent TXdhd LTB; production from A23187-
and fMLP-stimulated rat neutrophils [247]. This iintion is not due to direct inhibition of the
catalytic domain, but is based on inhibition of ERKd the blockade of €amobilization.

2.2.3 Cyclooxygenases

2.2.3.1 Classification

Cyclooxygenases (COX) are haeme-dependent bis-ogggs with peroxidase activity [248].
Although research on PGs and COX emerged in th@sl9Be existence of two distinct enzymes
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was only identified in the early 90s [249]. The twgoenzymes share ~60% homology in their
amino acid sequence, catalyze the same reactionthdgoysame mechanism, exhibit similar
conformation of the catalytic and substrate-bindiegions and have a similar molecular mass of
70 kDa [7]. They markedly differ in their transdignal regulation, tissue distribution and the

dimension of the COX substrate channel.

2.2.3.2 Structure and catalysis of cyclooxygenases

COX-1 and -2 are membrane-bound proteins composegmroximately 600 amino acids and
reside as homodimers primarily on lumenal membrafele endoplasmatic reticulum and inner
and outer membranes of the nuclear envelope [22D-Z50X proteins contain four distinct
domains; an N-terminal signalling peptide that lsaged after synthesis and trafficking of the
enzyme and three more domains responsible for diatem, membrane binding and catalysis
[248].

The signalling peptides of COX-1 and COX-2 differ length and lipophilicity, which was
associated with differential targeting of the pnageafter synthesis [10]. Dimerization only takes
place within one isoform and occurs by non-covalatdgractions of the dimerization domains of
the monomers [10]. The membrane-binding domaimmposed of four amphipathic helices with
protruding aromatic residues that interact with d¢eeflet of the membrane bilayer [253]. The
helices form an opening that represents the petatiecess for AA or inhibitors to the
cyclooxygenase active site. The largest part ofgheyme is the C-terminal catalytic domain,
which contains two distinct active sites for thegxase and the cyclooxygenase reaction [253].
The cyclooxygenase active site is a hydrophobiccbbwith an opening faced to the membrane.

120

Arg™" (all numbering refers to COX-1) in the channelresponsible for the binding of the

substrate’s carboxylic group [254]. The catalytacket in the very end of the channel contains the
Tyr*®residue that attacks AA as a tyrosyl radical, mtuss hydrogen thereby forming an
arachidonyl radical, which undergoes cyclizatiod amygenation to PG£255-257]. The active
site channel of the respective COX isoforms onffecs by two amino acid residues {féand
lle***in COX-1 and valine residues in COX-2), leadincatwvider channel in COX-2, which was
exploited for the development of COX-2-selectivhiliitors [258]. Setf in the catalytic pocket
plays an important role in the deactivation of COX acetylsalicylic acid as it is irreversibly
acetylated by the drug.

The peroxidase site is situated remote from the Ionene in a shallow cleft that also contains the
binding site for haeme, which is fixed by Fff§[253]. Peroxidase and cyclooxygenase activity are

interrelated by the initial generation of the cyolggenase’s tyrosyl radical through the
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peroxidase’s ferryl-oxo porphyrin radical intermetei [259-260]. This central step of the so-called
branched chain model suggests the activation ofhdeme by an endogenous oxidant (e.g. a
hydroperoxide), which primarily activates the cyptygenase’s tyrosine residue. Thereby the
cyclooxygenase cycle is activated and perpetubtesegeneration of its tyrosyl radical by itself.

In the presence of sufficient substrate, COX enzymmergo suicide inactivation within 1-2 min
[10], presumably by self-destructive peroxidase sehctions of the ferryl-oxo haeme [261].

The kinetic properties, the turnover numbers, dmddusceptibility to suicide inactivation of the
COX isoforms are widely comparable [262-265]. Hoem\un cells in which both isoforms are
expressed, AA is preferentially converted by COX286]. This is most likely due to negative
allosteric regulation that occurs at submicromofék concentrations for COX-1 but not for
COX-2 [266-268]. The negative allosteric regulatisnabolished in the presence of excess of
hydroperoxide [269]. Regarding the kinetics of feroxidase reaction, COX-2 was found to
require only 10% of the hydroperoxide concentratltat was needed for COX-1 activation [270].

2.2.3.3 Regulation of cyclooxygenases

Transcriptional and translational regulation

Transcription represents a central checkpoint irKG€gulation and differentiates the roles of the
respective isoenzymes. COX-1 is constitutively egped in most tissues, prominently in
endothelia, the renal collecting tubules, semiredicles, monocytes and platelets [248]. COX-1
expression in these cells is induced during cefledintiation e.g. via Spl elements [271].
However, COX-1 appears to be inducible in the cew$ LPS-induced inflammation [272],
though the underlying mechanism remains to be cdied.

In contrast, various pro-inflammatory cytokines,dm¢ors and pathways control the transcription
of COX-2 [248]. The COX-2 gene is responsive toll/p [273-274], TNk [274], LPS [274-
276], PMA [249] and diverse growth factors and &ytes [248] whereas its transcription is
suppressed by glucocorticoids [276] and anti-inflaatory cytokines (IL-4/-10) [277-278].
Nuclear factoik B (NF«B) [273], CCAAT enhancer binding protein (C/EBPYf as well as the
MAPK p38 [280], ERK-1/-2 [275, 280] and JNK [281f}eainvolved in the signal transduction.
The promoter of the COX-2 gene contains regulagdeymnents for NkeB, Spl, C/EBP (nuclear-
factor for IL-6, NF-IL6) and an activating trangution factor/cyclic adenosine monophosphate-
responsive element (ATF/CRE) E-box [248]. FurthemnaCOX-2 translation is regulated by
mechanisms that control COX-2 mRNA stability [2825P Nevertheless, constitutive or

inducible COX-2 expression contributes to homoesistaf some cells or tissues without a
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pathogenic background [248]. COX-2 is involved @pnoduction [286], immunity [287], renal

physiology [288], neurotransmission [289], boneorpton [290] and pancreatic secretion [291].

Post-translational regulation and inhibition of cydooxygenases

The redox tone or the presence of oxidants regufa@X activity, since COX has to be activated
for the initiation of the catalytic cycle [259-26(3ee chapte2.2.3.2). Hydroperoxides (e.g. PgG
HPETES) but also peroxynitrite that is formed bywgling of superoxide and NO, account for
haeme activation [292-294].

COX activity depends on AA supply and inhibition BG synthesis is clinically achieved by
NSAIDs, which compete with AA for binding at thealyoxygenase’s active site [253]. NSAIDs
offer anti-inflammatory, analgesic and anti-pyrepcoperties [295]. The main drawback of
unspecific COX inhibitors is their gastrointestinakicity [296]. This side effect may be explained
by inhibition of COX-1-derived gastroprotective P4E297] and was attenuated by the
development of inhibitors that are highly selectife@ COX-2, the so-called coxibs [296].
Unfortunately, long-term therapy with these compisinis accompanied by increased
cardiovascular risk that presumably results fromuoed production of vascular epithelial RGI
[16].

2.2.4 Prostaglandin E;, synthases

2.2.4.1 Classification of prostaglandin E synthases and their role in

inflammatory diseases

To date, three isoforms of prostaglandisithases (PGES) have been identified. mMPGES-1 was
the first isoform that was purified [298], cloneddacharacterized [299]. mMPGES-1 is both, a
constitutive and inducible protein and mMPGES-1 mRINAs found in human placenta [299],
prostate, testis, mammary gland and seminal vesj8I@0] as well as in murine urogenital organs
[301-302]. mPGES-1 protein is expressed in the ,lspdeen, kidney and stomach of mice [303]
and constitutive transcription of mMPGES-1 mRNA vaéso reported in human PMNL [304] and
rat Kupffer cells [305]. In contrast, in human mewyies and macrophages [304, 306] and rat heart,
lung, colon and brain, mMPGES-1 mRNA was not deteatdil stimulation with LPS [307]. Also

in human heart and liver, the enzyme was only deteafter infarction and hepatitis [308]. Co-
transfection experiments demonstrated preferectiapling of mMPGES-1 with COX-2 [309].

The second known isoform is the cytosolic PGES €EBGp23). This glutathione-dependent
enzyme is constitutively expressed in several issués (heart, thymus, liver, spleen, stomach,
testis) with exception of the brain where it isucdd after LPS challenge [310]. Moreover, cPGES
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was isolated and cloned from human brain [311].ti@osfection experiments of cPGES revealed
preferential functional coupling with COX-1 [310The specific activity of cPGES is about 100-
fold lower than that of MPGES-1 [312].

Another membrane-bound PGES isoform (MPGES-2) inst$yfisolated from bovine heart [313].
MPGES-2 mRNA was detected in human brain, heamply nodes, skeletal muscle, kidney,
trachea, foetal thymus and lung. Treatment of mudlh LPS resulted in modest increase of
MPGES-2 expression in liver and colon tissue wiseregression in brain, heart and lung
remained on the constitutive level [308]. Excepaillyy mPGES-2 is active in the absence of
glutathione, but thiol-reducing reagents increatse activity [314]. The specific activity of
recombinant mMPGES-2 (cloned from monkey DNA) is parable to that of cPGES but markedly
lower than that of mMPGES-1 [312]. mPGES-2 equaktaholizes PGHprovided by COX-1 and
-2 [308]. MPGES-2 appears not necessarily to bebream-bound as spontaneous cleavage of the
N-terminal anchor sequence releases an activealgtgsotein [309].

MPGES-1 is involved in many inflammatory diseasfgmegulation of mMPGES-1 was detected in
synovial tissue of patients suffering from rheunsatarthritis [308, 315-316], in the cartilage of
osteoarthritic patients [317] and in the intestimalcosa in inflammatory bowel diseases [318].
Treatment of rats with IL{f1or LPS leads to expression of mMPGES-1 in cen@malaus structures,
which is associated with the development of fewet tihe processing of pain [13, 319-320]. Data
from knockout mice suggest beneficial effects ofGES-1 blockade in models on arthritis [321-
322], fever [13, 323], pain [321-322, 324], athetesosis [325] and stroke [326].

In summary, the prominent specific activity of mP&IE, its regulation by inflammatory
mediators (see chapt2r2.4.3), the mechanistic coupling to other préaimimatory enzymes and
its involvement in diverse diseases reveals thiE®dsoform as the major contributor in
pathogenic PGEsynthesis. Therefore, mPGES-1 was principally clamed in the quest for novel
anti-inflammatory enzyme inhibitors. However, expents using siRNA-induced knock-down of
MPGES-1 suggest that its activity may be compedshyealternative PGEsynthases in some

cells or tissues [327].

2.2.4.2 Structure and catalysis of microsomal prostaglandirE; synthase-1

mMPGES-1 is a member of the membrane-associatecimsoin eicosanoid and glutathione
metabolism (MAPEG) superfamily, which also compsisiee LTG synthase and 5-LO activating
protein (FLAP) [328]. It is a 17 kDa-sized protélkb2 amino acids) that is extremely unstable in
the absence of glutathione (half life ~30 min) [R¥8ecently, the crystal structure of mMPGES-1 in
its complex with glutathione was determined [329g(re4 A). The crystallographic structure is
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typical for MAPEG proteins: mPGES-1 is composedair lipophilic transmembrane-helices
while one molecule of glutathione is coordinatedha cleft of an mPGES-1 homotrimer. These
complexes are integrated in the membranes of thiee@uenvelope and endoplasmatic reticulum
with a central funnel-shaped opening facing th@sgtic side. Glutathione is fixed in this funnel
by salt bridges of its carboxylate groups with ange residues. The substrate is supposed to enter
the funnel through a mobile cleft from the interafrthe lipophilic membrane [329]. A proposed
catalytic mechanism includes the attack of the P@HRdoperoxide bridge by the glutathione
thiolate (Figure4 B) with Arg*?® serving as proton donator/acceptor.

G-S = glutathione thiolate

Figure 4: Structure (A) and putative molecular meckanism (B) of mPGES-1[329] modified.

2.2.4.3 Regulation of microsomal prostaglandin k& synthase-1

MPGES-1 is decisively regulated on the transcmgtidevel (see below). Nevertheless, mPGES-1
activity is post-transcriptionally regulated by ebit inhibition through different lipid mediators,
e.g. AA and 15-deoxy{(12,14)-PGg(ICso = 0.3 uM) [330].

Although the mPGES-1 gene is co-regulated with CDP831-333], their promoter regions are
quite different. The mPGES-1 promoter contains sasp elements for the glucocorticoid
receptor, AP-1 and two GC boxes [334-335]. Basahdcription of mMPGES-1 is mediated by
binding of Spl and Sp3 transcription factors to @@ boxes [336]. Dependent on the cell type,
IL-1B [332, 337], TNk [318, 331], LPS [338-339] and epidermal growthtdad EGF) [315]
induce mPGES-1 via pathways involving JNK [331, 3ERK and p38 MAPK [332] and the
transcription factors early growth response gengdr-1) [318, 337, 339], NF-IL6 [338] and
NF-«B [331, 337, 339].

On the contrary, both ILft and TNFR-induced mPGES-1 expression are suppressed by
dexamethasone [333]. PPARCctivation inhibits IL-B-induced mPGES-1 expression [340]. The
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direct inhibitor of mMPGES-1, 15-deoxy(12,14)-PGd(see above) was also shown to be a PRAR
agonist leading to suppressed transcription of mMPGH330, 341], which is potentiated by
additional inhibition of the NkeB pathway [342].

Recently, a mechanism of negative-feedback reguabf mMPGES-1 was discovered in LPS-
stimulated neuronal tissue. Binding of mPGES-1v#etliPGE to EP2 and EP4 receptors blocks
LPS-induced TNE& production and mPGES-1 inductionvitro andin vivo[343].

2.2.5 Lipoxygenases

2.2.5.1 General properties and classification of lipoxygenses

Lipoxygenases (LOs) are non-haeme iron metallopreteatalyzing the stereoselective insertion
of molecular oxygen (dioxygenase) in unsaturatetty faacids [51]. The products are
hydroperoxyeicosatetraenoic acids (HPETEs) that amduced to the respective
hydroxyeicosatetraenoic acids (HETES) or are cdadeby downstream synthases to LTs or
lipoxins [51, 54]. The common nomenclature categggrihuman LOs dependent on the site of
specific peroxidation (5-, 12- and 15-L0O). Six dist LOs have been identified in humans: 5-LO,
12(S)-LO (platelet type), 12(R)-LO (epidermis typ&P/15(S)-LO (leukocyte/reticulocyte-type),
15(S)-LO (epidermis-type) and the epidermis-typed {51, 53]. The molecular weight of animal
LOs range between 75 and 80 kDa and they are cadpdsa C-terminal catalytic domain and an
N-terminalf-barrel domain that is referred to as C2-like donjail, 344].

2.2.5.2 Structure and catalysis of 5-lipoxygenase

Human 5-LO is a 78 kDa-sized protein of 674 aminm®in length [345]. Recently, the crystal
structure of a stabilized mutant of human 5-LO whgidated [344]. In analogy to cPL# the
C2-like domain mediates €adependent binding of the cytosolic 5-LO to cellutaembranes
[346]. The binding is conferred by tryptophane desis of the putative €abinding loops that are
able to interact with membranes upon binding of t@&"* ions [347]. Similar to cPLAv,
enzymatic interaction at the water-membrane interfaas suggested as a general principle of 5-
LO activity [348] and phosphatidylcholine was fouadprovoke interfacial stimulation [349]. The
catalytic domain (~550 amino acids) is characteribg iron that is ligated by three histidine
residues and the C-terminal carboxylic group [51].

In the inactive enzyme, the iron exists in thedes state (F&) and oxidation to ferric iron (B8

is required for catalytic activity [350]. The oxaid iron subsequently abstracts doubly allylic
hydrogen from AA, leading to ferrous iron and aicatithat is stabilized by hyperconjugation
[351-352]. Oxygen specifically attacks the pentaglieradical leading to an iron-coordinated
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peroxide radical that is converted to the hydropide (5-HPETE) under regeneration of ferric
iron. A part of 5-HPETE undergoes dehydration & iighly reactive epoxide LTAby the LTA;
synthase activity of 5-LO [353]. 5-HPETE, that dismtes from 5-LO before metabolization to
LTA,4, is reduced to the corresponding alcohol 5-HETke LCOX, 5-LO undergoes suicide
inactivation within minutes after stimulation [33%5].

2.2.5.3 Regulation of 5-lipoxygenase

Transcriptional regulation

The 5-LO promoter contains several consensus-kgnslites for transcription factors like c-myb,
activating protein 2 (AP-2), NkB, Spl [356], Sp3 [357], early growth response gehand 2
(Egr-1/-2) [358], retinoid Z receptar (RZRa) [359] and retinoic acid receptor-related orphan
receptora (RORuy). 5-LO expression prevails in myeloid cells, sashgranulocytes, monocytes,
macrophages, mast cells and B lymphocytes [360]ctwis commonly paralleled by FLAP
expression. Transforming growth fac®(TGH3) [361] and calcitriol [362] were found to induce
5-LO expression in leukocyte cell lines during aathturation. Granulocyte macrophage colony-
stimulating factor (GM-CSF) induces 5-LO expressamw activity in PMNL [363] and monocytes
[364]. Epigenetic regulation by promoter methylatmr histone deacetylation is involved in 5-LO

gene silencing in non-5-LO-expressing cells [365]36

Calcium

Calcium (C&") increases the lipophilicity of the C2-like domaind thereby the affinity to the
phosphatidylcholine-rich nuclear membrane [346-3%Ts, C&" mediates translocation of 5-LO
to the substrate. In cell-free assays using exageAd as substrate, €aenhances the enzymatic
activity of 5-LO in the presence of membrane sties [349] although Gais not necessary for
catalytic activity per se [367]. While micromolar concentrations of Caare necessary for
increasing 5-LO activity in cell-free models, intedlular C&* levels above 150 nM suffice for
activation of cellular 5-LO [368]. The threshold “devel for cellular enzyme activation is
dependent on additional regulatory mechanisms asthe redox tone [367].

Adenosine triphosphate (ATP)

Nucleotides, especially ATP, stimulate 5-LO acti\jB69]. The stimulation does not involve ATP
cleavage, energy consumption or phosphorylatiob-b© but is mediated by direct binding to
residues in the C2-like and catalytic domain intaickiometry of one molecule of ATP per
molecule 5-LO [370-371]. Cellular ATP levels in tmeicromolar range coincide with ATP
concentrations that are necessary for activati@g][3
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Oxidizing agents and lipids

Oxidation of the ferrous iron is a prerequisite 1.0 activity [350] (see chapte2.2.5.2).
Therefore, lipid peroxides e.g. 5-HPETE, 12-HPETH 45-HPETE stimulate 5-LO activity in
cell-free assays [373-374]. In addition,’Féons that promote lipid peroxidation excite 5-LO
activity, whereas reducing agents, such as meretinol and glutathione inhibit 5-LO product
formation [375].

1-Oleoyl-2-acetylglycerol (OAG) stimulates 5-LO ity in the absence of Gavia interaction
with the C2-like domain [376]; this effect is alsbled in the presence of phospholipids and
cellular membranes. Besides being the substrats-lob, AA C&*-dependently binds to an
allosteric site of 5-LO and thereby suppresseaatwity [377].

Phosphorylation

Phosphorylation of 5-LO takes place at three sams@ues: S&f%, Sef°® and Se¥® which are
phosphorylated by MAPK-activated protein kinasen@d 3 (MAPKAPK-2/-3) [378-379], ERK-2
[380] and protein kinase A (PKA) [381], respectiuedlAPKAPK-2/-3 are phosphorylated by p38
MAPKSs that in turn are activated by cellular stressinflammatory mediators [382]. Ensuing
phosphorylation of 5-LO at S&F increases its cellular activity [378] and siteegied mutagenesis
of Sef’* to alanine blocks AA-induced MAPKAPK-2-mediatediaation of 5-LO in transfected
cells [379]. Cellular stress-induced activation 1.0 occurs independently of €a[383].
Similarly, the AA-induced ERK-2-mediated phosphation of 5-LO at S&P® stimulates its
cellular activity, which does not occur in cellspexssing mutated 5-LO-S663A [380]. These
findings suggest a fundamental role of MAPK-driy@msphorylation events in 5-LO activation
by stimuli that do not lead to increasedClavels (e.g. AA). Recently, phosphorylation at?Ser
was found to hinder the nuclear export of 5-LO kgaatin-1 [384].

On the contrary, PKA-induced phosphorylation of*Sdeads to impaired 5-LO activity in cell-
free and cellular models [381, 385]. Furthermoréogphorylation by PKA provokes the
redistribution of 5-LO from the nucleus to the gytsm, which can be evoked by increasing
levels of intracellular cyclic adenosine monopha@ph(cAMP) [385] and can be prevented by
unsaturated fatty acids (AA) or competitive 5-LMilmtors [229].

Thus, AA crucially regulates 5-LO translocationiaghibits PKA-mediated redistribution of 5-
LO to the cytosol and stimulates translocation e huclear membrane via MAPK-induced
phosphorylation at S&t* and Set™ [386].
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Protein interactions

5-LO activating protein (FLAP) is an 18 kDa-sizedotein (161 amino acids) with three
transmembrane-spanninghelices and two hydrophilic loops [387-388] actiag a homotrimer
[389]. FLAP is localized in the inner and outer leac membrane of macrophages, neutrophils and
monocytes [390-391] and directly binds to 5-LO [B9Rbinds cis-unsaturated fatty acids and is
supposed to present AA from cellular membranes-k®5leading to enhanced AA utilization
[393-394]. FLAP appears to be necessary for cellldad O activity if AA is produced
endogenously [387, 395] but it is dispensable & pghesence of exogenous AA [393]. In human
leukocytes, the potent FLAP inhibitor MK-886 redsid&23187-induced 5-LO product formation,
whereas 5-LO activity in cell-free 5-LO assaysas affected [396].

Coactosin-like protein (CLP) is a 16 kDa-sized pnmot(142 amino acids) that can bind to human
filamentous actin (F-actin) or alternatively togtgphane residues of the ligand binding loops in
the C2-like domain of 5-LO [397-398]. Like 5-LO, @Ls localized in the cytosol of resting cells
and translocates to the nuclear membrane upon lationu [398-399]. CLP enhances the activity
of purified 5-LO, increases LTAproduction in the presence of phosphatidylchodind the ratio

of 5-HETE/5-HPETE [398]. Recent data suggests AP also stabilizes 5-LO in terms of

preventing non-turnover enzyme inactivation [399].

2.2.5.4 Inhibition of 5-lipoxygenase

For the direct suppression of 5-LO activity, thggeups of inhibitors can be distinguished. Redox-
active compounds reduce the iron ion in the acsite of the enzyme and thereby uncouple its
catalytic cycle; many phenolic compounds such agoftoids are classified in this group [400].
Another group, the iron ligand inhibitors, cheldte active site iron with a hydroxamic acid
moiety; BWA4C [401] and zileuton [402] representmiers of this group. The third group are
the more heterogeneous non-redox type 5-LO inh®ifa5]. High hydroperoxide levels impair
the efficiency of these inhibitors, and it was sesjgd that they compete with AA for binding to
the 5-LO’s active site [403]. However, hyperforidOg-405] or boswellic acids (BAs) [406]
represent non-competitive inhibitors that bind twther site than the AA binding site in the
catalytic centre. Another strategy to inhibit 5-la@tivity is the inhibition of FLAP. In a cellular
environment without exogenous supply of AA, FLAFibitors were shown to be effective
inhibitors of LT synthesis, e.g. MK-886 offering #so value of 2.5 nM in intact neutrophils [25,
407]. Clinically, the direct iron ligand 5-LO inhibr zileuton and a variety of CysLT1-receptor

antagonists (e.g. montelukast) are utilized in ttleerapy of bronchial asthma [44].
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2.2.5.5 12- and 15-lipoxygenases

Generally, the structure of 12-LOs is similar tattbf 5-LO. They also consist of a C2-like and a
catalytic domain, contain a non-haeme iron in thealgtic centre [408] and translocate to cellular
membranes upon stimulation with§409-410]. The main product of 12-LO is 12-HPE Fatt

is reduced to 12-HETE [18] or enzymatically conedrto hepoxilins [411].

12(R)-LO (epidermis type) was found in the skinfafemost psoriatic patients [412-414] but is
also expressed in tonsils [415].

Leukocyte/reticulocyte-type 12/15(S)-LO is abundamt different cells and tissues such as
reticulocytes [416], eosinophils [416-417], IL-&#&ted monocytes [418-419], the tracheal
epithelium [416] and atherosclerotic lesions [4B2/15(S)-LO is a rather unspecific enzyme in
terms of its substrate specificity and the resglfinoducts as it produces both, 12- and 15-HPETE
[408]. Actually, the product profile is criticallinfluenced by the dimension of the active site
cavity in 12-LO and 15-LO [420-421]. Regarding thébstrates, 12/15(S)-LO is able to convert
AA but also other fatty acids such as linoleniadagnd linoleic acid and even intact phospholipids
[422-425]. 12/15(S)-LO undergoes suicide inactaativithin a few minutes of activity [426].
Platelet-type 12(S)-LO is mainly located in plateland the epidermis [427-428]. In contrast to
leukocyte-type 12/15(S)-LO, platelet-type 12(S)-L@strictively converts AA to the nearly
exclusive product 12-HPETE [424]. A distinct feaus the lack of suicide inactivation of the
enzyme [426].

Post-translational regulation of 12-LOs appearsbe& less prominent than in 5-LO as no
phosphorylation events or protein interactions hbeen identified so far. Oxidative stress in
human platelets shifts predominant 12-HETE producto the production of anti-inflammatory
and anti-thrombotic hepoxilins [429-430].

Besides the leukocyte/reticulocyte-type 12/15(S)-la@other 15(S)-LO (epidermis-type, or 15-
LO-II) is expressed in the human body (skin, coyn&&-LO-1l mRNA was also found in prostate
and lung tissue [431-432]. In contrast to the lenyke/reticulocyte-type 12/15(S)-LO, this enzyme
prefers AA to linoleic acid as substrate and exeklg produces 15(S)-H(P)ETE [431].
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2.3 Neutrophil proteases

2.3.1 Properties of cathepsin G and human leukocyte elaste

The neutrophil proteases cathepsin G (CG), humako®te elastase (HLE) and proteinase 3
(PR3) are serine proteases (30 to 35 kDa) withrsexwed catalytic triad (Asp-His-Ser) [3]. The
proteins are produced during myeloic maturatiomedtrophils and stored in azurophil granules
[433-434]. Upon neutrophil stimulation, they arecwested via exocytosis or released into
intracellular phagolysosomes [435-436].

2.3.2 Role of neutrophil proteases in inflammation

As delineated in chapt&.1.2, neutrophils are the first leukocytes tovartihe peripheral tissue
from the blood vessels upon stimulation by inflantema mediators. One of their principal tasks is
the neutralization of microorganisms by means attige oxygen species, anti-microbial peptides
and proteases such as CG, HLE and PR3 [437]. Nghitrproteases are essential for Killing of
several microorganisms [435, 438-439], but elevaiegtrophil protease levels are also found in
inflammatory diseases that lack a microbial backgdy e.g. in psoriatic lesions [440]. Upon
excretion, neutrophil proteases degrade extraeellmhatrix proteins [441-442], which contributes
to tissue destruction in chronic inflammation. bition of neutrophil proteases attenuates the
reaction in severah vivo models of inflammation, e.g. in collagen-inducethitis in rats [443-
445]. In experimental arthritis, CG or HLE knockomice exhibit a partial reduction of the
inflammatory reaction and animals lacking both eneg are almost totally resistant [446].
Besides anti-microbial activity and matrix degraoiat neutrophil proteases regulate of a
multitude of signalling pathways (Figur®). They activate or inactivate several cytokines,
chemokines and growth factors by cleavage of thepeetive precursors or the mediators
themselves [437]. Furthermore, neutrophil proteasesable to activate cell surface receptors. In
platelets, HLE activateslIbp3 [447] and CG stimulates the protease activateepter 4 (PAR4)
[448], both of which are associated with enhanadtaggregation. Further PARs are substrates of
neutrophil proteases and cleavage leads to detctivar activation of these receptors, eliciting
multiple effects in various cells [437, 449]. CGaisigand of the G protein-coupled formyl peptide
receptor (FPR), thereby acting as a chemokine dR-&pressing monocytes and neutrophils
[450]. PAR signalling is highly involved in the paigenesis of arthritis and nociception/pain
[451].
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Figure 5: Potential extracellular interactions of reutrophil proteases in inflammatory processeq437] modified.

2.4 Glucocorticoid signalling

Glucocorticoids are frequently used in the therapgcute and chronic inflammation. Unlike COX
or 5-LO inhibitors, their mode of action cannotreeluced to the inhibition of one single enzyme.
They influence several targets leading to both,idrapr delayed anti-inflammatory and
immunosuppressive effects [452]. Actually, the malar mechanism of glucocorticoids is only
partly understood and the individual effects areemar less effective depending of the nature of
the pro-inflammatory stimulus and the general cxin#53]. Most of these effects are likely based
on the binding of glucocorticoids to the cytosa@lacocorticoid receptor (GR) that is arranged in a
protein complex in its resting state [454]. Uponding of glucocorticoids, the receptor undergoes
a conformational change and dissociates from the&ejpr complex [455]. The glucocorticoid-GR
complex then translocates to the nucleus [456], revltifferent scenarios may occur; firstly,
glucocorticoid-GR complexes may dimerize and bimgjlticocorticoid response elements (GRES)
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to activate the transcription of responsive ged&6]. The glucocorticoid-induced expression of
annexin | and pll/calpactin binding protein for rapée were reported to lead to inhibited AA
release through interaction with sPLANnd cPLA [457-459]. The original hypothesis that these
mechanisms were the basis of the eicosanoid-sugppgeaction of glucocorticoids is no more
accepted today [453].

Another way of the glucocorticoid-GR complex to imhinflammation is the inhibition of pro-
inflammatory transcription factors [460]. This magcur by binding of the complex to negative
GREs (nGRE) [461-462], by destabilization of otheanscription complexes [463] or by
downregulation [464] or direct blockade [465-46T]t@nscription factors such as NiB- [465],
AP-1 [466], STAT [463-464], nuclear factor of aetted T cells (NFAT) [468], GATA-binding
protein 3 [461], T-Bet [467] and cAMP response aeatrbinding protein (CREB) [462]. Typical
pro-inflammatory target genes of these transcnipfactors encode the interleukins 1B-1469],
IL-2 [468], IL-5 [470] and IL-6 [469], as well as@X-2 [471], iINOS [472], IFN [473], TNFu
[474] and the intracellular adhesion molecule (ICHMI75].

Indirectly, the inhibition of cytokines leads topgwession of other inflammatory mediators or
pathways, e.g. to reduced transcription of phospasés [476]. Moreover, glucocorticoids
indirectly suppress the activation of various MARIB8, ERK and JNK), e.g. by up-regulation of
phosphatases such as MAPK phosphatase 1 (MKP-1ighvdads to reduced levels of COX-2,
TNFa and IL-13 in LPS-challenged murine macrophages [477]. Thecagorticoid-driven
transcription of suppressors of cytokine signalli(OCS) leads to inhibition of the Janus
kinase/STAT (JAK/STAT) pathway [478].

All these mechanisms include genomic interactiorfs tlee glucocorticoid-GR complex.
Interestingly, glucocorticoid effects are obviousfdre genomic pathways are able to emerge.
Glucocorticoids inhibit smooth muscle contractioithmm minutes, which is not responsive to the
GR antagonist mifepristone [479]. In T cells, theding of glucocorticoids to their receptor
impairs T cell receptor signalling without includingenomic mechanisms [480]. G protein-
coupled receptor and MAPK signalling were proposede implicated in these non-genomic
effects [481].
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2.5 Boswellia species

2.5.1 Botany

Boswelliaspec. are sparsely foliated trees that reach upetve metres in height [482]. They
primarily grow in arid regions of the Horn of Afacin the very south of the Arabian Peninsula,
and in India. The genuBoswellia comprises about 20 species and is part of theeBarsae
family. The species that are commonly used for daogvery aré8oswellia sacraFLUCK., which

is distributed in the south of Arabia (Oman, Yememd the Horn of Africa (where it is
traditionally namedBoswellia carteri BIRDW.), Boswellia frereanaBIrRDW. and Boswellia
papyrifera HOCHST., which grow in Africa (Ethiopia, Somalia, Eritre&udan, Chad, Nigeria,
Cameroon, Uganda and the Central African Repuldiod Boswellia serrataRoxs., which
originates from the northeast of India [482-483].

The resin is collected after incision of the batle leaking latex gums on the plant and the solid

oleo-gum resin (frankincense) is tapped in intex\edlseveral weeks [484].

2.5.2 Composition of the oleo-gum resins fronBBoswellia species

The oleo-gum resin frorBoswelliaspecies is composed of an essential oil fracdomucilage
fraction and a pure resin fraction [483, 485]. Blssential oil represents the most diverse fraction,
a complex mixture of monoterpenes, sesquiterpenédaerpenes [486-487]. Its composition is
highly dependent on the species and extraction odefidB88-489]. It makes up five to ten per cent
(m/m) of the resin [483, 485] and accounts for theomatic odour of frankincense.
Pharmacological data on this fraction is scarce,tbuas found to have anti-microbial [489-490],
immunomodulatory [486] and tumour-specific cytotactivity [491]. The mucilage fraction
amounts up to thirty percent of the oleo-gum resid comprises polysaccharides composed of
monomers such as arabinose and galactose [492]s Traction was associated with
immunomodulatory effects as well [492]. The pursindraction makes up about 60% (m/m) of
the oleo-gum resin [485]. It consists of severaltra diterpenes but mainly of triterpenes, which
feature pentacyclic ursane-, oleanane- or lupaa#fedds, tetracyclic tirucallane-scaffolds or
derivatives thereof [493]. Triterpenic acids usya#present about 50% (m/m) of the pure resin
fraction [483, 485]. The quantities of the respextiractions differ depending on environmental
fluctuations and the species; e.g. resins fi@nfrereanaonly contain diminutive amounts of

triterpenic acids [494].
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Extracts of the oleo-gum resins yielded by extoactvith lipophilic solvents (ether, alcohols etc.)
contain the pure resin and the essential oil foactiEvaporation of the solvent partly eliminates th
volatile compounds of the essential oil. Thus, ¢hesv extracts contain mostly di- and triterpenes,
which can be separated into an acid and a neua@idn by liquid extraction. The neutral fraction
is composed of non-acidic analogues of the triteigpacids [494] and of diterpenes such as the

cembrenes serratol, incensole and incensole add&tg
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2.5.3 Isolated triterpenic acids from Boswellia spec.

Boswellic acids (BAs) represent major ingrediem®oswelliaspec. oleo-gum resins. They are
specific for the genu8oswellia and reach 14 to 25% (m/m) of the lipophilic extréiom

B. serrataoleo-gum resin [496-498]. BAs offer two pentacydliterpene scaffolds that differ in
the constitution of the methyl groups in positiod 4nd 20; the oleanane scaffold is the basal
structure ofa-constituted BAs and the ursane scaffold originatesp-constituted BAs [497].
Derivatization of the skeletal structures at posit8 and oxidation of C-11 bring forth the acetyl-
and keto-analogues, leading fteboswellic acid §-BA), 11-ketof-boswellic acid (KBA), 30O-
acetyl$-boswellic acid (A-BA), 30-acetyl-11-ketdg3-boswellic acid (AKBA) and the respective
a-constituted derivativesi-boswellic acid ¢-BA), 11-ketoe-boswellic acid (Ke-BA), 3-O-
acetylo-boswellic acid (Aa-BA) and 30-acetyl-11-ketox-boswellic acid (AKe-BA) (Figure6).

R’ R’ name
- H
HO' H.\ B-BA
HO' 0\\ K-BA
0]
I R A-BA
/\ o\\\‘ H [
i o
AKBA
Ao N
H
HO' H.\ a-BA
HO o K-a-BA
i
A-a-BA
/\ o H H“\
i o
AK-a-BA
Ao N

Figure 6: Molecular structures of boswellic acids.

Nyctanthic acids (NAs) and roburic acids (RAs) esgntsecaderivatives ofi- andp-constituted
BAs that exhibit an open A-ring. Roburic acid (RA)23)-dihydro-roburic acid (DH-RA), 4(23)-
dihydro-11-keto-roburic acid (DH-k-RA) and 4(23gdro-nyctanthic acid (DH-NA) (Figuré)
were isolated as minor components frBntarteri[499-500].
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Figure 7: Molecular structures of roburic and nyctanthic acids.

Lupeolic acid (LA) was found in “African” frankincese [501] and the derivative G-acetyl-
lupeolic acid (Ac-LA) was originally isolated froBL. serrataresin [502] (Figure). In methanolic
extracts from frankincense, these pentacyclicrp@ric acids represent minor components with
less than 1% (m/m), respectively [497]. Recentlgeaivative of these lupeolic acids (LAs) was

isolated fromB. carteri that offers a primary hydroxy-function in positi@28, namely 3-
acetyl-28-hydroxy-lupeolic acid (Ac-OH-LA) [500].

R’ R’ name
HO" CH, LA
~ -
I CH, Ac-LA
o

o

I ™ Ac-OH-LA

R o OH

Figure 8: Molecular structures of lupeolic acids.



46 2 Introduction

Furthermore Boswelliaspec. comprise tetracyclic tirucallic acids (TASDP3-504]. It should be
noted that TAs or derivatives thereof are also phftrther resinous drugs such as fr@anarium
[505], Protium [506] andPistacia species [507]. TA derivatives mainly differ at t8e3 carbon
depending of the oxidation state (secondary alcoh&ktone), the configuration of the contingent
hydroxy-group and the acetylation of this moietyrtRer derivatives arise from the positioning of
the cyclic double bond that is located in positibor 8, leading to the derivativeso3aydroxy-
8,24-dien-tirucallic acid (@OH-8,24-dien-TA), 8-O-acetyl-8,24-dien-tirucallic acid (3Ac-
8,24-dien-TA or Ac-TA), 3B-hydroxy-8,24-dien-tirucallic acid (830OH-8,24-dien-TA or B-OH-
TA) and 3-o0x0-8,24-dien-tirucallic acid (3-oxo-TA3-a-hydroxy-7,24-dien-tirucallic acid (3
OH-7,24-dien-TA or 8-OH-TA) and 3i-O-acetyl-7,24-dien-tirucallic acid (3Ac-7,24-dien-TA)
(alternative abbreviations are used in chapt2rfor simplification reasons, Figug. Resins from
B. papyriferaandB. serratacontain considerable amounts of TAs, especialix8-TA (Table2).

R name
HO" 3a-OH-8,24-dien-TA
1 3a-Ac-8,24-dien-TA
o
HO” 3B-OH-8,24-dien-TA
Z - -
o~ 3-oxo-TA
HO" 3a-0OH-7,24-dien-TA
1 3a-Ac-7,24-dien-TA
o’

Figure 9: Molecular structures of tirucallic acids.

The contents of various compounds in the oleo-gasmrofB. papyriferaand B. serratawere
guantified by M. Paul (University of Saarland, Smécken) as part of a current research
cooperation (Tabl@).
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B. papyrifera .- Taple 2: Content of the major .triterpenic
compound acids in oleo-gum resins  from
[% (m/m)] [% (m/m)] B. papyrifera and B. serrata. According to
[498]. Amounts of the triterpenic acids after
a-BA 0.936 1.58 exhaustiveSoxhlet extraction with diethyl
A-a-BA 1.75 0.912 ether of the oleo-gum resin from
B. papyrifera or B. serrata are given as
B-BA 1.32 4.08 percentage (m/m) of the crude oleo-gum
resin. Compounds were quantified by HPLC
A-BA 3.13 317 analysis of the extracts as described in the
K-BA 0.276 0.337 methods. The areas under the peaks were
referred to calibration curves generated with
AKBA 3.90 0.570 the isolated compounds.
a-OH-8,24-dien-TA 0.544 1.34
B-OH-8,24-dien-TA 0.650 1.12
3-oxo-TA 2.23 2.64
3a-Ac-8,24-dien-TA 0.829 0.848
Ac-LA 0.454 0.208

2.5.4 Medical use ofBoswellia preparations

2.5.4.1 Traditional use

Frankincense was already used as a herbal remetg sncient cultures of Egypt, Rome and the
traditional medicine of the orient, China and Indmth a focus on treatment of inflammation
(arthritis, ulcers, skin diseases, fever, diabefg@3-509]. Frankincense was listed in the German
pharmacopoeia (DAB 1, 1872) and was used in theaplye of huskiness, abscesses and
inflammations of the mouth, throat and ovaries [51Mith the emergence of synthetic drugs in
modern medicine attention for phyto-pharmaceuticalsished, manifest in the last entry of
frankincense (or “Olibanum”) in the German pharnmm®a in 1941. With the upcoming attention
for alternative medicine, interest for the resisureected and frankincense re-appears in the
European pharmacopoeia (Ph. Eur.) since edition 5.7

2.5.4.2 Clinical effectiveness and safety data of frankinaese formulations

Clinical data on frankincense formulations inclyg®t studies on arthritis, inflammatory bowel
diseases, bronchial asthma and cancer, all of wéiiehbased on or associated with a chronic
inflammatory background [508] (Tab®. On the other hand, the focus on chronic inflatoma
might result from convenient patient recruitmemtp&iments in animal models suggest efficacy

in some models of acute inflammation as well [512}5
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Table 3: Clinical studies on frankincense formulatbns.H15 lipophilic B. serrataextract, WokVel™ B. serrata
extract standardized on 40% BAs, 5-LdkB. serrataextract standardized on 30% AKBA, AflaBiB. serrata
extract enriched in AKBA and non-volatile oil, “Ss@pound”B. serratapreparation, MMP-3 matrix

metalloproteinase.3

Disease Study design Outcom® comments
Rheumatoid | Meta- analysis of 11 studies; H1bReduction of pain and swelling of joints
arthritis - Inhomogeneous study-design and lack of transppnesid
[513] proper assessment
[514] Placebo controlled; HF53,600 |No significant beneficial effects on pain, swelljtdpod
mg/d for 12 weeks); 18 patients | sedimentation, c-reactive protein level, requirenoéradditional
(verum), 19 patients (placebo) |NSAIDs
- Small number of patients and concomitant treatmétht
glucocorticoids and disease-modifying anti-rheumdtiugs limit
the power of the outcome
Osteo- Placebo controlled, crossed-over;Reduction of pain and swelling of arthritic knelesreased knee
arthritis WokVel™ (999 mg/d for 8 weeks flexion and walking distance, unchanged radioldgiesults
[515] 30 patients
[516] Prospective, comparison of Improvement of pain, stiffness and difficulty inrfeeming daily
WokVel™ (999 mg/d) and activities in both groups
valdecoxib (10 mg/d); 33 patients—> Effect appeared faster in valdecoxib group (1 tmast 2
per group, 6 months months in WokVel™ group) but relapsed directly after abortion
of the therapy, whereas WokV&leffect persisted for 1 month
[517] Randomized, placebo-controlled Dose-dependent amelioration of pain, physical fonstand
5-Loxin® (100 and 250 mg/d for | MMP-3 levels in the synovial fluid
90 d); 25 patients per group
[518] Placebo-controlled, comparison dbose-dependent amelioration of pain, physical fonstand
5-Loxin® and Aflapirf (both MMP-3 levels in the synovial fluid in both verumogips with
100 mg/d for 90 d); 20 patients pesuperiority of the Aflapifi group
group
Morbus Double-blind, comparison of HT§ Comparable efficacy of both treatments with respethe Crohn
Crohn (3,600 mg/d, 44 patients) and | disease activity index (CDAI) accompanied with sigre
[519] mesalazine (4,500 mg/d, 39 tolerance of H1%
patients), 8 weeks
Ulcerative | Comparison of pulverized Improvement of all tested parameters (stool praggrt
colitis B. serrataresin (standardized on | histopathology, haemoglobin, serum iron, calciuhggphorus,
[520] 1.8% KBA and 1.4% AKBA, proteins and total leukocyte and eosinophil couintgpth
1,050 mg/d, 34 patients) with groups, remission of 82% and 75% of the patientlen
sulfasalazine (3,000 mg/d, 8 Boswellia and sulfasalazine-treated group, respectively
patients) , 6 weeks
Chronic Comparison of “S-Compound” | One or more of the parameters (stool propertiassppathology,
colitis (900 mg/d, 20 patients) with haemoglobin, serum iron, calcium, phosphorus, pretend total
[521] sulfasalazine (3,000 mg/d, 10 |leukocyte and eosinophil counts) improved in 90% &% of
patients), 6 weeks the “S-Compound” and sulfasalazine group, respelgtiwith
70% and 40% of the patients going into remissiespectively
Collagenous| Double-blind, placebo-controlled, Remission of 64% of the patients in the verum greai27% in
colitis B. serrataextract (standardized drthe placebo group
[522] 80% acidic compounds,
1,200 mg/d, 6 weeks) , 11 patients
(verum), 15 patients (placebo)
Bronchial | Double-blind, placebo-controlled} Improvement of the test parameters (dyspnoea, Hionembers
asthma “S-Compound” (900 mg/d, 6 of attacks, different lung function tests) in 70%ite “S-
[523] weeks) , 40 patients in both grougSompound”-treated patients vs. 27% in the controlig

Several clinical studies using H15vere performed in patients suffering from intrardal

tumours [524-526]. A direct anti-proliferative eftecould not be confirmed, but improvement of

intra-cranial oedema and related symptoms was wbdeNevertheless, small groups of patients,

parallel medication and the lack of controls cowogie the assessment of these studies.
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Regarding the toxicological aspectsBuafswelliapreparations, only minor evidence of side effects
has been reported in therapeutic dosage. In dosegeseding therapeutic dimensions, no
genotoxic activity of BAs (at 1,000 mg/kg) [527] sub-chronic toxicity oB. papyriferaresin or
5-Loxin® extract were found in rats [528-529]. Extremelgthiconcentrations oB. papyrifera
resin (1,000 mg/(kg x d) for 28 days or single adstration of 5,000 mg/(kg x d)) led to toxic
effects such as decreased body weight, weaknehs;a@ motion activity and variations of some
of haematological and biochemical parameters is [&28]. A study analysing the toxicity of the
extract 5-Loxif? in rats found Les greater than 5,000 mg/kg (peroral) and 2,000 gnfrlermal)
[529].

In an aforementioned clinical study using I15ubstantial laboratory parameters were registered
for the evaluation of toxicological effects (haemag, creatinine, alkaline phosphatase,
glutamyl transpeptidase, glutamic-pyruvic transas@ urinalysis) [514]. None of these
parameters was abnormally changed during the thefap4]. Some of the clinical studies
documented the occurrence of gastrointestinal dessr(nausea, abdominal pain and cramping,
diarrhoea, pyrosis) [346, 515-516, 521-522]. A adive association of these side effects and the
therapy with frankincense formulations could ndfirdiely be passed because of the small number
of events. In summary, frankincense formulationg @romising tools in the therapy of

inflammatory diseases featuring a favourable safatyile.

2.5.4.3 Molecular mechanisms affected by compounds isolatdcom Boswellia
preparations

Traditional medicine and modern studies supportatfite inflammatory potential of frankincense
formulations. Several molecular targets possiblgeaulying these effects have been identified in
the last decades.

The first target to be identified for frankincenseracts and BAs was 5-LO [530-531]. AKBA
was found to be the most potent BA with agolGf 1.5 uM in A23187-stimulated rat peritoneal
PMNL and the BAs turned out to be non-redox tygshitors of 5-LO [531]. However, the kg
values for AKBA deviate markedly (1.5 — 50 uM) deg@mg on the assay conditions [406, 532].
Additional interference with cellular pathways magcount for enhanced potency of BAs in some
cellular systems. The carboxylic group in ring Adatihe keto-function in the C-11 position
enhance the 5-LO inhibitory potential. Non-inhibytalerivatives (e.g. ursolic acid, amyrin) are
able to compete with AKBA for the binding site oi®, which is different from the catalytic site
[406, 533]. Binding of AKBA is C&-dependent and competes with high concentrationsAof
suggesting a common allosteric binding site [534].
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In a cellular context, frankincense formulationsibx stimulatory effects on 5-LO activity as well
[535]. Ethanolic extracts enhanced A23187-inducedO5 product formation in PMNL in
concentrations below 5 pg/ml, whereas product ftiomais inhibited at higher concentrations.
AKBA itself only performs inhibitory effects in stiulated neutrophils. In resting PMNL, AKBA
and KBA induce p38 and ERK-1/-2 MAPK activation, “Canobilization and the formation of
reactive oxygen species, which leads to AA releagk enhanced 5-LO product formation [536-
537]. Similar to frankincense extracts, the tetcéicytriterpene 3-oxo-TA stimulates A23187-
induced 5-LO product formation in PMNL at concetitnas below 10 puM and acts inhibitory at
concentrations above 10 uM [538]. In contrastdéavative 3-OH-8,24-dien-TA constantly acts
inhibitory. 3-oxo-TA (but barely &0OH-8,24-dien-TA) induces MAPK/ERK kinase-1/-2 (MEK
1/-2) phosphorylation, which is associated withaded translocation of 5-LO to the membrane
compartment of the cell.

Although BAs were primarily claimed to be exclusiwhibitors of 5-LO not affecting other
enzymes of AA metabolism such as 12-LO and COX [58thibition of platelet-type 12-LO
(p12-LO) [539] and COX-1 [540] was found in moreeat analyses. Both COX-1 and p12-LO
bind directly to immobilized BAs. COX-1 activity ishibited by BAs in stimulated platelets with
AKBA being the most potent compound §C- 6 pM), and all tested BAs inhibited COX-1 £C

~ 32 uM) in a cell-free assay [540]. The inhibitisireversible, competes with AA, and binding to
the catalytic site was reproduced in an automatsskidg approach. Binding and inhibition of
COX-2 is by far less prominent. AKBA (kg ~ 15 uM) andB-BA inhibit p12-LO in cell-free
assays, but BAs stimulate 12-HETE production intgias [539]. The stimulatory effect is
preserved after deprivation of €and is caused by cPLédependent AA supply, which, in the
presence of C3, is associated with P13 and Src kinase activi89[541].

Most recently, the microsomal P@Eynthase-1 (mMPGES-1) was found to bind immobiliBéd

in a target fishing approach [540]. Direct bindiwgs confirmed by surface plasmon resonance
spectroscopy and led to suppression of mMPGES-titgatiith 1Csovalues of 3 to 10 uM in a cell-
free assay. PGEsynthesis was also inhibited in stimulated A548sand LPS-challenged human
blood, without impact on other COX-dependent melisgs Carrageenan-induced pleurisy in rats
and paw oedema in mice were inhibited by BAs, whids accompanied by reduced RGE
formation. B-BA was the most potent BA causing significant imtion of pleurisy and PGE
formation after peroral administration of 1 mg/kg.

Another molecular target of BAs is human leukoogtastase (HLE) with an kg of 15 uM for
AKBA in a cell-free assay [542]. The inhibition BILE by triterpenic acids was already shown for
ursolic acid (1Go ~ 2 pM) and even for neutral triterpenes like am{42-543].



2.5Boswelliaspecies 51

Recently, direct interaction of BAs with cathep&@n(CG) was demonstrated in a target fishing
approach [544]. Automated docking suggests tightlihg to the same site as an established CG
inhibitor. Proteolytic activity of CG is inhibiteat sub-micromolar concentrationsmBA, AKBA
and A-BA and functional effects of CG (chemoinvasio matrigel, C&" mobilization in platelets)
are reduced upon treatment of neutrophils with Bl administration of frankincense extracts
in a clinical study even inhibited CG activity imrman blood. These results are in line with earlier
observations that found the inhibition of inflamigt leukocyte migration in rats after treatment
with frankincense extracts [545].

A-a-BA and AKBA inhibit kB kinases: andp (IKK), suppress the phosphorylation @Bl and
p65 and thus hinder the translocation of the kBFeomplex to the nucleus [546]. This was
associated with the suppression of LPS-stimulatddation of TN in human monocytes at BA
concentrations in the low micromolar range.

Further reports indicate interactions of frankingerpreparations and BAs with the immune
system, such as the inhibition of the C3-convertfs€r], stimulation of mitogen-induced
lymphocyte proliferation [548] and enhanced releafs€h2-derived cytokines (IL-4, IL-10) along
with reduced Thl-derived (IBN IL-2) cytokine production in stimulated lymphoegt[549]. A
recent study demonstrated the interference of AKfth STAT3 signalling by induction of Src
homology region 2 domain containing phosphatas&HP(1) [550]. The resulting inhibition of
IL-6-induced transcription through STAT3 was asated with reduced proliferation of cancer
cells [550] but might also inhibit the induction pfo-inflammatory cytokines such as IL-17 and
IL-23 that are highly involved in chronification offlammation [551].

Many studies have been performed on anti-prolifegatpro-apoptotic and cell-differentiating
effects of frankincense formulations (reviewed #17]). Interaction of BAs (especially G-
acetyl-derivatives) with topoisomerases | andriiay partly account for these actionssg@alues

of 1 to 30 uM) [552-553]. Moreover, inhibition KK was shown to contribute to cell death and
inhibition of prostate cancer cell proliferatiorbfg. As ERK is part of anti-apoptotic signalling in
many cancer cells [555], inhibition of this kinalsg AKBA may account for anti-proliferative
effects as well [556].

Data on molecular targets Bbswelliaderived terpenes besides BAs is quite scarce.ntldded
MEK-driven activation of 5-LO activity in PMNL wasalready mentioned above [538].
Furthermore, TAs directly inhibit Aktl and Akt2 @€ values of 0.1-1 uM for
3p-Ac-8,24-dien-TA), which induces apoptosis of pabdstcancer cells that exhibit constitutive
Akt activity without affecting the NkB pathway or the viability of non-cancerous cefiST].
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The extract of the gum resin froB frereana which contains diminutive amounts of acids, was
shown to suppress MMP activation, as well as NO R@&d;, production in stimulated cartilage
tissue, which was attributed to the major componepeol [558]. The neutral compounds
incensole and incensole acetate, which represejur mamponents of the neutral fraction from
B. papyrifera[488], are recent subjects of investigation. Both substsustippress TNF or LPS-
stimulated activation of the N&B pathway by inhibition of IKK phosphorylation [5h9
Significant inhibition of carrageenan-induced paedema in mice was shown for incensole
acetate. However, the applied dose was relativigly (60 mg/kg) and so was thesifJor TNFu-
induced NF«B activation in Jurkat cells (50 pM). Incensoletate significantly inhibits the LPS-
induced NF«B-mediated production of pro-inflammatory mediatdidNFa, IL-1B, IL-6 and
PGE) in human monocytes with kgvalues of 15 to 30 uM [560].

2.5.4.4 Pharmacokinetics

Pharmacokinetic parameters are crucial for assedsofig¢he final efficacy of drugs vivo, but
data so far are only available for BAs. Transfethefse data to other triterpenic acids might serve
as vague reference. Single dose application ofn¥@3NokVel" extract B. serratd peaks in
plasma concentrations of about 3 UM KBA after 4&nk the elimination half-life is about 6 h
[561]. Single administration of 1,600 mg of anoth&rserrata extract results in KBA peak
concentrations of 1.7 uM within 1 h whereas AKBA it detected [562]. Repeated
administration of four daily doses of 786 mg extr@&: serratg for 10 days leads to plasma levels
of 10 uMB-BA, 2.4 uM A-BA, 0.34 uM KBA and 0.1 uM AKBA [563which is approximately

in line with another study [544].

Food intake critically influences bioavailability BAs. Peak plasma levels are increased 3- to 6-
fold whenB. serrataextracts are administered with a high fat dietead of fasted conditions
[564]. Non-acetylated BAs are intensively oxidizetthin phase | metabolization whereas the
acetylated derivatives are poorly transformed [568p phase | metabolization (including
deacetylation) was observed for AKBAVvivo. Restricted permeability in Caco-2 models provides
an explanation for the relatively poor bioavaildapil of 11-keto-BAs [566]. Moreover,
11-keto-BAs interact with the organic anion tranmspo OATP1B3 and multi-drug resistance
protein 2 (MRP2) but not with P-glycoprotein. Frardense extracts from differel. species
inhibit diverse cytochrome P450 enzymes, with BAstabuting to inhibition (1Go values of 5-
100 pM) but undefined compounds being the majoibitdrs [567].
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2.6  Aim of this work

Extracts from the oleo-gum resin Bbswelliaspecies have been used in the treatment of diverse
diseases since ancient times [508]. In modern mmegjidrankincense formulations first fell into
oblivion but re-emerged in the 1980s with upcomdeaga supporting their therapeutic efficacy
accompanied by exiguous toxicity. Recent clinicaldees and experiments in animal models
stated the therapeutic efficacy of frankincensemtdations in inflammatory diseases such as
osteoarthritis, inflammatory bowel diseases, braaichsthma and cancer [508, 512]. From the
beginning of modern investigation of the resin,infal role was attributed to the genus-specific
BAs. Several molecular targets of these compoumads heen identified so far: 5-LO [530-531],
platelet-type 12-LO [539], COX-1 [540], mPGES-1 [$1CG [544], HLE [542] and«dB kinase
[546]. BAs represent a considerable part of thenrbst other compounds, which make up about
85% of the whole oleo-gum resin or about 50% ofabigl fraction [483, 497] were neglected in
former investigations. So far, only TAs were rudntaily investigated and were shown to
modulate 5-LO product formation in cellular modg88]. Furthermore, incensole and incensole
acetate were demonstrated to interact with thexBiFpathway [559]. The molecular targets
identified for BAs, incensole and incensole acetatevide some explanation for the clinical
efficacy of frankincense formulations. However, &oyme of these targets, thesdGvalues are
relatively high and the realization of the requipgddsma levels after administration of reasonable
doses of frankincense extracts is uncertain. Maed®As only represent a more or less random
selection of the plethora of structurally diversanpounds comprised in the oleo-gum resin and
thus might only contribute in part to the overaitianflammatory activity.

This work is part of a joined project with the Uargity of Saarland (Michael Paul, Johann Jauch)
and the Aureliasan GmbH (Tubingen, Germany). Thejept is supposed to reveal the
composition of frankincense extracts derived froiffecent Boswellia species, to identify
pharmacologically active principles besides BAgs] amevaluate the contribution of the individual
compounds to the overall biological effects of agts. The objective is to provide the raw
material and extraction methods that yield an extnath optimized activity.

The aim of the present part of this project isgharmacological characterization of frankincense-
derived triterpenic acids besides BAs. Their impgattargets of BAs is assessed and compared to
the results obtained for BAs. cPkA 5-LO, COX-1 and -2, mPGES-1, CG, HLE and the
glucocorticoid-glucocorticoid receptor interactiare central subjects of investigation.
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3 Materials and Methods

3.1 Materials

[5,6,8,9,11,12,14,18H]-AA and MK-886 were from BIOTREND GmbH (Cologn&ermany), p-
anisidinium chloride, EDC (N-(3-dimethylaminopropW'-ethylcarbodiimide hydrochloride),
cPLAza inhibitor (RSC-3388), JNJ-10311795, KN-62, KN-98;methoxysuccinyl (MeOSuc)-
Ala-Ala-Pro-Val-p-nitroanilide (human leukocyte sfase substrate), sivelestat and U46619 were
from Calbiochem/Merck KGaA (Darmstadt, Germany) arBAPTA-AM (1,2-bis(2-
aminophenoxy)ethane-N,N’N'-tetraacetic acid tetrakis(acetoxymethyl esterCC(cinnamyl-
3,4-dihydroxye-cyanocinnamate), fMLP, Fura-2-AM (1-[2-(5-carboxgaol-2-yl)-6-
aminobenzofuran-5-oxy]-2-(2'-amino-5'-methyl-pheyjox ethane-N,N,N',N'-tetraacetic acid,
pentaacetoxymethyl ester), okadaic acid and UOl126e wurchased from Enzo life sciences
GmbH (Ldrrach, Germany). BSA (bovine serum albumaathepsin G (human, purified), EDTA
(ethylenediaminetetraacetate, disodium salt diltgjraand HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulphonic acid) were from ApplicheémbH (Darmstadt, Germany), COX-1
(ovine), COX-2 (human, recombinant) andBdRGE, were from Cayman Chemical Company
(Ann Arbor, MI, USA) and DMSO (dimethylsulphoxidef};mercaptoethanol, sodium dodecyl
sulphate (SDS), Spectra/BoRegenerated Cellulose Dialysis Membrane (Cut-&£0@0) and
Tween 20 were obtained from Carl Roth GmbH & Co. @arlsruhe, Germany). ATP was from
Roche Diagnostics GmbH (Mannheim, Germany), HyBSn&CL membrane was from GE
Healthcare Europe GmbH (Munich, Germany), indonmathavas from Fagron GmbH (Barsbuittel,
Germany), collagen (Kollagenreagenz H8ynfrom Nycomed Pharma GmbH (Wien, Austria),
Ni-NTA agarose from Qiagen GmbH (Hilden, GermanggqGold Protein Marker IV from
peglLab Biotechnology GmbH (Erlangen, Germany), PGtdm Larodan Fine Chemicals
(Malmo, Sweden), SureFECY from SABiosciences corp. (Frederick, MD, USA) adtima
Gold™ XR was from Perkin Elmer Inc. (Boston, MA, USA).Carrageenan type IV was from
Sigma-Aldrich S. r. . (Milan, Italy) and AA, A23X8 cholesterol, cytochalasin B, 2,7-
dichlorofluorescin diacetate, essentially fattydatee BSA (FAF-BSA),y-linolenic acid, LPS
(from Escherichia coli026:B6), N-Suc-Ala-Ala-Pro-Phe-p-nitroanilide (oapsin G substrate),
PGB, and thrombin were obtained from Sigma-Aldrich Crei@mbH (Munich, Germany), as

well as all other chemicals, which are not menttbseparately.
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BWA4C, CV-4151, SB203580 and MD-52 were generotis ¢y Dr. L. G. Garland (Wellcome
Research Laboratories, Kent, UK), Prof. Dr. S. keaulUniversity of Tubingen, Germany) and
Prof. Dr. M. Schubert-Zsilavecz (University of Fkdurt, Germany), respectively.
Anti-cPLAz-antibody was from Santa Cruz Biotechnology Inant® Cruz, CA, USA), anfl-
actin-, anti-phospho-Akt-, anti-phospho-B8cPLAy-, anti-phospho-p44/42 MAPK-, anti-
phospho-JNK- and anti-phospho-p38 MAPK-antibodiesesrom Cell Signaling Technology Inc.
(Danvers, MA, USA). Secondary antibodies were fidigma-Aldrich Chemie GmbH (Munich,
Germany) (alkaline phosphatase- and peroxidaseledwgmtibodies) and GE Healthcare Europe
GmbH (Munich, Germany) (fluorescent dye-couplediaties).

PGE- and 6-keto PGE-ELISA kits were purchased from Assay Designs [#an Arbor, Mi,
USA) and LTB- and 6-keto PGR-ELISA kits for in vivo experiments were from Cayman
Chemical Company (Ann Arbor, MIl, USA). The PGIEIA used forin vivo experiments was from
Sigma-Aldrich S. r. . (Milan, Italy). The Cigndl GRE Reporter Assay Kit was provided by
SABiosciences corp. (Frederick, MD, USA) and thealduciferase reporter assay system was
from Promega GmbH (Mannheim, Germany).

All cell culture media, LSM 1077 (Lymphocyte Sepgara Medium), trypsin/EDTA solution,
glutamine, penicillin and streptomycin were from A Aaboratories GmbH (Coelbe, Germany).
All lipids for non-cellular cPLAo assays (1-palmitoyl-2-arachidonariglycero-3-phospho-
ethanolamine (PAPE), 1-palmitoyl-2-arachidonesglycero-3-phosphocholine (PAPC) and 1-
palmitoyl-2-oleoylsn-glycerol (POG)) were from Avanti Polar Lipids In@labaster, AL, USA).
High performance liquid chromatography (HPLC) sabgewere from Merck KGaA (Darmstadt,

Germany). All plastic ware was from Greiner Bio-GambH (Frickenhausen, Germany).

3.2 Extraction of Boswellia oleo-gum resins and separation in fractions

The oleo-gum resins doswelliaspecies were powdered, filled in cellulose tubes @xtracted
with dichloromethane in a Soxhlet extractor forll@&Removal of the solvent led to the raw extract
(RE). For separation of the acidic compounds, RE diasolved in diethyl ether and alkalized
with potash lye (5%, m/v). The mixture was shakem iseparating funnel and the aqueous phase
was washed thrice with diethyl ether. The ethersphavere combined, washed with saturated
common salt solution and dried with anhydrous magme sulphate. Evaporation of the ether
yielded the neutral fraction (n. f.). After acidiition of the potash lye-phase with hydrochloric
acid to pH 2-3, the aqueous phase was extractazk tivith diethyl ether. The pooled organic
phases were washed with saturated common salticsoland dried with anhydrous magnesium

sulphate. Evaporation of the ether resulted irettid fraction (a. f.).
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3.3 Fractionation of extracts by flash chromatography

Flash chromatography of extracts from the oleo-gesm ofBoswelliaspecies was performed by
Dr. S. Seitz and M. Paul (University of Saarlanda®riicken, Germany).

The stationary phase (normal phase silica gel,igl@arsize 40-63 um, 1,400 ml, Merck KGaA,
Darmstadt, Germany) was equilibrated in mobile phi@gntane-diethyl ether (8:1, v/v) and acetic
acid 1%, v/v), degassed, and filled in a glass molf10 cm). The sample was dissolved in the
appropriate amount of mobile phase and filled @ ¢hromatographic bed. Elution was carried
out by application of 1 bar and usage of a penthetlyl ether gradient from 8:1 to 1:2 (v/v).
Fractions were collected each 10 sec. The fractieer® analyzed by thin layer chromatography
(silica gel 60, Bs4, Merck KGaA, Darmstadt, Germany, pentane-dietkiye(2:1, v/v) plus acetic
acid 1%, v/v) and fractions containing the same poumds were merged.

3.4 Analysis of extracts by HPLC and structure elucidaion of isolated
compounds by MS and NMR

Analysis of extracts from thBoswelliaoleo-gum resins by HPLC and structure elucidatén
isolated compounds by mass spectrometry (MS) amteau magnetic resonance (NMR) were
performed by Dr. S. Seitz and M. Paul (Universitysaarland, Saarbriicken, Germany).
Analytical systems: The acid fraction (see chapft@) and its subfractions (see cha@€e3) were
analyzed on a NucleodUrC18 ec-column (250 x 4 mm, 5 pm particle size, Maey & Nagel,
Duren, Germany) or a YMC-Pack Pro C18 RS-columrD(2%.6 mm, 5 um particle size, YMC
Co., Ltd., Kyoto, Japan), using a gradient from ®b 100% methanol with 0.1% (v/v)
trifluoroacetic acid (0.85 ml/min).

Preparative systems: Isolated acids were obtaingdpreparative chromatography using a
Nucleoduf C18 ec-column (250 x 21 mm, 5 pm particle sizechdmey & Nagel, Diren,
Germany) or a YMC-Pack Pro C18 RS-column (250 x2@ 5 um particle size, YMC Co., Ltd.,
Kyoto, Japan), using a gradient from 85 to 100%hawesd! (23.4 mil/min).

The separated compounds were detected by UV-dmateati210 nm, collected and characterized
by MS (MAT 95 S (Bruker, Karlsruhe, Germany) and 40Q0-ESI-MS (single quadrupole,
Waters, Milford, MA, USA)) and NMR-spectroscopy( **C, DEPT 90, DEPT135, H, H-COSY,
HMQC, HMBC, HMQC-COSY and NOESY, AV Il 400 and A\W06-devices (Bruker, Karlsruhe,
Germany)). The purity of the isolated compounds wa8% as determined by DAD-HPLC.
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3.5 Caells

A549 cells

A549 cells (human lung epithelial cell line) werbtained from Dr. O. Radmark (Karolinska
Institute, Stockholm, Sweden). HERAcell incubatof3hermo Fisher Scientific Inc.,
Langenselbold, Germany) were used (37 °C, 6%)Ci@r culturing. Cells were cultured in
DMEM/high glucose (4.5 g/l) medium supplementedhvifCS (10%, v/v), penicillin (100 U/ml)
and streptomycin (100 pg/ml). Confluent cells wepdit every 3 days after detachment with
trypsin (0.5 mg/ml) / EDTA (0.22 mg/ml) solution carseeded out at 2 x A@ells in 20 ml

medium.

Sf9 cells

Insect cells fronSpodoptera frugiperdéSft9 cells) were obtained from Prof. Dr. J. Z. Big&trom
(Karolinska Institute, Stockholm, Sweden). Cellsreveultured at 27 °C in an incubator (Binder
GmbH, Tuttlingen, Germany) in Erlenmeyer flasksemdontinuous stirring. For culturing, Insect
Express Sf9-S2 medium that was supplemented witth HCS, penicillin (100 U/ml) and
streptomycin (100 pg/ml) was used. Cells were sptien the cell density exceeded 2 ¥ &8lls
per ml and seeded out at 5 ¥ &8lls per ml.

Human blood cells

Blood cells were isolated from leukocyte concemsatbuffy coats) from the blood centre
University Hospital Tibingen (Germany). Venous lodldmom healthy donors that did not take any
medication for at least 7 days was taken and degéd at 4,000 x g, 20 min at room temperature
(RT). The cell concentrate was then diluted witldq@hosphate buffered saline (PBS) buffer (1:1,
v/v). Erythrocytes were separated by dextran sedbiatien (dextran solution 5% (m/v in PBS)
was mixed with the cell suspension in a ratio df ¥/v) for 30 min and the leukocyte concentrate
was layered on LSM 1077 (leukocyte separation nmlicushions and centrifuged at 1,000 x g,
10 min at RT.

Pelleted PMNL were purified from resting erythreeytby hypotonic lysis as described [383] and
resuspended in the appropriate volume of PBS bsfipplemented with 1 mg/ml glucose (PG
buffer, purity > 96-97%).

Peripheral blood mononuclear cells (PBMC) wereexbéld after density gradient centrifugation,
washed thrice with cold PBS buffer and resuspemd & buffer in the indicated density.



3.5 Cells 59

Monocytes were isolated from PBMC, which were rpsusled in RPMI 1640 medium
supplemented with 2 mM glutamine, 100 pg/ml straptoin, 100 U/ml penicillin and 10% FCS
and spread (2 x I0cells /ml) in cell culture flasks for 2 h at 37 °6% CQ. Suspended
lymphocytes were removed by suction and repeatedhiwg with PBS buffer. Adherent
monocytes were gently detached and resuspended @eglls /ml) in PG buffer.

Platelets for AA metabolite studies, subcellulaaicfionation and Western blot analysis were
isolated from supernatants (platelet rich plasm&P)P after centrifugation of leukocyte
concentrates on LSM 1077 cushions. PRP was mixéd RBS buffer (pH 5.9, 3:2, v/v) and
centrifuged (2,000 x g, 10 min, RT), the pellet wesuspended in PBS (pH 5.9) / 0.9% NaCl (1:1,
v/v), centrifuged again (2,000 x g, 10 min, RT) avak finally resuspended (1 x®1€ells /ml) in
PG buffer.

Platelets for AA release studies were directly migtd from PRP after centrifugation of leukocyte
concentrates on LSM 1077 cushions and adjustedtad cells /ml in human plasma.

Platelets for studies on platelet aggregation vimstated from freshly drawn blood (collected in
MonovetteS, Sarstedt AG & Co, Niirnbrecht, Germany, 10.6 migbttium citrate) from healthy
donors that did not take any medication for attl@agays. After centrifugation (240 x g, 12 min at
RT), PRP was collected, transferred into tubes aiomg 20% (v/v) ACD buffer (85 mM
trisodium citrate, 65 mM citric acid, 100 mM glue)s mixed with PBS (pH 5.9) (1:2, v/v),
centrifuged at 1,240 x g (7 min at RT) and theqielas resuspended (2 >21Ml) in Tyrode’s
buffer (129 mM NaCl, 8.9 mM NaHC{ 0.8 mM KHPQ,, 0.87 mM MgC4, 5.6 mM glucose,
10 mM HEPES pH 7.4).

Cell counting

Cell counts were determined by trypan blue exchusithe cell suspension was mixed in equal
parts with trypan blue solution (0.2%, w/v) andicelere counted on a Burker haemocytometer

under a light microscope.

Cell viability

To exclude toxic effects of test compounds duringubation periods, PMNL and monocyte
viability was analysed by light microscopy and aypblue exclusion. Incubation with 30 uM of
the isolated test compounds or 30 pg/ml of theaekdrfor 30 min at 37 °C caused no significant

change in neutrophil or monocyte viability.
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3.6 Animals

Male adult Wistar Han rats (200-230 g, Harlan, Mijldtaly) were housed in a controlled
environment and provided with standard rodent clamd water. Animal care complied with
Italian regulations on protection of animals used éxperimental and other scientific purpose
(Ministerial Decree 116192) as well as with the dagan Economic Community regulations
(Official Journal of E.C. L 358/1 12/18/1986).

3.7 Induction of MPGES-1 in A549 cells and isolation ofnicrosomes

A549 cells (2 x 1Bcells in 20 ml DMEM/high glucose (4.5 g/l) mediwnntaining FCS (10%,
v/v), penicillin (100 U/ml) and streptomycin (10@/4ml)) were plated in flasks and incubated for
16 h at 37 °C and 6% GOSubsequently, the medium was replaced by frestiumecontaining
2% (v/v) of FCS. Induction of mMPGES-1 expressiors started by addition of interleukirg-1IL-

1B, 2 ng/ml) for 72 h (37 °C, 6% G The cells were detached, washed in PBS andéletgd
cells were frozen in liquid nitrogen. Ice cold hageaization buffer (0.1 M potassium phosphate
buffer pH 7.4, 1 mM phenylmethylsulphonylfluorideNISF), 60 pug/mL soybean trypsin inhibitor
(STI), 1 pg/mL leupeptin, 2.5 mM glutathione and2BM sucrose) was added and after 15 min,
the pellet was resuspended and sonicated on ige2(Bsec). The homogenate was subjected to
differential centrifugation at 10,000 x g for 10mand at 174,000 x g for 1 h at 4 °C. The pellet
(microsomal fraction) was resuspended in 1 ml hosnagation buffer and the protein

concentration was determined by Bradford prote@ngjfication [568].

3.8 Determination of PGE, synthase activity in microsomes of A549 cells

Microsomal membranes of A549 cells were diluted1@ pl in homogenization buffer (see
chapter3.7) and test compounds or vehicle (DMSO) were dadddter 15 min at 4 °C, PGE
formation was initiated by addition of PGH20 uM). After 1 min at 4 °C, the reaction was
terminated by addition of 100 ul stop solution (MM FeC}h, 80 mM citric acid and 10 uM of
113-PGE,). PGE: was separated by solid phase extraction on RP#tHt8rial using acetonitrile
(200 ul) as eluent and analyzed by RP-HPLC (30%oadele, 70% water and 0.007%
trifluoroacetic acid (v/v), Nova-P&kC18 column, 5 x 100 mm, 4 pm particle size, floater

1 ml/min) with UV detection at 198 nm. f-PGE, was used as internal standard to quantify PGE
product formation by integration of the area urther peaks.
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3.9 Recombinant production of His-tagged cPLAa in Sf9 cells

The baculovirus, carrying the genetic informatidntlee His-tagged cPLA protein was kindly
provided by Dr. M. Hoffmann (University of FrankfutGermany) [569]. In brief, the sequence
coding for the cPLAx protein was cloned from pVL1393 into the pFastBaElT A vector
containing a 6 x His-tag coding sequence. The veetas transformed and amplified in
DH10Bac E. coli and Sf9 insect cells were transfected with thefipdr recombinant bacmid
DNA via Cellfectirf’ reagent. The generated baculovirus was amplifjefifther infections.

For expression of His-tagged cPidh SfO cells were infected with recombinant baculosi Cells
were harvested 72 h after infection, resuspendégis buffer (50 mM NakPQ, (pH 8), 300 mM
NaCl, 10% glycerol (v/v), 1 mM EDTA, 60 pg/ml STI,pg/ml leupeptin, 300 nM okadaic acid)
and lysed by sonification (Branson Sonifier celrdptor B15, Danbury, CT, USA). Insoluble
particles in the cell lysate were removed by cérgdtion at 100,000 x g (70 min, 4 °C). After
addition of 2 MM MgS@®@ and 10 mM imidazole, the supernatant was incubatithl Ni-NTA
agarose beads for 1 h at 4 °C under continuouataygit Beads were washed six times with wash
buffer (50 mM NaHPQO, buffer (pH 8), 300 mM NacCl, 10% glycerol (v/v)) maining 20 mM
imidazole, and His-tagged cPkAwas eluted with wash buffer containing 150 mM iazdle.
The eluate was dialyzed over night against TGNdsufftO mM Tris-HCI (pH 8), 300 mM NacCl,
20% glycerol (v/v)) and the protein content waslgred using a protein quantification test kit
according to the manufacturer’s instructions (Rdtianoquant, Carl Roth GmbH & Co. KG,
Karlsruhe, Germany).

3.10 Determination of arachidonic acid release from artiicial vesicles

The cPLAa activity assay was performed with large unilanrellasicles (LUVsS) containing

PAPC (166.7 nmol per ml dispersion) and POG (888lnper ml dispersion). Alternatively,

LUVs containing different ratios of PAPC and POGAPE or combinations of PAPC and
cholesterol were used, always maintaining an ovipad content of 250 nmol per ml dispersion.
LUVs were produced by drying phospholipid solutidgims chloroform) under argon atmosphere.
Vesicle buffer (134 mM NaCl, 20 mM Tris-HCI pH 7.jth or without 1 mg/ml FAF-BSA was

added and the lipid suspension was subjected ¢adrehaw cycles (liquid nitrogen / 37 °C). Lipid
aggregates were disintegrated to LUVs by extrugibt®0 nm pore diameter). LUVs (0.2 ml
dispersion) were supplemented with EDTA 1 mM or GalmM and pre-incubated with test
compounds 10 min (RT) prior to starting the reactoth 2.5 pg/ml of purified enzyme. After 1 h
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at 37 °C, the reaction was stopped by addition.6frdl methanol. 1 nmol of linolenic acid was
added, samples were acidified with 40 pL HCI (1any buffered with 1.6 ml PBS buffer. After
solid phase extraction of the fatty acids (C18-owuig, 100 mg, UCT, Bristol, PA, USA) the fatty
acids were derivatized with p-anisidinium chlorigighg EDC and then analyzed by HPLC (Nova-
Pak® C18 column (5 x 100 mm, 4 um particle size, WatEsshborn, Germany)) at 250 nm using
gradient elution starting from aqueous methanol §83&s 0.007% trifluoro acetic acid (v/v) to
methanol 100% plus 0.007% trifluoroacetic acid \vilhe amount of released and derivatized AA

was determined by peak area integration using azed linolenic acid as internal standard.

3.11 Expression and purification of human recombinant 5LO from E. coli

E. coliBL21 cells were transformed with pT3-5LO plasmgldeescribed [570]. Cells were grown
overnight at 37 °C in Luria-Bertani (LB) medium ¢aiming 100 pg/ml ampicillin. LB medium
containing 10 uM FeS2 mM MgSQ and 100 pg/ml ampicillin was inoculated with ovigirt
culture (30 °C) and 5-LO expression was induce8@®y uM isopropyB-D-thiogalactopyranoside
(IPTG), when the optical density (OD, 620 nm) extzek0.2. At an OD (620 nm) of 2.0 (ca. 16 h
after addition of IPTG), the cells were harvestéd@ Q0 x g, 15 min, 4 °C), lysed by incubation in
lysis buffer (50 mM triethanolamine/HCI (pH 8.0),n8M EDTA, 60 pg/ml STI, 1 mM PMSF,
2 mM dithiothreitol (DTT) and 500 pg/ml lysozymencdahomogenized by sonification (3 x 15 s)
(Branson Sonifier cell disruptor B15, Danbury, CUOSA) on ice. The homogenate was
centrifuged (40,000 x g, 20 min, 4 °C, Sorvall R8 ®plus, Thermo Fisher Scientific Inc.,
Newtown, CT, USA) and the supernatant was subjetdealfinity chromatography on an ATP
agarose column [362]. Elution was conducted witim@® ATP in PBS plus 1 mM EDTA and the

eluate was used for activity assays on purifiedX-L

3.12 Determination of 5-LO product formation in purified recombinant
5-LO

0.5 pg of purified recombinant 5-LO were dilutedlioml of cold PBS containing 1 mM EDTA
and 1 mM ATP. Test compounds were added and afienid at 4 °C the samples were set to
37 °C for 30 sec. The reaction was started by mahddaf 2 mM CaCl and 20 uM AA and stopped
after 10 min by addition of 1 ml cold methanol. éfiaddition of 200 ng PGBacidification with
30 pl 1 M HCI and dilution with 500 pl PBS buffétGB; and the 5-LO products (5(S)-HETE and
the all-trans isomers of LTf8were extracted via solid phase extraction on €dléamns (100 mg,
UCT, Bristol, PA, USA). The extracted samples wanalyzed via HPLC on a Nova-Fak18
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column (5 x 100 mm, 4 um particle size, Waters,hBsen, Germany) using aqueous methanol
76% plus 0.007% trifluoroacetic acid (v/v) as mebphase. The amount of 5-LO product
formation was determined by peak area integratidheochromatograms at 280 nm (PGid the
all-trans isomers of LTH and 235 nm (5-HETE), using PGBs internal standard [571].

3.13 Determination of the activity of isolated COX-1 and-2

Determination of the activity of isolated ovine C&Xand human recombinant COX-2 was
performed as described [572-573]. In brief, pudfiéOX-1 (ovine, 50 units) or COX-2 (human
recombinant, 20 units) were diluted in 1 ml of Thgffer (100 mM, pH 8) supplemented with
5 mM glutathione, 5 uM haemoglobin and 100 uM EDa&iA4 °C and incubated with the test
compounds for 9 min. Samples were warmed up toC3ibf 1 min and AA (5 uM for COX-1,

2 uM for COX-2) was added to start the reactiorte A6 min at 37 °C, the reaction was stopped
by addition of ice-cold methanol. After addition 200 ng PGB acidification with HCI (30 pl

1 M) and dilution with PBS buffer (500 pl), COX-tgaluct 12-HHT was extracted via solid phase
extraction on C18-columns (100 mg, UCT, Bristol, ,P&SA). The extracted samples were
analyzed via HPLC on a Nova-PalC18 column (5 x 100 mm, 4 um particle size, Waters
Eschborn, Germany) using aqueous methanol 76% @@BB7% trifluoroacetic acid (v/v) as
mobile phase. The amount of 12-HHT was determingd pbak area integration of the
chromatograms at 280 nm (PGBnd 235 nm (12-HHT).

3.14 Determination of CG and HLE activity

Cathepsin G (CG) and human leukocyte elastase (kg liberated from PMNL as described
[574]. In brief, PMNL (2.5 x 10/ml in PG buffer supplemented with 1 mM Ca(®GC buffer))
were warmed up to 37 °C (2 min) and stimulated WihuM cytochalasin B for 5 min at 37 °C
and 2.5 uM fMLP for further 5 min at 37 °C. Theuhation was stopped on ice and the cells were
spun down (1,200 x g, 5 min, 4 °C). The supernata® used as source for CG and HLE, which
are contained in concentrations of about 10 pg/adhe[574]. The protein content in the
supernatant was determined by Bradford protein tification [568] and adjusted to 150 pg/ml
with PGC buffer, which corresponds to a final carication of 7.5 ug/ml in the assay or an
enzyme activity of about 0.5 mU/ml for CG and 1.8/ml for HLE under the applied conditions
(1 U hydrolyzes 1 umole of substrate per minutdjerAatively, 1 pg/ml of purified human CG
(Applichem GmbH, Darmstadt, Germany) were used¢ciwbbrresponded to an activity of 1.4 mU
per ug CG at the specified conditions.
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Incubation was performed in a 96-well plate. 18®filassay buffer (100 mM HEPES pH 7.4,
500 mM NacCl) were mixed with 10 pul of the enzymdéuon and the test compounds or vehicle
(DMSO) and incubated for 10 min on ice. The reactieas started by addition of 20 ul of the
respective chromogenic substrate (10 mM N-Suc-Ao-Phe-p-nitroanilide as specific
substrate for CG and 1 mM N-methoxysuccinyl-Ala-®lie-Val-p-nitroanilide as specific

substrate for HLE, both diluted in DMSO). The alptimn of p-nitroaniline was recorded at
405 nm over a period of 60 min (CG) or 10 min (HLE) RT in a multi-well scanning

spectrophotometer (Victdr plate reader, Perkin Elmer LAS GmbH, Rodgau-Jigjesh

Germany). Measurements deviating from a linearease in absorption were rejected. The
increase in absorption was adjusted by the blankrab(substrate in buffer without enzyme

solution) and all results were related to the vieloontrol.

3.15 Arachidonic acid release from isolated blood cells

Monocytes (2 x 10/ml) and PMNL (5 x 10/ml) in RPMI 1640 were incubated with 5 n¥H]|-
AA, platelets (1 x 1®&/ml) were incubated with 100 pM aspirin plus 10 fi¥i]-AA for 2 h at

37 °C and 6% C& Monocytes and PMNL were washed twice with PG dauébntaining 2 mg/ml
FAF-BSA. Platelets were washed twice with PBS (p®) Tontaining 1 mM MgG| 11.5 mM
NaHCGQ;, 1 mg/ml glucose and 1 mg/ml FAF-BSA. Cells wezsuspended in PG buffer (5 x°10
monocytes /ml, 2 x TPMNL /ml and 1 x 1®platelets /ml) and supplemented with 1 mM GaCl
After pre-incubation with the test compounds formii at 37 °C, samples were stimulated with
1 uM A23187 for 5 min at 37 °C. The incubation vg&spped on ice (10 min) and cells were spun
down (monocytes and PMNL at 1,200 x g, platelets,@d0 x g, 10 min). Aliquots (300 ul) of the
supernatants were mixed with 2 ml Ultima G8ldXR and measured on a scintillation counter
(Micro Beta Trilux, Perkin Elmer Inc., Waltham, MASA) to detect releasetH]-AA.

3.16 Determination of 5-LO product and 12- and 15-HETE ©brmation in
human PMNL

For determination of 5-LO products and 12- and I5FH formation in intact cells, PMNL
(5 x 16 in 1 ml of PG buffer) were supplemented with 1 mMC}b and pre-incubated with test
compounds or vehicle (DMSO) for 15 min at 37 °C.teAf pre-incubation, the cells were
stimulated at 37 °C either with 1 or 2.5 uM A23H@ne, or 2.5 uM A23187 plus 20 uM AA for
5 or 10 min. The reaction was stopped by additibh ml cold methanol and 200 ng PGBO pl

1 M HCI and 500 pl of PBS buffer were added to shenples. All samples were centrifuged at
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800 x g for 10 min at RT. PGBand the 5-LO products 5(S)-HETE, 5(S),12(S)-diloyxgr6,10-
trans-8,14-cis-eicosatetraenoic acid (5(S),12(HEdIE), LTB,and its all-trans isomers as well as
the 12-/15-LO products 12-HETE and 15-HETE wereageted via solid phase extraction on C18-
columns (100 mg, UCT, Bristol, PA, USA). The exteat samples were analyzed via HPLC on a
Nova-PaR C18 column (5 x 100 mm, 4 um particle size, Wat&schborn, Germany) using
agueous methanol 76% plus 0.007% trifluoroacetid &o'v) as mobile phase. The amount of
5-LO products was determined by peak area integratf the chromatograms at 280 nm (RGB
5(S),12(S)-dIHETE, LTBand its all-trans isomers) and 235 nm (5(S)-HETE,dnd 15-HETE),
using PGB as internal standard [571].

3.17 Determination of 5-LO product and 12-HETE, 15-HETEand 12-HHT

formation in human monocytes

For determination of 5-, 12- and 15-LO product fatimn in monocytes, cells (2 x4k 1 ml of
PG buffer) were supplemented with 1 mM Ca@hd pre-incubated with test compounds or
vehicle (DMSO) for 15 min at 37 °C. After pre-in@ilon, the cells were stimulated with 1 uM
A23187 or 1 uM A23187 plus 20 uM AA for 5 min at 32. The reaction was stopped by
addition of 1 ml of cold methanol and 200 ng RG®0 pl 1 M HCI and 500 pl PBS buffer were
added to the samples. The samples were centri@ag®d0 x g for 10 min at RT. PGRhe 5-LO
products 5(S)-HETE, 5(S),12(S)-diHETE, L7Bnd its all-trans isomers as well as the 15-LO
product 15-HETE, the 12-LO product 12-HETE and@@X product 12-HHT were extracted via
solid phase extraction on C18-columns (100 mg, UBXistol, PA, USA). The extracted samples
were analyzed via HPLC on a Nova-PaR18 column (5 x 100 mm, 4 um particle size, Waters
Eschborn, Germany) using aqueous methanol 76% @@B7% trifluoroacetic acid (v/v) as
mobile phase. The amount of 5-LO, 15-LO, 12-LO &@w@X products was determined by peak
area integration of the chromatograms at 280 nmB(P&(S),12(S)-diIHETE, LTBand its all-
trans isomers) and 235 nm (5(S)-HETE, 15-HETE, EXH and 12-HHT), using PGBas
internal standard.

3.18 Determination of 12-HHT and 12-HETE formation in washed human
platelets
Freshly isolated platelets &.h 1 ml PG buffer) were supplemented with GaCmM and pre-

incubated with the indicated substances under thediions specified in the respective
experiment. After addition of the indicated stimsiamples were incubated for 5 min at 37 °C and
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the reaction was stopped by addition of ice-coldthaweol. After addition of 200 ng PGB
acidification with 30 ul 1 M HCI and dilution witB00 ul PBS buffer, samples were centrifuged
(800 x g, 10 min, RT) and PGBCOX-1 product 12-HHT and 12-LO product 12-HETEreve
extracted via solid phase extraction on C18-colurfi® mg, UCT, Bristol, PA, USA). The
extracted samples were analyzed via HPLC on a N@k8-C18 column (5 x 100 mm, 4 pm
particle size, Waters, Eschborn, Germany) usingeags methanol 76% plus 0.007%
trifluoroacetic acid (v/v) as mobile phase. The amtaof AA metabolites was determined by peak
area integration of the chromatograms at 280 nnBgp&nd 235 nm (12-HHT and 12-HETE).

3.19 Determination of 6-keto PGFR, synthesis in IL-13-primed A549 cells

A549 cells (2 x 1Bcells in 20 ml DMEM/high glucose (4.5 g/l) mediwnntaining FCS (10%,
v/v), penicillin (100 U/ml) and streptomycin (10@/4ml)) were plated in flasks and incubated for
16 h at 37 °C and 6% GOSubsequently, the medium was replaced by frestiumecontaining
2% (v/v) of FCS. Induction of COX-2 expression vaarted by addition of IL{1 (2 ng/ml) for
72h (37 °C, 6% C¢). After detachment, cells were washed twice witBSPbuffer and
resuspended (2 x 10ml) in PGC buffer. Cells were incubated with tiespective test compounds
for 10 min (37 °C) and the reaction was startecadiglition of 3 uM AA. After 15 min at 37 °C,
the incubation was stopped in ice, the cells wenensdown (800 x g, 4 °C, 5 min) and 6-keto
PGHR, in the supernatant was determined using a 6-k&B,PELISA kit (Assay designs, Ann
Arbor, MI, USA) according to the manufacturer’s farcol.

3.20 Determination of PGE, formation in LPS-primed human monocytes

Freshly isolated monocytes €l€ells in 1 ml RPMI 1640 medium supplemented wiGSH0.5%,
v/v), penicillin (100 U/ml) and streptomycin (10@/ml)) were plated in 12-well plates and
stimulated with LPS (1 pg/ml) for 20 h (37 °C, 6%4&. Subsequently, the wells were washed
thrice with cold PBS buffer and fresh medium wadeztl(1 ml per well). After 30 min at 37 °C
(6% CQ), the medium was changed again and the cells wetdbated with the respective test
compounds for 15 min (37 °C, 6% ©OThe reaction was started by addition of 1 uM Adter

30 min, the medium was collected from the wellsitgiged (300 x g, 10 min, 4 °C) and P&E
formation was quantified directly in the cleareddmen using a PGEELISA kit (Assay designs,
Ann Arbor, MI, USA) according to the manufacturepi®tocol.
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3.21 Platelet aggregation

Aggregation of washed human platelets was detednirsng a turbidimetric light-transmittance
device (two-channel aggregometer, Chrono-Log CoHayertown, PA, USA). Platelets in
Tyrode’s buffer (2 x 1b/ml) were prepared as described (see ch&®rand pre-incubated with
the test compounds for 15 min at 37 °C. The insémimvas calibrated with unstimulated platelet
suspension (0% aggregation) and the vehicle cobtrain after stimulation with the respective
stimulus (100% aggregation). Ca@l mM) was added to the samples just before stadf the
measurement. Turbidity was recorded under contiastinring (1,000 rpm) at 37 °C for 5 min.

Data are presented in percent of light transmissidhe vehicle control after total aggregation.

3.22 Sample preparation for Western blot analysis from jatelets

Washed human platelets f1nl) were resuspended in PG buffer and eithertraated with

1 mM EDTA and 30 uM BAPTA-AM (30 min prior to incabon, RT) or 1 mM CaGIl(5 min
prior to incubation). The samples were warmed t6@G74 min prior to incubation and stimulated
with the test compounds or vehicle (DMSO). The bation was stopped by addition (1:1, v/v) of
SDS loading buffer (2 x) (20 mM Tris-HCI pH 8, 2 mEDTA, 5% SDS (w/v), 10%p-
mercaptoethanol (v/v)) and the samples were hdateslmin at 95 °C. After addition (20%, v/v)
of bromophenol blue (0.05%, w/v in aqueous glycébs0Po, v/v)), the samples were subjected to
SDS-PAGE and Western blot analysis as describedcfsapters.29 and3.30).

3.23 Subcellular fractionation of washed human platelets

Washed human platelets (5 x’Zénl) were resuspended in translocation buffer (&B4 NaCl,

15 mM Tris-HCI pH 7.6, 1 g/l glucose) and eitherejreated with 1 mM EDTA and 30 uM
BAPTA-AM (30 min prior to incubation, RT) or 1 mMaCh (5 min prior to incubation). Then,
the temperature was increased to 37 °C (withinm) @ind the test compounds or vehicle (DMSO)
were added. After 5 min, the incubation was stoppedice. Protease inhibitors (10 pg/mi
leupeptin, 60 pg/ml STI and 1 mM PMSF) were added the cells were lysed by three freeze-
thaw cycles (liquid nitrogen/water bath at RT) aedtrifuged at 100,000 x g (45 min, 4 °C). The
supernatant (cytosolic fraction) was collected ahe pellet (membranous fraction) was
resuspended in translocation buffer with proteabéitors. Both fractions were mixed (1:1, v/v)
with SDS loading buffer (2 x) (20 mM Tris-HCI pH  mM EDTA, 5% SDS (w/v), 109%-
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mercaptoethanol (v/v)) and heated for 5 min at ®5A solution of bromophenol blue (0.05%,
w/v) in aqueous glycerol (50%, v/v) was added (28%) and the samples were analyzed by
Western blotting on cPLA.

3.24 Measurement of intracellular C&" levels

Washed platelets (6 x 40ml) in PG buffer were incubated with 2 pM Fura® for 30 min at

37 °C under light protection to avoid photobleaghiAfter washing out excessive dye with PG
buffer, cells were resuspended {1@1) in PG buffer and incubated with the test comnpds for

15 min at RT. Subsequently, samples were transfaiea thermally controlled and constantly
stirred fluorometer cuvette (37 °C) in a fluorodpemeter (Aminco-Bowman series 2, Thermo
Fisher Scientific Inc., Rochester, NY, USA). CaCl mM) was added 1 min prior to stimulation
with the indicated stimuli. Fluorescence emissiarbd0 nm was measured after excitation at
340 nm and 380 nm and intracellular’Cwas calculated according to Grynkiewicz et al.5[57
Maximal fluorescence was determined by lysing ceith 0.5% (v/v) Triton-X 100 and minimal
fluorescence after chelation with 10 mM EDTA.

3.25 Dual-luciferase glucocorticoid receptor response einent reporter

assay

A549 cells (2 x 10 cells in 100 ul RPMI 1640 medium supplemented w2#% FCS) were
transfected with a mixture of an inducible glucdammid receptor responsive firefly luciferase
reporter construct and a constitutively expres$eilla luciferase construct (100 ng) using the
Cignal™ GRE Reporter Assay Kit (SABiosciences corp., Friele MD, USA) and the
transfection reagent SureFECT(SABiosciences corp., Frederick, MD, USA) accogdio the
manufacturer’s instructions. The constitutively egsingRenilla luciferase construct serves as an
internal control for normalizing transfection eféacy and monitoring cell viability. A negative
control composed of a non-inducible firefly lucdse reporter construct and a constitutively
expressingRenilla luciferase construct (100 ng) was carried out dach sample to exclude
unspecific effects or spontaneous reporter actiaiyer 24 h (37 °C, 6% C£), the medium was
changed to RPMI 1640 medium supplemented with 1@%,A.00 U/ml penicillin and 100 pg/ml
streptomycin and the cells were allowed to recdoerl6 h. Successful transfection was checked
by fluorescence microscopy, monitoring the positgatrol, which constitutively expressed green
fluorescent protein (GFP) along with firefly aienilla luciferases. Then, the cells were treated
with the test substances or vehicle (DMSO) for @% °C, 6% CQ) and the incubation was
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stopped by cell lysis. For passive cell lysis anffecential determination of the luciferases’
activities, a dual-luciferase reporter assay systfromega GmbH, Mannheim, Germany) was
used according to the manufacturer’s instructiobgciferase activity was measured in a

luminometer (Victo? plate reader, Perkin Elmer LAS GmbH, Rodgau-JigjeshGermany).

3.26 Determination of PGE, and 6-keto PGHR, formation in LPS-

stimulated whole blood

Whole blood, freshly withdrawn by venipuncture frdmalthy adult donors, was obtained from
the University Hospital of Tilbingen. Blood was eotied in Monovett&s(Sarstedt AG & Co,
Nurnbrecht, Germany) containing 10-30 I.U. hepanin/Aliquots of 0.8 ml whole blood were
treated with thromboxane synthase inhibitor CV-4{61M) and buffered with 0.2 ml potassium
phosphate buffer (10 mM potassium phosphate bydf7.4, 3 mM KCI, 140 mM NaCl and
6 mM glucose). After pre-incubation with substanoesvehicle (DMSO) for 10 min at RT, the
samples were stimulated with LPS (10 pg/ml) for & 87 °C. The reaction was stopped on ice
and the samples were centrifuged (2,300 x g, 10 miAC). 6-keto PGfz formation was
guantified directly in the plasma using a 6-ketdFRGELISA kit (Assay designs, Ann Arbor, MI,
USA) according to the manufacturer’'s protocol. Fprantification of PGE formation, the
supernatant was acidified with citric acid (30 [LM) and the plasma was centrifuged again
(2,300 x g, 10 min, 4 °C). Solid phase extractiénhe supernatant and HPLC analysis of RGE
was performed as described above (see ch3@erThe PGEpeak, identified by co-elution with
the authentic standard, was collected and acelenitas removed under a nitrogen stream. The
pH was adjusted to 7.4 by addition of 10 x PBSdulflefore PGEcontents were quantified using
a PGE ELISA kit (Assay designs, Ann Arbor, MI, USA) acding to the manufacturer’s

protocol.

3.27 Determination of 5-LO product, 12-HETE and 12-HHT formation in

human whole blood

Whole blood, freshly withdrawn by venipuncture frdmalthy adult donors, was obtained from
the University Hospital of Tilbingen. Blood was ectied in Monovett&s(Sarstedt AG & Co,
Nurnbrecht, Germany) containing 10-30 I.U. hepanln/After pre-incubation of aliquots of 2 ml
with the test compounds or vehicle (DMSO) for 1Girat 37 °C, samples were stimulated with
A23187 (30 uM). After 10 min, the incubation wa®mted on ice and the samples were
centrifuged (600 x g, 10 min, 4 °C). 500 ul of thgernatant were mixed with 2 ml of methanol
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and 200 ng PGB The samples were stored at -20 °C for 2 h andribeyed again (600 x g,
10 min, 4 °C) to spin down precipitated proteineTdupernatants were mixed with 2.5 ml PBS
buffer and 75 ul 1 M HCIl. PGBand the 5-LO products 5(S)-HETE, 5(S),12(S)-diHEaikd
LTB4 and its all-trans isomers as well as the 12-LOdpob 12-HETE and the COX product
12-HHT were extracted via solid phase extractionGd8-columns (100 mg, UCT, Bristol, PA,
USA). The extracted samples were analyzed via H®wL.@ Nova-Pak C18 column (5 x 100 mm,

4 um particle size, Waters, Eschborn, Germany)gusiqueous methanol 76% plus 0.007%
trifluoroacetic acid (v/v) as mobile phase. The antoof 5-LO, 12-LO and COX products was
determined by peak area integration of the chrogratas at 280 nm (PGB5(S),12(S)-diHETE
and LTB,and its all-trans isomers) and 235 nm (5(S)-HETEHETE and 12-HHT) using PGB
as internal standard.

3.28 Carrageenan-induced pleurisy in rats

Test compounds were dissolved in DMSO, diluted atins (1:25, v/v) and administered
intraperitoneally (i.p.) in an overall volume ob6Iml 30 min before administration of carrageenan.
The vehicle-treated group of rats received 1.51dMSO 4% in saline. Rats were anaesthetized
with enflurane 4% (v/v) in a mixture ofx00.5 I/min and MO, 0.5 I/min,and submitted to a skin
incision at the level of the left sixth intercostglace. The underlying muscle was dissected, and
saline (0.2 ml) ofis-Carrageenan type IV 1% (w/v) (0.2 ml) was injecteid the pleural cavity.
The incision was closed with wound clips and thenats were allowed to recover. At 4 h after the
injection of A-carrageenan, the animals were killed by inhalatérCO,. After opening of the
abdominal wall, the pleural cavity was punctured @wml of saline solution containing heparin
(5 U/ml) were injected in order to wash the plewality. The exudate and washing solution were
removed by aspiration, and the total volume wassoneal using adjustable volume pipettes. Any
exudate that was contaminated with blood was diechrThe amount of exudate was calculated
by subtracting the injected volume (2 ml) from tio¢al recovered volume. Leukocytes in the
exudate were spun down (800 x g, 10 min) and resusal in PBS for cell counting (see chapter
3.5). The amounts of PGH.TB,4 and 6-keto PGJ; in the supernatant of centrifuged exudate were
assayed by radioimmunoassay (BG&igma-Aldrich S. r. I., Milan, Italy) and ELISA.TB4 and
6-keto PGl,, Cayman Chemical Company, Ann Arbor, MI, USA) acmog to the
manufacturer’s protocol. The results of the eicog#sare expressed in pg per rat, the exudate
volume is expressed in ul per rat and the cell toumillion per rat and represent the mean + S.E.
of 5 - 20 rats.
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3.29 Sodium dodecylsulphate polyacrylamide gel electropiresis

Samples were analyzed per sodium dodecylsulphai@agrglamide gel electrophoresis (SDS-
PAGE) after boiling in the same volume of 2 x SB&ding buffer (20 mM Tris-HCI pH 8, 2 mM
EDTA, 5% SDS (w/v), 10%B-mercaptoethanol (v/v)) for 5 min at 95 °C, sorafion and
supplementation (20%, v/v) with bromophenol blu®%0o, w/v in aqueous glycerol (50%, v/v)).
10 pl of sample were loaded on polyacrylamide ¢&l42% polyacrylamide, depending on the
molecular weight of the analyzed proteins) andalhsiouous electrophoresis was performed using
a Mini-PROTEAN system (Bio-Rad Laboratories Incgrteules, CA, USA) as described [576].
The molecular weight of the proteins was estimdtgadomparison with pre-stained broad range
molecular weight marker peqGold Protein Marker pédLab Biotechnology GmbH, Erlangen,
Germany).

3.30 Western blot analysis

The gels from the SDS-PAGE were blotted to nitriodeée membranes (HyboHR§ ECL
membrane, GE healthcare, Munich, Germany) by thke Idotting method (Bio-Rad Mini Trans-
Blot® cell, Bio-Rad Powerpa¥ Basic, Bio-Rad Laboratories Inc., Hercules, CAAY$ transfer
buffer (48 mM Tris-HCI, 40 mM glycine, 0.1 mM SD30% methanol (v/v)). After electroblot,
uniform protein loading was confirmed by staininghsPonceau S (5% (w/v) in 5% (v/v) acetic
acid). The membranes were blocked with 5% BSA (MivIBS-T buffer (50 mM Tris-HCI pH
7.4, 100 mM NacCl, 0.1% Tween 20 (v/v)) for 1 h &t.Rfter washing in TBS-T, the membranes
were incubated in the respective primary antibodssrnight at 4 °C (diluted in blocking buffer
plus 0.05% Nail (w/v), Table4). The membranes were washed in TBS-T and incubited
secondary antibody for 1-3 h at RT (diluted 1:1,000) in TBS-T plus 5% FCS (v/v) for alkaline
phosphatase-coupled antibodies, 1:2,500 (v/v) is-Bfor fluorescent dye-coupled antibodies,
1:10,000 (v/v) in TBS-T for peroxidase-coupled baties).

After washing, alkaline phosphatase-coupled antésdwere visualized with nitro blue
tetrazolium (NBT) and 5-bromo-4-chloro-3-indolyl@phate (BCIP) (0.4 mM each) in detection
buffer (100 mM Tris-HCI pH 9.5, 100 mM NaCl, 5 mMd@l) and scanned on a flat bed scanner
(AGFA SnapScan 1236, AGFA Graphics Germany GmbHo& KG, Dusseldorf, Germany).
Fluorescent dye-coupled antibodies (Cy3- and Cyipleal) were dried after washing and scanned
on a fluorescence scanner (EHfADIGE system, GE Healthcare Europe GmbH, Munich,
Germany).
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Peroxidase-coupled antibodies were treated witmolh@minescence substrate (Lumi-Light or
Lumi-Light™$ Roche Diagnostics GmbH, Mannheim, Germany), teenbranes were exposed to
an autoradiography film (Amersham Hyperfiim ECL, Gfealthcare GmbH, Munich, Germany)
for 10 sec to 30 min and the film was developed (@P0, AGFA Healthcare N.V., Mortsel,
Belgium).

Table 4: Primary antibodies.

Antlg:rrllti%for()jr;mary Source D'(I\L/J/t\;())n Provider

Phospho-Akt (Ser*"”) Rabbit, 1:1,000 | Cell Signaling Technology Inc.,
polyclonal antibody Danvers, MA, USA

B-actin Rabbit, 1:1,000 Cell Signaling Technology Inc.,
monoclonal antibody Danvers, MA, USA

cPLA, Rabbit, 1:200 Santa Cruz Biotechnology Inc.,
polyclonal antibody Santa Cruz, CA, USA

Phospho-cPLA; Rabbit, 1:1,000 Cell Signaling Technology Inc.,

(Ser®) polyclonal antibody Danvers, MA, USA

Phospho-JNK Mouse, 1:1,000 Cell Signaling Technology Inc.,

(p.-Jun-amino-terminal | monoclonal antibody Danvers, MA, USA

kinase) (Thr'®®/Tyr'®)

Phospho-p42/44 MAPK | Mouse, 1:1,000 Cell Signaling Technology Inc.,

(p.-ERK-1/-2) monoclonal antibody Danvers, MA, USA

(Th 202 /Tyr2°4)

Phospho-p38 MAPK Rabbit, 1:1,000 Cell Signaling Technology Inc.,

(Thr'®%/Tyr'®?) polyclonal antibody Danvers, MA, USA

3.31 Statistical analysis

Data are expressed as mean + standard error (8fEQ) certain number of independent
observations (n), unless stated otherwise. Statlstvaluation of data was performed by one-way
analysis of variance (ANOVA) for independent orretated samples followed by Tukey HSD or
Tukey-Kramerpost-hoctests (GraphPad InStat, GraphPad Software IncJolla, CA, USA). A
P-value of < 0.05 (*), < 0.01 (**) or < 0.001 (***vas considered significant.

ICsp values were determined by fitting concentratiorpoese data to a four parameter logistic
curve (SigmaPlot, Systat Software Inc., San Jose USA) or by graphic linear interpolation.
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4 Results

4.1 Effect of lupeolic acids on cPLAa activity

BAs have been shown to interfere with several tasgreictures in AA metabolism (see chapter
2.5.4.3). This chapter highlights direct effectdraérpenic acids frorBoswelliaspec. on cPLAu-

driven AA release.

4.1.1 Effects of triterpenic acids on cPLAa activity in a cell-free assay

We first investigated the effect of triterpenicdscisolated from the resin 8foswelliaspecies on
isolated cPLAa. Therefore, the human cPkdprotein was recombinantly expressed in Sf9 cells
and purified by affinity chromatography and diatysiArtificial mixed vesicles composed of
defined phospholipids were used as substrate. ®slraileoyl-glycerol was added to the
phosphatidylcholine lipids to alleviate the acce#ity of the substrate and thereby enhance
CcPLAya activity [211]. Incubation of recombinant cPkAwith these vesicles led to marked
mobilization of AA that was inhibited after withdval of C&" by EDTA or by the well-
recognized synthetic cPLA control inhibitor RSC-3388 of the pyrrolidine famibf cPLAyx
inhibitors (“cPLAa-1.”) [235]. In this test system, most of the trpenic acids were only hardly
effective at a concentration of 10 uM (Figut®). The only compound showing discernable,
concentration-dependent activity was Ac-OH-LA, aA derivative that is hydroxylated in the
C-28 position. Its impact on cPLA activity was even more obvious when BSA was omiftem

the assay. Here, a divergent pattern for the LAXitg the 28-OH group and the C-28-
hydroxylated analogue became evident (Fighig LA and Ac-LA only exhibited a maximal
inhibition of 44.8% and 29.7% (at 30 uM), respeelyy whereas Ac-OH-LA inhibited AA release
comparably to the cPL& control inhibitor (82% inhibition) with an 1§ value of 3.0 uM. These
data indicate that Ac-OH-LA is a direct inhibitdra®LAxo.
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Figure 10: Effects of triterpenic acids from Boswellia species on AA release from PAPC/POG vesicles by
purified cPLA ,a. PAPC/POG-vesicles (lipid concentration 250 uM inSTBuffer containing 1 mg/ml FAF-BSA)
were supplemented with CaGlL mM) and pre-incubated with vehicle (ctrl., DMBOPLAya inhibitor (cPLA-i.)

5 uM or triterpenic acids at the indicated conaaidns for 10 min at RT. The reaction was startedduition of the
purified cPLAa enzyme (2.5 pg/ml) and maintained at 37 °C fom®. After derivatization, AA was analyzed by
HPLC. Data are given as mean + S.E. of the pergerdithe vehicle control (=100%), n = 3 — 6, * ©.85, ** p <
0.01, ** p < 0.001 vs. ctrl., one-way ANOVA follogd by Tukey-Kramepost hodest.
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Figure 11: Effects of lupeolic acids on AA releaséom PAPC/POG vesicles by purified cPLAa. PAPC/POG-
vesicles (lipid concentration 250 uM in TBS buffeithout BSA) were supplemented with Ca€l mM) and pre-
incubated with vehicle (ctrl., DMSO), 5 uM cPhdAinhibitor (cPLAya-i.) and LA, Ac-LA and Ac-OH-LA (10 pM in
panelA, and at the indicated concentrations in p&)efor 10 min at RT. The reaction was started byitaafd of the
purified cPLAa enzyme (2.5 pg/ml) and maintained at 37 °C fomr0. After derivatization, AA was analyzed by
HPLC. Data are given as mean + S.E. of the pergerdghthe vehicle control, n =3 -5, * p < 0.05p*< 0.01, ***p

< 0.001 vs. ctrl., one-way ANOVA followed by Tuk&yamerpost hodest.
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4.1.2 Effects of lupeolic acids on arachidonic acid relese in different

isolated human blood cells

To pursue the inhibitory effect of LAs in a cellulenvironment, human blood cells were isolated,
labelled with fH]-AA, pre-incubated with LAs and stimulated witalcium ionophore A23187.
A23187 leads to a massive influx of extracellulaf*anto the cell, which provokes translocation
of the cPLAw to its substrate in cellular membranes. In plaselgtimulation with A23187 (1 uM)
enhanced AA release about threefold which was @aflgrprevented by pre-incubation with the
cPLAya control inhibitor (Figurel2 A). Again, LAs lacking the 28-OH group were lessefive

in inhibiting A23187-induced AA release (maximahibition of 50.1% and 37.7% for LA and
Ac-LA, respectively at 10 pM), which was not enhathdy increasing concentrations (Figure
12 A and B). On the other hand, Ac-OH-LA showed a conceriratependent inhibition of
stimulus-induced AA release with almost completecking at 30 uM and an kg value of
1.9 uM. Also in A23187-stimulated monocytes (Fig2C and D), LAs lacking the 28-OH
group did not affect AA release at concentratiopstas 30 pM. However, at a concentration of
10 uM, Ac-OH-LA inhibited AA release to the level the unstimulated control or the cPiA
control inhibitor (1Go value of 4.7 uM). The same pattern of effects whserved in A23187-
induced AA release in PMNL (FigurE E). Here, stimulation with A23187 (1 uM) even led to
sevenfold increase in the release of AA that waslyanhibited by the cPL4w control inhibitor
again. At 10 uM, LAs lacking the 28-OH group didt rdfect AA release at all, but Ac-OH-LA
showed inhibition of 87.5%. Together, A23187-indlicRA release in various blood cells is
prevented by treatment with Ac-OH-LA, whereas LAsKing the 28-OH group are rather

ineffective.
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Figure 12: Effects of LAs on AA release from isolatd human blood cells[*H]-AA-labelled platelets & andB,
10° /ml in PGC buffer), monocyte€(andD, 5 x 16 /ml in PGC buffer), or PMNLE, 2 x 1d /ml in PGC buffer)
were pre-incubated with vehicle (ctrl., DMSO), 5 WRLAx inhibitor (cPLAw-i.), LA, Ac-LA and Ac-OH-LA
(10 uM each inA, C andE and at the indicated concentrationsBirandD) for 15 min at 37 °C. The cells were
stimulated with 1 uM A23187 for 5 min at 37 °C. Tteaction was terminated on ice, the samples wem&ifuged
and the supernatant was analyzed for [3H]-AA (asdérivatives) by scintillation counting. Data green as mean +
S.E. of the percentage of the vehicle control (MLAR23187) with (13.5 + 1.50) x £&pm @ andB), (29.7 + 3.42) x
10° cpm C andD) and (23.7 + 1.14) x &pm E), n = 3 -5, ** p < 0.01, *** p < 0.001 vs. ctrbne-way ANOVA
followed by Tukey-Kramepost hodest.
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4.1.3 Impact of lupeolic acids on arachidonic acid metadde formation in

human blood cells

Because AA serves as substrate for the synthesewafral eicosanoids (e.g. PGs and LTs) we
aimed to investigate whether Ac-OH-LA, which sumses AA release, might also reduce the
release of eicosanoids from the respective hunaodidells. Stimulation of platelets with A23187
led to a marked production of the COX-1 productHE2T and the 12-LO product 12-HETE,
which was prevented by inhibition of cPkiA(using cPLAa-i.) or by inhibition of COX-1 or of
12-LO by ibuprofen or CDC, respectively. Ac-OH-LAenformed concentration-dependent
inhibition of both 12-HHT (Figurd3 A andB) and 12-HETE formation (FigurE3 C andD). At

10 uM, Ac-OH-LA blocked 12-HHT production to an ert that was comparable to the COX
inhibitor ibuprofen (30 uM). Also blocking of 12-HE formation by Ac-OH-LA (10 uM) was
comparable to the effect of the 12-LO inhibitor CDID uM). For both AA metabolites the 4L
values were in the same range with 3.0 uM (12-H#E)3.5 uM (12-HETE). On the other hand,
LAs lacking the 28-OH group did not show distindfeets on AA metabolite formation.
Interestingly, the cPL#& control inhibitor only partially inhibited 12-HHTproduction at a
concentration of 15 puM, but almost totally blockEttHETE production.
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Figure 13: Effects of LAs on A23187-induced 12-HHTand 12-HETE formation in human platelets. Platelets
(106° /ml in PGC buffer) were pre-incubated with vehigtel., DMSO), 15 pM cPLAa inhibitor (cPLAo-i.), 30 uM
ibuprofen, 10 uM CDC , LA, Ac-LA and Ac-OH-LA (10Nkin panelsA andC and at the indicated concentrations in
panelsB andD) for 15 min at 37 °C. The cells were stimulatethwA23187 1 uM for 5 min at 37 °C. The reaction
was terminated and 12-HHA (@ndB) and 12-HETE formationd andD) were determined. Data are given as mean +
S.E. of the percentage of the vehicle control Witt0 + 13.8 ng 12-HHT and 271 + 34.1 ng 12-HETE Y#rcells, n
=3-4,**p<0.01, *** p<0.001 vs. ctrl., ongay ANOVA followed by Tukey-Kramepost hodest.

Also in PMNL, A23187 led to extensive production®L.O products (5(S)-HETE, 5(S),12(S)-
diHETE, LTB;and its all-trans isomers) (Figuid A andB), 12-HETE (Figurel4 C and D) and
15-HETE (data not shown). The production of thesstatolites was strongly dependent on
cPLAxa as it was totally blocked by the control inhibitoPLAya-i. Ac-OH-LA completely
prevented the metabolite production at a conceotraif 10 uM as well. Of interest, LA partly
inhibited 5-LO product formation (79.9% inhibitiofjgure 14 A and B) without affecting the
production of 12- or 15-HETE. 12- and 15-HETE fotima were rather stimulated by the LAs
lacking the 28-OH group (and the 5-LO control intab BWA4C), which can be attributed to
increased AA supply, resulting from inhibitory efte on other AA-metabolizing enzymes.
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Figure 14: Effects of LAs on A23187-induced 5-LO pmiduct and 12-HETE formation in PMNL. PMNL (5 x
10°/ml in PGC buffer) were pre-incubated with vehi@rl., DMSO), 5 uM cPLAq inhibitor (cPLAw-i.), 0.3 uM
BWAAC, LA, Ac-LA and Ac-OH-LA (10 uM each in panefsandC and at the indicated concentrations in paBels
and D) for 15 min at 37 °C. The cells were stimulatedhwl uM A23187 for 5 min at 37 °C. The reaction was
terminated and 5-LO product formation (5(S)-HETES)512(S)-diIHETE, LTBand its all-trans isomerg, and B)
and 12-HETE formation@ and D) were determined. Data are given as mean + S.thegbercentage of the vehicle
control with 177 + 18.4 ng 5-LO products and 30.9.25 ng 12-HETE per 5 x i@ells, n = 3, ** p < 0.001 vs. ctrl.,
one-way ANOVA followed by Tukey HSPost hodest.

Similarly, A23187 provoked metabolite productionrmonocytes solely dependent on cB&A
Like the cPLAa control inhibitor, Ac-OH-LA (10 uM) completely inbited the production of
5-LO metabolites (5(S)-HETE, 5(S),12(S)-dIHETE, LI&hd its all-trans isomers, Figul& A
andB) as well as 12-HETE (Figuiks C andD), 12-HHT (Figurel5 E andF) and 15-HETE (data
not shown). LAs lacking the 28-OH group did noteaffthe metabolite production except for the
5-LO products. Especially LA inhibited 5-LO produotrmation, but was still less effective than
Ac-OH-LA.
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Figure 15: Effects of LAs on A23187-induced 5-LO prduct, 12-HETE and 12-HHT formation in human
monocytes.Monocytes (2 x 18¥ml in PGC buffer) were pre-incubated with vehigbérl., DMSO), 5 uM cPLAx
inhibitor (cPLAy-i.), 0.3 uM BWA4C, 30 uM ibuprofen, LA, Ac-LA andc-OH-LA (10 uM each in panelg, C
andE and at the indicated concentrations in paBel® andF) for 15 min at 37 °C. The cells were stimulatedhwi
1 uM A23187 for 5 min at 37 °C. The reaction wasnieated and 5-LO product formation (5(S)-HETE, 5(3(S)-
diHETE, LTB, and its all-trans isomergy andB), 12-HETE C and D) and 12-HHT E and F) formation were
determined. Data are given as mean + S.E. of tteepiage of the vehicle control with 82.9 + 16.157g0 products,
189 + 23.4 ng 12-HETE and 31.5 # 3.66 ng 12-HHT »er 10 cells, n = 3, * p < 0.05, *** p < 0.001 vs. ctrbne-
way ANOVA followed by Tukey HSpost hodest.
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4.1.4 Effects of lupeolic acids on arachidonic acid metadlite formation in

human blood cells after stimulation with exogenouarachidonic acid

To trace the effects of Ac-OH-LA back to the inkitan of AA supply, platelets, PMNL and
monocytes were pre-treated with LAs and stimulateéd exogenous AA (alone or combined with
A23187). The supply of exogenous AA is supposeditcumvent the necessity of endogenous
AA release for the generation of 5-, 12-, and 154r@ducts as well as COX metabolites.

In platelets, stimulation with AA led to a stroras$ of the inhibitory effect of Ac-OH-LA. Thus,
12-HHT production was only moderately affected raftee-treatment with Ac-OH-LA (at 30 pM,
52.2% inhibition after AA stimulation vs. 95.6% aftstimulation with A23187, Figur&6 A and

B). The 12-HETE production was nearly unaffecte@raftre-treatment with Ac-OH-LA (Figure
16 C and D). A similar pattern was observed for the cBiAontrol inhibitor that led to about
50% inhibition of 12-HHT formation, but rather stitated 12-HETE formation.
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Figure 16: Effects of Ac-OH-LA on AA-induced metabdite formation in human platelets. Platelets (1¥/ml in
PGC buffer) were pre-incubated with vehicle (ctiMSO), 15 uM cPLAa inhibitor (cPLAw-i.), 30 uM ibuprofen
or Ac-OH-LA (10 pM in panel#\ andC and at the indicated concentrations in paBetsdD) for 15 min at 37 °C.
The cells were stimulated with 5 uM AA for 5 min3t °C. The reaction was terminated and 12-HATa(dB) and
12-HETE formation € and D) were determined. Data are given as mean + S.Eheopercentage of the vehicle
control with 170 + 18.4 ng 12-HHT and 1,052 + 70g712-HETE per 10cells, n = 3 — 6, *** p < 0.001 vs. ctrl., one-
way ANOVA followed by Tukey-Kramepost hodest.
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In PMNL, supplementation of exogenous AA only lyi reconstituted 5-LO product formation
after pre-treatment with LA and Ac-OH-LA (Figud& A and B). Of interest, also the cPLA
inhibitor suppressed 5-LO product formation in thggproach. In contrast, 12-HETE (FiguréC
andD) and 15-HETE formation (data not shown) was fudgtored in the presence of exogenous

AA.
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Figure 17: Effects of LAs on AA- plus A23187-inducé 5-LO product and 12-HETE formation in human
PMNL. PMNL (5 x 16 /ml in PGC buffer) were pre-incubated with vehitbrl., DMSO), 5 uM cPLAa inhibitor
(cPLAxa-i.), 0.3 uM BWAA4C, LA, Ac-LA or Ac-OH-LA (10 uM eeh in panelsA and C and at the indicated
concentrations in paneB and D) for 15 min at 37 °C. The cells were stimulatedhw20 uM AA plus 2.5 uM
A23187 for 10 min at 37 °C. The reaction was teated and 5-LO product formation (5(S)-HETE, 5(S}S)2
diHETE, LTB,and its all-trans isomers, andB) and 12-HETE formationd andD) were determined. Data are given
as mean + S.E. of the percentage of the vehicleaomith 988 + 163 ng 5-LO products and 129 + 28012-HETE
per 5 x 16 cells, n = 3 — 4, ** p < 0.001 vs. ctrl., one-wANOVA followed by Tukey-Kramepost hodest.

The same pattern was observed for monocytes. Hé&regnd Ac-OH-LA partly retained their

inhibitory potential on 5-LO product formation aftaddition of exogenous AA as well (Figure
18 A andB). In addition, Ac-OH-LA impaired 12-HHT formaticat higher concentrations (Figure
18E andF). On the other hand, 12-HETE (Figut8 C andD) and 15-HETE (data not shown)

formation in Ac-OH-LA-treated monocytes was totalystored after supplementation of AA.
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Figure 18: Effects of LAs on AA- plus A23187-induceé 5-LO product, 12-HETE and 12-HHT formation in
human monocytes.Monocytes (2 x 10/ml in PGC buffer) were pre-incubated with vehi¢térl., DMSO), 5 pM
cPLAya inhibitor (cPLA0-i.), 0.3 uM BWAA4C, 30 uM ibuprofen, LA, Ac-LA or &OH-LA (10 uM each in panels
A, C andE and at the indicated concentrations in paBel® andF) for 15 min at 37 °C. The cells were stimulated
with 20 uM AA plus 1 uM A23187 for 5 min at 37 °Che reaction was terminated and 5-LO product foilonat
(5(S)-HETE, 5(S),12(S)-diHETE, LTfnd its all-trans isomers, andB), 12-HETE C andD) and 12-HHT E and

F) formation were determined. Data are given as me&E. of the percentage of the vehicle contrahwi4.0 +
4.79 ng 5-LO products, 183 + 40.8 ng 12-HETE an® &95.30 ng 12-HHT per 2 x i@ells, n = 3* p < 0.05, ** p

< 0.01, *** p < 0.001 vs. ctrl., one-way ANOVA fallved by Tukey HSIpost hodest.
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In conclusion, the inhibitory potential of Ac-OH-LAn AA release by cPLA is obviously
influencing the production of AA metabolites in hamblood cells. Nevertheless, additional
effects (e.g. inhibition of 5-LO or COX enzymesntibute to the overall inhibition of metabolite
production.

4.1.5 Collagen-induced, arachidonic acid-dependent platet aggregation is

influenced by 3-O-acetyl-28-hydroxy-lupeolic acid

Human platelets are commonly stimulated by collagéer injury of blood vessels. Collagen
binds to its receptor glycoprotein VI on the platel membrane, and leads to activation of cRLA
via phosphorylation cascades. The liberated AAiissequently converted to P@by COX-1 and
then to TXA by thromboxane synthase [577]. TXBinds to its G protein-coupled receptoroal P
on platelet membranes which leads to activatiompladspholipase C (PL8} [578]. Thereby it
activates protein kinase C (PKC) and induce$ @alease that finally leads to platelet aggregation
[577-578]. Another way to activate platelet aggtegais the direct stimulation with TXAor its
stable analogue U46619, which does not include cELActivation [577]. To investigate
functional effects of LAs on cPLA activity in a cellular system, platelets were presbated
with LAs (15 min, 37 °C) and stimulated with thenaili U46619 or collagen. After stimulation
with U46619, the control inhibitors indomethacindacPLAca-i. were ineffective as expected
(Figure 19 A), highlighting the independence of U46619-indugdatelet aggregation from the
COX-1-cPLAo axis. On the other hand, collagen-induced plataelggregation was totally
prevented by the control inhibitor indomethacinttin@ibits TXA, formation through inhibition of
COX-1, (Figurel9B). cPLAyo-i. reduced collagen-induced platelet aggregation lByge extent
(84% reduction compared to the vehicle controlvas.
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Figure 19: Effects of cPLAwa-i. and indomethacin on U46619- and collagen-indudeplatelet aggregation.
Platelets (2 x 10/ml in tyrode’s buffer) were pre-incubated withhige (ctrl., DMSO), 5 uM cPLAu-i. or 20 pM
indomethacin for 15 min at 37 °C, then supplementid CaC} (1 mM) and stimulated with 1 pM U46618) or

0.6 pg/ml collagenR). Light transmission was recorded over 5 min. Datashown as percentage of the maximum
aggregation after vehicle pre-incubation and statioh with the appropriate stimulus. Results apeasentative for at
least three experiments.

Pre-treatment of platelets with Ac-OH-LA hardlyedted U46619-induced platelet aggregation up
to 10 uM (Figure20 A) but led to considerable inhibition of collagemhiiced aggregation at this
concentration (Figur@0B). Collagen-induced platelet aggregation was alrtmtsily blocked by
30 uM Ac-OH-LA, but also U46619-induced aggregaticas partly affected at this concentration,
pointing to an additional non-cPL#&-dependent effect.
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Figure 20: Effects of Ac-OH-LA on U46619- and collgen-induced platelet aggregationPlatelets (2 x 1/ml in
tyrode’s buffer) were pre-incubated with vehiclérl(c DMSO) or Ac-OH-LA (10 uM and 30 uM) for 15 miat
37 °C, then supplemented with CaCl mM) and stimulated with 1 uM U46618)(or 0.6 ug/ml collagerB|). Light
transmission was recorded over 5 min. Data are shamypercentage of the maximum aggregation aftsicteepre-
incubation and stimulation with the appropriatenstius. Results are representative for at leasétbxperiments.
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The two LAs that are not hydroxylated in the C-28iion showed an unexpected behaviour in
this test system. In fact, LA and Ac-LA at 10 and |8V totally blocked platelet aggregation
irrespective of the stimulus (collagen (Figa&eB andD) or U46619 (Figur@1l A andC)).
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Figure 21: Effects of LAs lacking the 28-OH group o U46619- and collagen-induced platelet aggregation
Platelets (2 x 1/ml in tyrode’s buffer) were pre-incubated withhige (ctrl., DMSO), LA (10 uM and 30 puM,
panelsA andB) or Ac-LA (10 uM and 30 puM, panes andD) for 15 min at 37 °C, then supplemented with GaCl
(2 mM) and stimulated with 1 uM U4661%@ (and C) or 0.6 pug/ml collagenB( and D). Light transmission was
recorded over 5 min. Data are shown as percenthffgeamaximum aggregation after vehicle pre-incidmagnd
stimulation with the appropriate stimulus. Resalts representative for at least three experiments.

Concentration-response analyses revealed anvélue of about 8 uM for Ac-OH-LA in collagen-
induced platelet aggregation (Figu22 B). At this concentration, Ac-OH-LA did not yet adte
U46619-induced aggregation (Figu22 A). In contrast, LA showed an §gvalue of about 3 uM
after stimulation with either collagen or U46619r FAc-LA the 1G value after stimulation with
U46619 was about 3 uM as well, whereas thg @lue after stimulation with collagen shifted to
about 1 puM. This suggests two different effectd A on platelet aggregation, one taking action
upstream and the other one downstream of I 3ythesis.
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Figure 22: Effects of LAs on U46619- and collagemiluced platelet aggregationPlatelets (2 x 10/ml in
tyrode’s buffer) were pre-incubated with vehiclel(cDMSO) or LAs at the respective concentratifrsl5 min at
37 °C, then supplemented with CaCl mM) and stimulated with 1 uM U46618)or 0.6 pug/ml collagerB(). Data
are given as mean + S.E. as percentage relatkd tehicle-treated controls after stimulation wite appropriate
stimulus for 5 min.n =3 -5, * p < 0.05, ** p <0Q, *** p < 0.001 vs. ctrl., one-way ANOVA folloveeby Tukey-
Kramerpost hodest.

4.1.6 Effects of lupeolic acids on arachidonic acid metallite production in
A23187-stimulated human whole blood

In order to analyze the action of LAs on cBhAn a more physiological test system, human whole
blood was pre-treated with LA or Ac-OH-LA and stileied with A23187 (30 uM) to induce
Cd*-triggered mobilization of AA through cPLA. The formation of 5-LO products (Figure
23A), the 12-LO product 12-HETE (Figu3B) and the COX product 12-HHT (Figu3 C)
were analyzed. As expected, the control inhibiBW¢A4C, CDC and ibuprofen clearly repressed
the production of the respective AA metabolitestpBaingly, Ac-OH-LA as well as LA did not

impair the formation of any investigated metabaditeoncentrations of 10 or 30 uM.
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Figure 23: Effects of LAs on arachidonic acid metablite production in human whole blood.Heparinized human
whole blood was pre-incubated with vehicle (ciMSO), 3 pM BWA4C, 30 uM CDC, 100 puM ibuprofen, Lok
Ac-OH-LA (10 and 30 pM) for 10 min at 37 °C. Sanypleere stimulated with A23187 (30 uM) for 10 mir3&t°C,
the incubation was stopped on ice and the amoubL @ products 5(S)-HETE, 5(S),12(S)-diHETE and L BEBd its
all-trans isomersA) as well as the 12-LO product 12-HETHE) @nd the COX product 12-HHTC] were determined.
Data are given as mean + S.E. of the percentageeobehicle control with 166 + 50.0 ng 5-LO prodyci85 +
177 ng 12-HETE and 99.0 + 26.3 ng 12-HHT per mbblan = 3,* p < 0.05, ** p < 0.01, ** p < 0.001 vs. ctrl.,ne-
way ANOVA followed by Tukey HSpost hodest.

4.1.7 Effects of 3:0-acetyl-28-hydroxy-lupeolic acid on cPLAa activity are

impaired by supplementation of BSA

The failure of test compounds in whole blood assagspite the potent inhibition of certain
pharmacological targets in non-cellular test systemin isolated cells, is frequently associated
with an increased tendency of these compounds dergo protein binding. Accordingly, LAs
may interact with albumin leading to strong albwhinding. The inhibitory potential of
Ac-OH-LA on cPLAa activity in a cell-free model was attenuated aftepplementation with
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1 mg/ml BSA (Figure24 A) compared to samples without BSA (Fig@4B). Even though the
difference was statistically not significant, afeetdition of BSA the 16 value was approximately
twice as high.
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Figure 24: Effects of albumin on the inhibitory poency of Ac-OH-LA in cPLA,o-mediated AA release.
PAPC/POG-vesicles (lipid concentration 250 uM inSTBuffer with (1 mg/mlA) or without FAF-BSA B)) were
supplemented with Ca£{1 mM) and pre-incubated with vehicle (ctrl., DM§G pM cPLAa inhibitor (cPLA-i.)

or Ac-OH-LA at the indicated concentrations forrhih at RT. The reaction was started by additiothef purified
cPLAa enzyme (2.5 pg/ml) and maintained at 37 °C form@. After derivatization, AA was analyzed by HPLC.
Data are given as mean + S.E. of the percentatlpe ofehicle control, n=3 - 7.

To summarize, Ac-OH-LA, a lupeolic acid derivatitieat is hydroxylated in the C-28 position,
acts as a potent inhibitor of cPkoA This was demonstrated in a cell-free test systenell as in
cell-based assays using different cell types. Thigbition of cPLAo leads to diminished
production of AA metabolites in these cells, andréy results in functional cellular effects.
However, the effect of Ac-OH-LA on cPLA cannot be observed in human whole blood, which

might be attributed to the interaction with plaspnateins.
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4.2 Modulation of arachidonic acid mobilization in human platelets by

tirucallic acids

TAs were already reported to entail activating grtips on 5-LO product formation in neutrophils
[538] and these effects were proposed to be reggen$or pro-inflammatory effects of
frankincense formulations [508]. However, also Biexe found to elicit stimulating properties in
neutrophils and platelets [539, 579]. This chapiescribes the TA-induced effects on AA release

in platelets.

4.2.1 Effects of tirucallic acids on arachidonic acid re¢ase in platelets

In resting human platelets, resuspended iA"-€antaining buffer (1 mM), treatment with TAs
(10 uM, 5 min) led to a considerable release of wAh 30-OH-TA increasing AA release about
threefold vs. vehicle control.B30H-TA and 3-oxo-TA led to similar effects on AAlease
(Figure25A). Ac-TA was less potent and amplified AA releas¢éy@about twofold. As expected,
calcium ionophore A23187 (1 uM) massively inducei riélease in the presence offGavhereas
this stimulation was largely blocked after deprivatof extra- and intracellular €awith EDTA
and BAPTA-AM (Figure25 B). In contrast, chelation of €aby EDTA and BAPTA-AM did not
impair the ability of the TAs (10 uM, 15 min) toduce AA release. Thus,a30H-TA and
3-0x0-TA increased AA liberation about fivefoldp-®H-TA and Ac-TA induced AA release
about three- and sixfold, respectively.
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Figure 25: Effect of tirucallic acids on arachidont acid release in human plateletd>H]-AA-labelled platelets
(1¢° /ml in PG buffer containing 1 mg/ml FAF-BSA) wesapplemented with CaCl mM (1 min, 37 °CA) or pre-

treated with 1 mM EDTA and 30 uM BAPTA-AM for 15 mat RT and were pre-warmed to 37 °C for 1 r&ih The

samples were stimulated with vehicle (ctrl., DMSQG)-OH-TA, 33-OH-TA, 3-0x0-TA or Ac-TA (10 puM) or
A23187 (1 uM) at 37 °C for 5 mirAj or 15 min B). The incubation was stopped on ice and cells wptm down.
Aliquots of the supernatants were mixed with sation cocktail and measured on a scintillatiourti®r to detect
released¥H]-AA. Data are given as mean + S.E. in cpm, n #8< 0.05, ** p < 0.01, ** p < 0.001 vs. ctrl.,ne-

way ANOVA followed by Tukey HSpost hodest.

4.2.2 Impact of tirucallic acids on arachidonic acid relase in PMNL

Treatment of H]-AA-labelled human PMNL with TAs (10 pM, 5 min)idi not induce AA
mobilization. None of the TAs significantly enhadcBA release; though AA mobilization was

clearly responsive to stimulation with A23187 (1 uiMgure26).
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Figure 26: Effect of tirucallic acids on arachidont acid release in human neutrophils[*H]-AA-labelled PMNL

(2 x 10 /ml in PG buffer) were supplemented with 1 mM Ga@lmin, 37 °C). The samples were stimulated with
vehicle (ctrl., DMSO), 8-OH-TA, 33-OH-TA, 3-oxo-TA or Ac-TA (10 uM) or A23187 (1 pwgt 37 °C for 5 min.
The incubation was stopped on ice and the cell®wpun down. Aliquots of the supernatants were thixih
scintillation cocktail and measured on a sciniiflatcounter to detect releaséHiFAA. Data are given as mean + S.E.
in cpm, n =4, **p < 0.001 vs. ctrl., one-way AN@ followed by Tukey HSDpost hodest.

4.2.3 Arachidonic acid metabolite production in plateletsafter treatment

with tirucallic acids

In human platelets, AA release induced by TAs ledatmanifest increase of AA metabolite
production. In C&-enriched buffer (1 mM), 12-HHT production was silated six- to 20-fold
(Figure27 A and Tableb); 12-HETE production was stimulated five- to tweelffiold (Figure27 C
and Table5). After deprivation of CH, the absolute 12-HHT production after TA-treatment
declined to about 25 to 50%, but compared to theicle control 3-OH-TA and Ac-TA
stimulated 12-HHT production 18- to 40-fold (Fig2€B and Table5). After 33-OH-TA and
3-o0xo-TA treatment, the relative stimulation of HET production remained about constant.
12-HETE production was affected most vigorouslgmaf&* deprivation: the absolute 12-HETE
formation of the vehicle control was largely blodkia the absence of &abut it remained stable
after $-OH-TA, 3-oxo-TA, and Ac-TA treatment and was ala®ubled after &OH-TA
treatment. Compared to the vehicle control, TAsaased 12-HETE formation 45- to 290-fold
(Figure27 D and Tableb).

As expected, A23187 (1 uM) led to extensive meibdproduction in C&-containing buffer that
was about four- to ten-fold more intense than aifteubation with TAs. The potency was

markedly attenuated after deprivation of Céut it was not totally blocked.
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Figure 27: Effect of tirucallic acids on arachidont acid metabolite production in human plateletsPlatelets
(1% /ml in PG buffer\were supplemented with 1 mM Ca@l min, 37 °C, panel& andC) or pre-treated with 1 mM
EDTA and 30 uM BAPTA-AM for 15 min at RT and pre+waed to 37 °C for 1 min (paneBandD). The samples
were incubated with vehicle (ctrl., DMSO)-®H-TA, 33-OH-TA, 3-0xo-TA or Ac-TA (10 uM) or A23187 (1 uM)
at 37 °C for 5 min. The reaction was terminated a8eHHT (A andB) and 12-HETE formationd@ and D) were
determined. Data are given as mean + S.E. in nd@asells. n = 7 — 9* p < 0.05, *** p < 0.001 vs. ctrl., one-way
ANOVA followed by Tukey-Kramepost hodest.
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Table 5: Absolute and relative production of 12-HHTand 12-HETE after treatment of human platelets with
tirucallic acids. Platelets (1®/ml in PG buffer)were supplemented with 1 mM CaGl min, 37 °C)or pre-treated
with 1 mM EDTA and 30 pM BAPTA-AM for 15 min at Rdnd pre-warmed to 37 °C for 1 min. The samples were
incubated with vehicle (ctrl., DMSO),a0H-TA, 33-OH-TA, 3-oxo-TA or Ac-TA (10 pM) or A23187 (1 pMat
37 °C for 5 min. The reaction was terminated andHHX and 12-HETE formation were determined. Abseldata
are given as mean + S.E. in ng pef ¢élls, relative data are given as proportionalieatelated to the respective
vehicle control. n =7 - 9.

12-HHT production 12-HETE production
Ca” (1 mM) EDTA / BAPTA-AM Ca” (1 mM) EDTA / BAPTA-AM

relative relative relative relative
[ng/10° | . [ng/10° |. [ng/10° | . [ng/10° |.
cells] increase cells] increase cells] increase cells] increase
sample vs. ctrl. vs. ctrl. vs. ctrl. vs. ctrl.
ctrl. 1.83+0.74 1 0.48 £ 0.26 1 5.34 £ 3.22 1 0.38 £ 0.29 1

30-OH-TA | 17.9+3.26 9.8 8.85+1.59 18.4 66.1+7.08 12.3 110.8+18.6| 289.0

3B-OH-TA | 11.0+1.95 6.0 248+0.84 52 26.9 + 2.52 5.0 176+720| 458

3-oxo-TA | 2821478 15.4 6.71+£1.14 14.0 51.0+5.74 9.5 57.0 £ 5.14 148.8

Ac-TA 35.0 £5.82 19.2 20.0+£3.24 41.7 57.6 +8.34 10.8 64.6 £ 6.86 168.7

A23187 |127.4+3738 69.8 14.1+3.49 29.3 278.6 £ 69.1 52.0 40.2 + 6.89 104.9

Further analysis revealed concentration-dependaricthe stimulatory effect of the TAs on
12-HHT and 12-HETE formation (Figur28 A and B). Significant metabolite production was
obtained at 3 uM for Ac-TA. @OH-TA and 3-o0xo-TA induced significant AA metalieli

production at 10 uM. BOH-TA-induced metabolite production was not sigraiftly elevated by

concentrations up to 30 uM but a stimulatory potémtas perceptible up from 10 pM.
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Figure 28: Concentration dependency of arachidoniacid metabolite production in human platelets after
treatment with tirucallic acids. Platelets (1&/ml in PG buffer\were supplemented with CaQl mM (1 min, 37 °C).
The samples were incubated with vehicle (DMSO)®OB81-TA, 33-OH-TA, 3-oxo-TA and Ac-TA at the respective
concentrations for 5 min at 37 °C. The reaction vemminated and 12-HHTA( and 12-HETE formationB) were
determined. Data are given as mean + S.E. in ng@eells, n = 4, * p < 0.05, *** p < 0.001 vs. vehéatontrol, one-
way ANOVA followed by Tukey-Kramepost hodest.
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Incubation of platelets with TAs (10 uM) for timateérvals of 30 sec to 60 min revealed a
differential pattern of 12-HHT and 12-HETE prodocti 12-HHT formation was rapidly induced
and maximal production was achieved already aft@ir2(Figure29 A). At later time points, the
12-HHT levels remained constant or even tended dorehse. In contrast, 12-HETE levels
continuously increased within 60 min with moderateenuation of velocity over time (Figure
29B). The effects of OH-TA, 3-oxo-TA and Ac-TA on 12-HHT and 12-HETErfoation were
almost alike, especially at later time points. émtrast, B-OH-TA led to a very modest increase

in metabolite production.
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Figure 29: Time-dependenc% of arachidonic acid metmlite production after treatment with tirucallic a cids in
human platelets.Platelets (10/ml in PGC buffer)were pre-warmed for 3 min to 37 °C. The sampleswecubated
with vehicle (ctrl., DMSO), 8OH-TA, 33-OH-TA, 3-oxo-TA or Ac-TA (10 uM) for 30 sec, 2 miB min, 15 min or
60 min at 37 °C. The reaction was terminated artiiZ (A) and 12-HETE formatiorB) were determined. Data are
given as mean + S.E. in ng pef télls, n = 3.

4.2.4 Effects of the cPLAa inhibitor RSC-3388 on tirucallic acid-induced

arachidonic acid metabolite production in platelets

AA release in platelets is largely dependent on dhavity of the cPLAa, but can also be
mediated by alternative mechanisms [580-581]. Bessthe role of cPLA, platelets were pre-
treated with the established selective cRLAhibitor RSC-3388 [235, 237] and then incubated
with TAs (10 uM). In fact, the cPLA inhibitor (15 uM) effectively blocked TA- and A281-
induced AA metabolite production to the level o¢ tlespective vehicle control (Figud@ A-D).
Interestingly, in C&-containing buffer (Figure80A) and to a minor extent in €adeprived
samples (Figur&0B), absolute 12-HHT production was generally inceglagfter treatment with
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the cPLAa inhibitor. This completely unexpected effect wassl prominent for 12-HETE
production (Figur&0 C andD).
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Figure 30: Effect of cPLAya inhibition on tirucallic acid-induced arachidonic acid metabolite production in
human platelets.Platelets (18/ml in PG buffer)were supplemented with 1 mM CaGl min, 37 °C, paneld and
C) or pre-treated with 1 mM EDTA and 30 uM BAPTA-AMrf&é5 min at RT and pre-warmed to 37 °C for 1 nin (
and D). The samples were incubated with vehicle (DMSOLRLAy0 inhibitor RSC-3388 (cPLgu-i., 15 uM) for
further 15 min at 37 °C and then treated with veh{ctrl., DMSO), &-OH-TA, 33-OH-TA, 3-oxo-TA or Ac-TA
(10 uM) or A23187 (1 uM) at 37 °C for 5 min. Theacton was terminated and 12-HHA @ndB) and 12-HETE
formation C andD) were determined. Data are given as mean + Siig er 18 cells. n = 3.
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4.2.5 Subcellular distribution of cPLA ,a in platelets after treatment with

tirucallic acids

As translocation of the cPLA to the platelets’ membranes is the initial stegalieg to cPLAa
activity [135, 582] (see chapter2.2.2.3 and2.2.2.4), cPLAo subcellular localisation was
investigated by Western blot after treatment witks Tand subsequent subcellular fractionation in
soluble and membranous portions. Irf Geontaining buffer, treatment of platelets withatmbin
(1 U/ml) provoked cPLAa translocation from the cytosolic to the membrandwation. In
contrast, thrombin failed to induce translocationthe CA&'-deprived approach (Figur@l).
Although the relative occurrence of cPidAin the respective fractions after treatment with t
different TAs was fluctuating in individual expemmts, TAs clearly led to cPLA membrane
translocation in C&-containing buffer, with 3-oxo-TA and Ac-TA indugjnthe most potent
effects. In contrast to the thrombin control, thsTstill effectively induced translocation in €a
deprived platelets (Figur&l, right panel) and the degree of membrane transtoctparalleled the
induction of eicosanoid formation, witha@H-TA and Ac-TA being most efficient and
3p-OH-TA as weakest inducer (compare Fig@2zand Figure28 and Table5). Especially in
30-OH-TA-treated samples, translocation seemed tmde distinct at low Ca levels.

Ca* 1 mM EDTA / BAPTA-AM

CPLAZG‘—H“H“—- — e i ] —— —
cytosolic fraction 10adiING CONTO! g comes e s s e
(B-actin) :
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Figure 31: cPLAye translocation in human platelets after treatment vith tirucallic acids. Washed human
platelets (5 x 1W/ml) in translocation buffer (134 mM NaCl, 15 mMi§-HCI pH 7.6, 1 g/l glucose) were either pre-
treated with 1 mM EDTA and 30 uM BAPTA-AM (30 mimigr to incubation, RT) or 1 mM Cag&(5 min prior to
incubation). Then, the samples were pre-warmed7t6C3for 4 min and the test compounds (10 uM), rtivio

(1 U/ml) or vehicle (ctrl., DMSO) were added. Aftdmin, the incubation was stopped on ice. Protéasbitors
(10 pg/ml leupeptin, 60 pg/ml STI and 1 mM PMSFYevadded and the cells were lysed by freeze-thalesyand
centrifuged at 100,000 x g (45 min, 4 °C). The soge&nt (cytosolic fraction) was collected and thellet
(membranous fraction) was resuspended in trangbochtiffer with protease inhibitors. Both fractiowsre subjected
to SDS-PAGE and Western blot analysis on cRL&ndf-actin. Results are representative for four expenirs
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4.2.6 Impact of tirucallic acids on cPLAa-driven arachidonic acid release in

cell-free models

In order to evaluate potential direct interactiofighe TAs and cPLA& or membrane structures,
cell-free assays on AA release from different mitif vesicles were performed. Since cRkA
activity varies depending on the nature of the Babs and of course depending on thé*Gavels
(Figure32), TAs were tested in several setups using diftecempositions of membranous lipids
in C&*-containing or C&-deprived buffer. Vesicles composed of 1-palmitdyarachidonoybkn
glycero-3-phosphocholine (PAPC) alone (Figl@8A) or in combination with 1-palmitoyl-2-
oleoylsnglycerol (POG, in a ratio of 2:1 n/n, FiguB8B) or cholesterol (in ratios of 1:1 n/n,
Figure 33C or 4:1 n/n, Figure83 D), or vesicles composed of 1-palmitoyl-2-arachidd+sn
glycero-3-phosphoethanolamine (PAPE, FigdBd=) were used to obtain membranes with diverse
characteristics in terms of rigidity, steric acdetisy, and polarity or charge of the surface.
Regardless of the presence of Cén none of the membrane models TAs appreciatiBnsified
cPLAya-induced AA release. In mixed vesicles from PAP@ &OG and in PAPE vesicles, AA
release was rather suppressed with increasing T&erdrations. TAs were also tested in the
above-mentioned membranous models using 1 mM EDiT@ldce of C& (data not shown). The
cPLAxx activity in the absence of €awas quite faint in some of the membrane models (se
Figure 32); however, no increase in enzymatic activity wasesved after treatment with TAs at
concentrations from 3 to 30 pM. Thus, these datghtréxclude a direct stimulation of cPoAby

TAs as possible mechanism underlying the stimwagdfiects on cellular AA release.

2 Figure 32: AA release by cPLAa from various lipid
vesicles.Vesicles composed of PAPC alone or in combination
=== EDTA with POG (in a ratio of 2:1 n/n) or cholesterol atios of 1:1
n/n or 4:1 n/n), or vesicles composed of PAPE (lipi
5.0 concentration 250 uM in TBS buffer with 1 mg/ml FBSA)
were supplemented with CaQll mM) or EDTA (1 mM) and
pre-incubated with vehicle (ctrl., DMSO) for 10 mahRT. The
reaction was started by addition of the purifiedl AR enzyme
25 (2.5 pug/ml) and maintained at 37 °C for 60 min. eAft

derivatization, AA was analyzed by HPLC. Data aneeg as
mean + S.E. of the absolute release of AA in nneol 5 ug
h CcPLA, n=1-5.
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Figure 33: Effects of tirucallic acid on cPLAa-induced AA release from lipid vesiclesVesicles composed of
PAPC aloneA) or in combination with POG (in a ratio of 2:1 nB) or cholesterol (in ratios of 1:1 n/@,or 4:1 n/n,
D) or vesicles composed of PAPE)((lipid concentration 250 uM in TBS buffer withmig/ml FAF-BSA) were
supplemented with Ca£{1 mM) and pre-incubated with vehicle (ctrl.
and 3-OH-TA, 3p-OH-TA, 3-oxo-TA or Ac-TA at the indicated conceation for 10 min at RT. The reaction was
started by addition of the purified cPkfAenzyme (2.5 pg/ml, 37 °C, 60 min). After derivatian, AA was analyzed
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4.2.7 Calcium mobilization in platelets after treatment with tirucallic acids

Increase of the intracellular €devel is the major trigger for cPLA translocation to membranes
[156]. To analyze, whether TA-induced cPiAtranslocation in Cé-containing buffer results
from elevated intracellular Galevels, platelets were labelled with Fura-2, &'Gensitive dye,
and C&' levels were measured after treatment with TAseéua] TAs conspicuously mediated
Cd* mobilization in platelets (Figur&84). Compared to the vehicle control, 3-oxo-TA most
potently elevated CGalevels by about 150 nM within 30 sea-®H-TA, 33-OH-TA and Ac-TA
led to an increase of 70 nM, 35 nM and 100 nM, eetsipely (Figure34E). Nevertheless, the
effect of the TAs on CGA mobilization was much slighter than after stimislatwith thrombin
(0.5 U/ml, increase of 580 + 53 nM), thapsigardhil(uM, increase of 440 + 158 nM) or A23187
(1 uM, increase of 1090 + 140 nM) but superior e stimulatory effects of PAF (0.1 uM,
increase of 90 + 4 nM) or collagen (8 pg/ml, inseaf 55 + 8 nM). Ca levels were not only
transiently increased by the TAs but persisted gatateau for a period of at least two minutes
(Figure34 A-D). This time response mostly resembled to thahabin.
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Figure 34: C&" mobilization in human platelets by tirucallic acids. WashedFura-2-AM-labelled washed platelets
(10¢° /ml in PG buffer) were incubated in a thermallywolled and constantly stirred fluorometer cuvége °C) in a
fluorospectrometer. Cag{1 mM) was added 1 min prior to stimulation witkhicle (ctrl., DMSOA-E), 30-OH-TA
(10 uM, A, E), 33-OH-TA (10 pM,B, E), 3-oxo-TA (10 uM,C, E), Ac-TA (10 uM, D, E) or A23187 (1 uME).
Fluorescence emission at 510 nm was measured extitation at 340 nm and 380 nm and intracellulat* @vas
calculated as described-D: C&* levels after treatment with vehicle are illustthie grey; black curves represent
Ccd" levels after stimulation with TAs. Results areresentative for three to four experimeris.Ac represents the

increase in intracellular free €defore and 30 sec after treatment with TAs, n=43
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4.2.8 Effects of tirucallic acids on p42/44, p38 and JINKMAPK and Akt

signalling

cPLAya activity is intensely regulated by phosphorylatid73, 178-179]. Amongst others, the
phosphorylation of S&¥ by JNKs (p54/46) [176-177], p42/p44 (ERK-1/-2) 41 And p38 MAPK
[583] modulates cPLA enzyme activity. It appeared reasonable to spexulzat TAs could
induce cPLAa translocation and thus AA release by inducing ckLAhosphorylation. To
analyze a potential impact of TAs on phosphorylat&vents, platelets were treated with TAs
(10 uM) and then processed by SDS-PAGE and Webtetror analysis of phosphorylated JNK
(p46/54), p42/44 and p38 MAPK. In contrast to thbam which intensively induced p42/p44
phosphorylation in Ca-containing buffer, none of the TAs led to ERK wation within 90 sec
(Figure35) or 5 min (data not shown). Deprivation of?Cdid not increase the effect of the TAs
but abrogated thrombin-induced ERK phosphorylatinrcontrast, p38 MAPK was activated after
treatment with thrombin as well as with TAs. EspégiAc-TA induced p38 phosphorylation, but
also 3-oxo-TA and BOH-TA led to an activation of this kinase. Phospfetion of IJNK
paralleled the activation of p38 but the effect waarkedly less obvious. After treatment with
EDTA and BAPTA-AM, p38 phosphorylation was generalhcreased — also in the vehicle-
treated samples.a30H-TA and Ac-TA marginally enhanced p38 phosphatigh, whereas an
effect of the other TAs or thrombin was barely appadue to the elevated basal phosphorylation
state of the kinase. In the absence of'Cao changes in JNK phosphorylation were percesptibl
after incubation with thrombin or TAs within 90 sec

Recently, interference of TAs with Akt-dependenll peoliferation was demonstrated in cancer
cells [557]. Furthermore, BAs were shown to acteva#tkt in platelets [541]. To investigate
whether Akt signalling is involved in effects of $An platelets, phosphorylation of Akt was
analyzed by Western blot. Akt was not phosphoryldte quiescent platelets, neither in’Ga
containing buffer, nor in Gadeprived cells. Thrombin intensively induced Altogphorylation
in C&*-enriched environment, whereas TAs did not affekt phosphorylation. In Cadeprived
cells, Akt was not activated, neither by TAs northgombin.
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Figure 35: Effect of tirucallic acids on p42/p44 (RK), p38, p46/54 (JNK) MAPK and Akt phosphorylation in
human platelets. Washed human platelets {1fnl) in PG buffer were either pre-treated with MnEDTA and

30 uM BAPTA-AM (15 min prior to incubation, RT) d'rmM CaC} (3 min prior to incubation). The samples were
pre-warmed to 37 °C for 3 min and the test compeud® puM), thrombin (1 U/ml) or vehicle (ctrl., DND§ were
added. After 5 min in case of Akt and 90 sec irecdafsthe other kinases, the incubation was stofyeaddition of
SDS loading buffer. The samples were subjectedD8-BAGE and Western blot analysis on phospho-p42/p4
(ERK), phospho-p38 and phospho-p46/54 (JNK) MAPK phospho-Akt. Ponceau S-stained protein bafdgiin)
were used as loading control. Results are reprasenfor three or four experiments.
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4.2.9 Phosphorylation of cPLAya at Ser® after treatment of platelets with

tirucallic acids

Activated MAPK lead to phosphorylation of cPiat Ser®®, which was also investigated in TA-
treated platelets by Western blot analysis. Unfaataly, stimulus-induced phosphorylation was
only faintly perceivable. Nevertheless, inGaontaining buffer, phosphorylation of cPkAwas
mainly induced after treatment with 3-oxo-TA and-A& (Figure 36). After deprivation of C%,
also the other TAs led to phosphorylation atSer

Ca* 1 mM EDTA/ BAPTA-AM
PhoSpho-CPLA, q== [ S S8 Sl Bl oo s s Son sow

[0adiNg CONMrol—— e i ws e s - ———

A A A
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3B-OH-TA - - + - - - - 4+ - -
3oxo-TA - - - - - - -+ -
AcTA - - - -+ - - - -

Figure 36: Phosphorylation of cPLAa (Ser®) after treatment of human platelets with tirucallic acids.Washed
human platelets (P0ml) in PG buffer were either pre-treated with MrEDTA and 30 uM BAPTA-AM (15 min
prior to incubation, RT) or 1 mM Cag)3 min prior to incubation). The samples were wegmed to 37 °C for 3 min
and the test compounds (10 pM) or vehicle (ctrM3D) were added. After 5 min, the incubation wapged by
addition of SDS loading buffer. The samples werbjestied to SDS-PAGE and Western blot analysis an’Se
phosphorylated cPLA. Ponceau S-stained protein ban@lsa¢tin) were used as loading control. Results are
representative for three experiments.

4.2.10 Effects of kinase inhibitors on tirucallic acid-induced arachidonic acid

release and metabolite production

For further evaluation of the impact of TAs on cRu#hosphorylating kinases, platelets irfGa
containing (Figure37 A andB) or C&"-depleted buffer (Figur87 C andD) were firstly treated
with vehicle, p38 MAPK inhibitor SB203580 (10 uM)42/p44 MAPK inhibitor U0126 (3 uM),
and CaMKIl inhibitors KN-62 (5 puM) and KN-93 (10 yMAfter 15 min at 37 °C, cells were
incubated with vehicle, TAs (10 uM) or thrombin YIml) for 5 min and 12-HHT (data not
shown) and 12-HETE formation were determined. Tifeces on 12-HHT formation essentially
paralleled those on 12-HETE production. Since timade inhibitors themselves modulated the
metabolite production (Figur87 A and C), the results were referred to the respective dana
inhibitor-treated controls (Figur®/ B andD). U0126 rather stimulated TA- and thrombin-induced
12-HETE production; only in the absence offa2-HHT (but not 12-HETE) formation was
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slightly suppressed by the ERK inhibitor. Of intgreboth CaMKII inhibitors significantly
suppressed TA-induced 12-HHT and 12-HETE productionC&*-supplemented as well as in
Ca*-depleted cells. SB203580 potently inhibited TAtindd 12-HHT and 12-HETE production
in EDTA/BAPTA-AM-treated platelets (Figurg7 D) but less strikingly repressed their formation
in the presence of &a(Figure37 B). Interestingly, thrombin-stimulated 12-HETE fortioa was
increased by the p38- and ERK-inhibitors in thespree or absence of Taln contrast, both

CaMKIl-inhibitors suppressed thrombin-induced 12FHEproduction, especially when €avas

present.
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Figure 37: Effects of kinase inhibitors on tirucalic acid-induced 12-HETE formation in human plateles.
Platelets (1&/ml in PG buffer)were supplemented with 1 mM Cal min, 37 °C, panel8 andB) or treated with
1 mM EDTA and 30 uM BAPTA-AM (15 min prior to incalion, RT, panel€ andD) andincubated with vehicle
(ctrl., DMSO), 10 pM SB203580, 3 uM U0126, 5 uM Kig-or 10 pM KN-93 for 15 min at 37 °C. The samplese
treated with vehicle (ctrl., DMSO),030H-TA, 33-OH-TA, 3-0xo-TA, Ac-TA (10 uM) or thrombin (1 U/rplfor
5 min at 37 °C. The reaction was terminated antHEZE formation was determined. Data are given aamieS.E.
in ng per 18 cells (basal 12-HETE formation of the kinase iitioibtreated vehicle controlsA and C) or as
percentage of the respective kinase inhibitor-eta@ontrol B andD). n = 3 — 5, * p < 0.05, * p < 0.01, ** p <
0.001 vs. the respective ctrl., one-way ANOVA foetkd by Tukey-Kramepost hodest.
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In addition, TA-induced AA release in platelets veamlyzed after pre-treatment with the kinase
inhibitors SB203580, KN-93 and KN-62. Unfortunatetige effects of the inhibitors were barely
perceptible, which was due to the generally indgtistimulatory effects of the TAs in these
experiments (Figur88). 3u-OH-TA most prominently induced AA release and thuslimentary
suppression of @OH-TA-mediated AA release by KN-93 was the onlyrkea effect that could
be noticed. SB203580 did not visibly suppress Téuired AA release.
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Figure 38: Effect of kinase inhibitors on tirucallic acid-induced arachidonic acid release from humaplatelets.
[*H]-AA-labelled platelets (10/ml in PG buffer) were supplemented with 1 mM Ga@lmin, 37 °C) andéhcubated
with vehicle (ctrl., DMSO), 10 uM SB203580, 10 ptMNKO3 or 5 uM KN-62 for 15 min at 37 °C. The samplese
stimulated with vehicle (ctrl., DMSO),030H-TA, 33-OH-TA, 3-oxo-TA or Ac-TA (10 pM) or thrombin (1 bil) at
37 °C for 5 min. The incubation was stopped ondné cells were spun down. Aliquots of the supematavere
mixed with scintillation cocktail and measured oscintillation counter to detect releaséd]fAA. Data are given as

mean + S.E. in cpm, n = 3.
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4.3 Interaction of triterpenic acids and frankincense &tracts with PGE;

biosynthesis

Recently, BAs were identified as inhibitors of mP&E in cell-free, cellular anoh vivo studies
[584]. This chapter evaluates the potency of déifitrextracts fronBBoswelliaspecies and single
compounds isolated thereof on mMPGES-1-driven P&fathesis. Furthermore, the impact of the
most potent MPGES-1 inhibitors on cPAand COX isoforms is investigated to assess aaditiv

effects leading to reduced P&lEvels.

4.3.1 Effects of triterpenic acids and extracts from diferent Boswellia

species on mMPGES-1 activity in a cell-free system

Extracts from the resin of differeBioswelliaspecies were analyzed in a cell-free mMPGES-1 assay
For this purpose, the resins were extracted wpbplilic solvents (raw extract) and the acid
compounds were separated (acid fraction, a. finftbe neutral compounds (neutral fraction,
n. f.). MK-886 (10 uM), possessing anstvalue of 2 uM in a cell-free mPGES-1 activity assa
[585], was used as reference compound and led dat&0% inhibition of human mMPGES-1
activity. The residual PGHormation was not suppressed by elevated condenisaof MK-886,
indicating alternative routes mediating this b&¥@E, formation. The acid fractions of all the four
tested species potently inhibited the enzyme agtatia concentration of 10 pg/ml (Figus8A).

In contrast, the neutral fraction froB. carteri extract did not impair mPGES-1 activity. As
expected, also the raw extracts fr@dnserrata and B. papyriferawere less potent than their
respective acid fractions (data not shown). Comegéinoh response analysis revealegylzalues of
1.9, 2.8, 1.6 and 0.42 pg/ml for the acid fractiofsB. serrata B. sacra B. carteri and
B. papyrifera respectively (Figur&@9 B). Particularly the acid fraction &. papyriferapotently
inhibited the enzyme activity with a maximal intibn of 92% at 30 pg/ml, which was superior to
the control inhibitor MK-886.
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Figure 39: Effects of fractions derived from extrat¢s of Boswellia spec. oleo-gum resin on mPGES-1 activity.
Microsomal preparations of IListimulated A549 cells were pre-incubated with eihi(ctrl., DMSO), MK-886
(10 uM), acid fractions (a. f.) or neutral fracto(n. f.) from extracts of Bpapyrifera B. serrata B. sacraor B.
carteri oleo-gum resins (10 pg/ml in panfeland at the respective concentrations in pBnfgr 15 min at 4 °C. The
reaction was started by addition of 20 uM BGHfter 60 sec at 4 °C, the reaction was terminaisithg a stop
solution containing Fe@lData are given as mean + SEM, n = 3 — 4.

The acid fraction oB. papyriferawas separated into subfractions by flash chrommapty to
identify the active principles of the extract. Thebfractions were analyzed by normal silica phase
thin layer chromatography and fractions with idealti components were combined. This
separation led to seven fractions, which were m tested in the cell-free mPGES-1 assay. All
fractions showed inhibitory potential with 65 to%7nhibition at 3 pg/ml. “Fraction 4” was the
most potent fraction, inhibiting the enzyme nearmpletely at this concentration. Thus, this
fraction was further separated via preparative HRIr@ the isolated single substances were
analyzed by MS and NMR analytics. “Fraction 4” wiasind to contain 3-oxo-TA as main
component along withoi3Ac-8,24-dien-TA,3-BA, Ac-LA and A-BA as minor components.

Since further triterpenic acids beyond BAs appeald potent inhibitors of mPGES-1 activity, a
variety of such terpenes isolated fradoswellia species were screened on their impact on
MPGES-1 activity, including different TAs, RAs amhd\s (Figure 40). At 10 uM, all TAs,
DH-k-RA and Ac-OH-LA markedly inhibited PGEproduction. LA and Ac-LA were only

moderately active and RA, DH-RA and DH-NA were heareffective in this assay.



4.3 Interaction of triterpenic acids and frankineeextracts with PGEbiosynthesis 109

100 -
>5 751
> 5
-06 o
® 5
5 o 50 -
]
(O
o 9
ES 25
e
0 .
c’,é\’ "b%&\?‘oﬁ?:gg?’oﬁ?'oﬁ?’&g?’ & gy*gy&y \yd\y‘x\y
SF ¢ 5 O o7 5@ &€ X v o
A ASE Y
st st 6‘?9 0}?9
o o >

Figure 40: Impact of triterpenic acids from Boswellia spec. on mPGES-1 activityMicrosomal preparations of
IL-1B-stimulated A549 cells were pre-incubated with e&hi(ctrl., DMSO), MK-886 (10 uM) and the respeetiv
triterpenic acids (10 uM) for 15 min at 4 °C. Theaction was started by addition of 20 uM BGAHAffter 60 sec at
4 °C, the reaction was terminated using a stoptisolegontaining FeGl Data are given as mean + SEM, n = 3 — 6.

The triterpenic acids exhibiting more than 60% lmon at 10 uM were subjected to
concentration-response analysis (Figurél A-H). The tested compounds, namely
30-OH-7,24-dien-TA, 8-OH-8,24-dien-TA, B-OH-TA, 3-0x0-TA, 3i-Ac-7,24-dien-TA,
3a-Ac-8,24-dien-TA, DH-k-RA and Ac-OH-LA show kg values of 0.4 to 3 uM (Tablé).
Hence, these compounds are up to eightfold moreeaict this assay compared to the most potent
BA B-BA. Just like MK-886, all compounds exerted a madi inhibition of about 70 to 80%.
Interestingly, only 8-OH-8,24-TA was able to suppress PG&rmation to about 96% (Figure
41B).
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Figure 41: Concentration-response analysis for trigrpenic acids from Boswellia spec. on mPGES-1 activity.
Microsomal preparations of ILBtstimulated A549 cells were pre-incubated with@H-7,24-dien-TA A), 30-OH-
8,24-dien-TA B), 33-OH-TA (C), 3-oxo-TA D), 3u-Ac-7,24-dien-TA E), 3u-Ac-8,24-dien-TA F), DH-k-RA (G)

or Ac-OH-LA (H) at the indicated concentrations for 15 min aC4 The reaction was started by addition of 20 pM
PGH. After 60 sec at 4 °C the reaction was terminadg a stop solution containing FeData are given as mean
+ SEM,n=3-8.
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Table 6: ICsq values of triterpenic acids on mPGES-1 activity ima cell-free model.Microsomal preparations of
IL-1B-stimulated A549 cells were pre-incubated with ithdicated compounds at concentrations of 0.1 tal@0for

15 min at 4 °C. The reaction was started by addibio20 uM PGH. After 60 sec at 4 °C, the reaction was terminated
using a stop solution containing FedICso values were determined by fitting concentratiorpoese data to a four
parameter logistic curve.

compound IC,, [uM] compound IC,, [uM] compound IC,, [uM]
3a-OH-7,24-
dien'TA 3.0 3'OXO'TA 0.9 DH'k'RA 1 .O
3a-OH-8,24- 3a-Ac-7,24-
3a-Ac-8,24-
3B-OH-TA 1.2 dien-TA 04

3-o0xo-TA, the major compound in the most activecticn (“fraction 4”) of the extract from
B. papyrifera(acid fraction) appears to contribute stronglyhe inhibitory potential of the crude
extract in this cell-free assay. Nevertheless,ctiom 4” and the acid fraction of the extract from
B. papyriferathemselves were at least equally potent compar8ebtm-TA (Figured?).
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Figure 42: Comparison of the potency of the acid fiction of the extract from B. papyrifera, its subfraction
“fraction 4” and its major component 3-oxo-TA for mPGES-1 inhibition. Microsomal preparations of LBt
stimulated A549 cells were pre-incubated with thiel draction of the extract froB. papyrifera(a. f. B. papyrifera,

its most active fraction (“fraction 4” from a. B. papyriferg and its major component 3-oxo-TA at the indicated
concentrations for 15 min at 4 °C. The reaction s@sted by addition of 20 uM PGHAfter 60 sec at 4 °C, the
reaction was terminated using a stop solution ¢oimg FeC}. Data are given as mean + SEM, n =3 — 8.
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4.3.2 PGE; synthesis in LPS-primed and AA-stimulated monocyte after
treatment with triterpenic acids or extracts from different Boswellia

species

To evaluate the inhibition of MPGES-1 in a cellulawdel, monocytes were isolated from human
whole blood and incubated with LPS for 20 h to siate the upregulation of mMPGES-1. In fact,
stimulation with LPS intensively induces mPGES-Ipression in human monocytes, while
cPGES and mPGES-2 levels remain unaltered [58@}s&juently, the monocytes were treated
with the test compounds and PGlarmation was induced by incubation with AA. BaS4bE
formation in monocytes, which were not treated Wif?S or AA gave only about 10% of the
entirely stimulated vehicle control (LPS + AA) (Eig 43). Without LPS-treatment, PGEvas
only sparsely synthesized after stimulation with febout 18% of the entirely stimulated vehicle
control), representing the PGEhat was seemingly produced independently of mRGESfter
priming with LPS but without stimulation with AA,ubstantial PGE formation (about 60%
compared to the entirely stimulated vehicle coptreds detected. This basal PGay mainly
derive from mPGES-1, using endogenous AA providga@ddlular phospholipases. The synthetic
reference drug MD-52 (2 uM), a selective mPGESHibitor [587], inhibited PGEformation in
stimulated (LPS + AA) monocytes by about 58%. Thsslective inhibition of mPGES-1
suppresses AA-induced as well as basal PfeEnation in this test system. Similarly, the COX
inhibitor indomethacin (10 pM) inhibited PGEormation by about 62%. As exogenous AA is a
substrate of COX enzymes and only secondarily oGE®-1, the impact of the test compounds
on both enzymes is monitored in this assay.

Some of the triterpenic acids were able to supdP€s formation in this test system. At 10 puM,
30-OH-7,24-dien-TA, 8-OH-8,24-dien-TA and 3OH-TA inhibited PGE formation by 20 to
30%, with 3i-OH-8,24-dien-TA being the most potent inhibitorhieh totally blocked the AA-
induced PGE formation at a concentration of 1 uM. ComparabBsoxo-TA effectively
suppressed PGEformation at 1 and 3 uM but the inhibitory effedecreased at 10 uM.
30-Ac-7,24-dien-TA, DH-k-RA and Ac-OH-LA exhibited onlittle or no effectiveness in this
model. Unexpectedly,d8Ac-8,24-dien-TA even stimulated P@Eynthesis.
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Figure 43: Impact of triterpenic acids on PGE formation in LPS-primed AA-stimulated monocytes. Human
monocytes (10/ml in 1 ml RPMI medium supplemented with FCS €0,5v/v), penicillin (100 U/ml) and
streptomycin (100 pg/ml)) were primed with LPS @/ml, 20 h, 37 °C, 6% CQexcept “w/o LPS” samples) and
incubated with vehicle (ctrl., DMSO), indometha¢it0 uM), MD-52 (2 uM) and the respective tritermeacids at
the indicated concentrations for 15 min (37 °C, 6@,) prior to addition of stimuli to induce PGEormation. The
reaction was started by addition of 1 puM AA (excepto AA” samples). After 30 min, the medium wasdlleoted,
centrifuged and the PGEontent in the supernatant was determined by EL[3#a are given as mean + S.E. of the
percentage of the vehicle control with 1,606 + p§2PGE per 16 cells. n = 3 — 7, * p < 0.005, *** p < 0.001 vs.
ctrl., one-way ANOVA followed by Tukey-Kramgost hodest.

4.3.3 Effects of triterpenic acids and extracts fromBoswellia species on
PGE; and 6-keto PGFR, synthesis in LPS-stimulated whole blood

The triterpenic acids were tested in a human whitded model to evaluate their potency in a
more physiological context, using an appropriatst tgystem for differential assessment of
COX-2/mPGES-1-derived PGE[585]. Therefore, human whole blood was bufferedhw
potassium phosphate buffer and treated with thromub® synthase inhibitor CV-4151. After
treatment with the test compounds for 10 min at tR& samples were incubated with LPS
(10 pg/ml) for 5 h at 37 °C. The content of PGHad 6-keto PG in the plasma was quantified
by ELISA. The parallel determination of 6-keto RG&llows the assessment of inhibitory effects
that appear upstream of P&&ynthesis itself, e.g. by inhibition of COX. Saewlthat were not
stimulated with LPS produced about 35% of BG@Bmpared to the stimulated vehicle control
(Figure44). Treatment with indomethacin (10 uM) led to BG#vels that were even lower as the
non-stimulated control. The selective mPGES-1 imbibMD-52 (6 uM) only suppressed P&E
formation by about 33%, which may represent the imakinhibition that can be achieved by
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exclusive inhibition of MPGES-1 in this model. Tirerpenic acids (10 pM) also partially
inhibited PGE formation (Figure44 A), with 33-OH-TA, 3-oxo-TA, DH-k-RA and Ac-OH-LA
being as potent as MD-52. The Ac-TAs and@H-TAs were less effective or totally failed to
suppress PGHormation. 6-keto PG production was significantly suppressed by inddraein
(leading to about 15% 6-keto PGHRs. the stimulated vehicle control), but it was affected by
any of the test compounds (data not shown). Thi@s that the test compounds inhibit BGE
formation by acting on mPGES-1 rather than on CORI0A; enzymes.

Acid fractions of extracts frorBoswelliaspecies oleo-gum resin were tested in this whinledo
assay as well (Figurd4B). At 3 pg/ml, the acid fraction frorB. papyriferaand B. serrata
inhibited PGE formation comparably to MD-52. The extract aBf.sacrawas less effective and
a. f. B. carteridid not inhibit PGE formation. Interestingly, at higher concentrationsibition of
PGE formation by a. fB. papyriferawas less distinct (data not shown).
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Figure 44: Impact of triterpenic acids and extractsfrom Boswellia species oleo-gum resins on PGHEormation

in LPS-stimulated human whole blood.Heparinized human whole blood was buffered witbgghate buffer (20%,
v/v), treated with CV-4151 (1 pM) and incubatedhwihicle (ctrl., DMSO), MD-52 (6 uM), indomethadit0 pM)
and the respective triterpenic acids (10 uM, p#jebr the acid fractions (a. f.) of extracts fr@oswelliaspecies
oleo-gum resins (3 pg/ml, par) for 10 min at RT. The reaction was started byitaatd of 10 pg/ml LPS (except
“unstim.” sample). After 5 h at 37 °C, the reactigas stopped on ice. The samples were centrifitbedsupernatants
acidified with citric acid and centrifuged agairhel' supernatant was processed by SPE and HPLC Ghg peaks
were collected and the P@Eontent was determined by ELISA. Data are givemaan + S.E. of the percentage of
the vehicle control with 3,836 + 549 pg PG#er ml blood. n = 4 — 6, *** p < 0.001 vs. ctrl.n@way ANOVA
followed by Tukey-Kramepost hodest.
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4.3.4 Impact of triterpenic acids and extracts fromBoswellia species on the
activity of COX-1 and -2

To estimate the selectivity of the triterpenic acidrhich performed the most potent inhibition of
MPGES-1 activity, the impact on further enzymedig@pating in PGE synthesis was analyzed. In
cell-free assays using purified ovine COX-1 (Fig@®A) and purified recombinant human
COX-2 (Figure45C), the triterpenic acids elicited inhibitory effecbut these were much less
intense than those found for the inhibition of MRESE Significant inhibition was only
accomplished by some of the tested compounds @thigh concentrations (100 uM), namely by
3-0x0-TA and Ac-OH-LA in COX-1 and COX-2 assays abD#i-k-RA in the COX-2 assay.
Interestingly, also the reference drug indometh&&huM) only suppressed COX-1 activity to
about 40%. Obviously, inhibition of 12-HHT formatidoeyond this level is barely feasible in this
assay.

In addition, acid and neutral fractions of extractsn theBoswelliaspecies oleo-gum resins were
tested (10 pg/ml) for their impact on COX-1 andhe2ivity. The acid fractions - foremost those of
B. papyriferaand B. carteri - exerted moderate inhibition of COX-1 (Figuté B), whereas the
neutral fraction fromB. carteri was ineffective. COX-2 activity was slightly suppsed by the
acid fractions, with the acid fractions frdBn serrataandB. sacraleading to significant inhibition
of the isolated enzyme at 10 pg/ml (FigdéeD).
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Figure 45: Impact of triterpenic acids and extractsfrom Boswellia species on cyclooxygenase-1 and -2 activity
in cell-free assaysPurified COX-1 (ovine, 50 units, panéisandB) or COX-2 (human recombinant, 20 units, panels
C andD) in Tris buffer (100 mM, pH 8) supplemented witlmB/ glutathione, 5 UM haemoglobin and 100 uM EDTA
were incubated with vehicle (ctrl., DMSO), indomestin (10 uM) or celecoxib (10 uM), the indicatedstte
compounds at concentrations of 100 uM and 10 pMgjsah andC) or the acid (a. f.) or neutral fraction (n. ff) o
extracts from the indicateBoswelliaspecies at 10 pg/ml (panddsandD) for 9 min at 4 °C. Samples were pre-
warmed at 37 °C for 1 min and AA (5 pM for COX-1p®1 for COX-2) was added. After 5 min at 37 °C, teaction
was stopped and 12-HHT formation was determineda Bee given as mean + S.E. of the percentageeofghicle
control with 443 + 46.8 ng 12-HHT per 50 units CQXA andB) and 220 + 64.5 ng 12-HHT per 20 units COX& (
andD).n=3 -6, * p < 0.05, ** p < 0.005, ** p < 00Q vs. ctrl., one-way ANOVA followed by Tukey-Kramgost
hoctest.

As the impact of COX inhibitors in cell-free appobas frequently deviates from the potency in
cellular systems, the effects of the triterpenicsevere additionally analyzed in cell-based assays
on COX activity. COX-1 activity was tested in hunaatelets after stimulation with AA (5 pM).

In contrast to the cell-free model, indomethacid M) almost totally suppressed COX-1 activity
here (Figuret6). The triterpenic acids also suppressed COX-lviggtibut only DH-k-RA led to
more than 50% inhibition at 10 uM.
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Figure 46: Effects of triterpenic acids on COX-1-dpendent 12-HHT formation in human platelets.Platelets
(1C%/ml in PGC buffer) were pre-incubated with vehi¢érl., DMSO), indomethacin (10 uM) and the resjyect
triterpenic acids (10 uM) for 4 min at RT and 1 nin37 °C. The cells were stimulated with AA 5 pdt 6 min at
37 °C. The reaction was terminated and 12-HHT faionawas determined. Data are given as mean + @.fhe

percentage of the vehicle control with 163 + 1@518-HHT per 18cells, n = 4, ** p < 0.01, ** p < 0.001 vs. ctrl.
one-way ANOVA followed by Tukey HSPost hodest.

Cellular COX-2 activity was tested in ILB3primed, AA-stimulated A549 cells. Priming of A549
cells with IL-1B leads to upregulation of COX-2 and mPGES-1 [3&3pX-1 is seemingly not
expressed in A549 cells [588]. Thus, 6-keto RG&rmation in consequence of stimulation with
exogenous AA is an appropriate indicator for cadlUCOX-2 activity. AA-induced 6-keto PGF
formation was blocked by pre-treatment with indamaetn (Figure47). However, none of the
analyzed triterpenic acids inhibited COX-2-drivetkeédo PG, formation at a concentration of
10 pM.
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Figure 47: Effects of triterpenic acids on COX-2-dpendent 6-keto PGk, formation in IL-1 g-primed, AA-
stimulated A549 cells.A549 cells (2 x 1B cells in 20 ml DMEM/high glucose (4.5 g/l) mediuwontaining FCS
(10%, v/v), penicillin (100 U/ml) and streptomyc{d00 pg/ml)) were incubated for 16 h (37 °C, 6%,COhe
medium was replaced by fresh medium containing 284 ¢f FCS and induction of COX-2 was started biglision

of IL-1B (2 ng/ml) for 72 h (37 °C, 6% G The cells were detached, washed twice with PE&band resuspended
(2 x 10 /ml) in PGC buffer. Cells were incubated with \ai (ctrl., DMSO), indomethacin (20 uM) and the
respective triterpenic acids (10 uM) for 10 min (&) and the reaction was started by addition pfiVBAA and
stopped on ice after 15 min (37 °C). The cells waren down and 6-keto P@Hn the supernatant was determined
using a 6-keto PGE ELISA kit. Data are given as mean + S.E. of thecgetage of the vehicle control with 386 +
50.7 pg 6-keto PGE per 2 x 18 cells, n = 3, *** p < 0.001 vs. ctrl., one-way AN\ followed by Tukey HSDpost
hoctest.

The production of COX-derived 12-HHT after treatmnewth triterpenic acids and stimulation
with calcium ionophore A23187 was also tested iman whole blood. Stimulation with A23187
led to about fourfold increase in 12-HHT productithrat was vastly inhibited by ibuprofen
(100 uM) (Figure48). Remarkably, the four tested TAs (10 uM) supprdsshe A23187-
stimulated 12-HHT production to about 60%, thought significantly. DH-k-RA was less
effective (20% inhibition) and Ac-OH-LA did not &fft or rather stimulated 12-HHT production.
Of interest, increasing concentrations of the TA® (M) did not enhance their inhibitory
potential on 12-HHT formation (data not shown)shibuld be noted that other eicosanoids (5-LO
products and 12-HETE) were not or only marginallpmessed at a concentration of 10 uM (data

not shown).
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Figure 48: Effects of triterpenic acids on 12-HHT érmation in A23187-stimulated human whole blood.
Heparinized human whole blood was pre-incubatet wéhicle (ctrl., DMSO), ibuprofen 100 uM, and théicated
triterpenic acids 10 uM for 10 min at 37 °C. Samphkere stimulated with A23187 (30 uM) for 10 miry (&), the
incubation was stopped on ice and the content-¢1HZ was determined by HPL@ata are given as mean + S.E. of
the percentage of the vehicle control with 75.%619Ing 12-HHT per ml blood, n =3 - 6, ** p < 0.0%* p < 0.001
vs. ctrl., one-way ANOVA followed by Tukey-Krampost hodest.

4.3.5 Impact of triterpenic acids and extracts fromBoswellia species on

CPLA; activity

The impact of the most potent mMPGES-1-inhibitinggtpenic acids on cPLA activity was tested
in a cell-free assay, using purified recombinanLAfy as enzyme source and PAPC/POG-
vesicles as substrate. AA release in this model laraely suppressed by the synthetic cRLA
inhibitor (cPLAya-i., RSC-3388). The TAs and DH-k-RA only moderateipibited AA release
with a maximal inhibition of about 30% after treatnh with 3-oxo-TA or d-Ac-8,24-dien-TA (10
and 30 pM) (Figurd9 A). Obviously, increasing concentrations of thesepounds did not lead
to enhanced inhibition. On the other hand, Ac-OH+hdtently inhibited the activity of cPL&
(see chapted.l1). The neutral fraction frol. carteri did not affect cPLAa-induced AA release
(Figure 49B). The acid fractions fromB. sacra and B. carteri were ineffective at this
concentration as well. In contrast, the acid fadifromB. papyriferaandB. serratasignificantly
suppressed AA release to 54 and 72%, respectivhhigher concentrations (30 pg/ml), the
inhibitory effect was not enhanced but remainethatsame level (data not shown).
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Figure 49: Effects of triterpenic acids and extracs from Boswellia species on AA release from PAPC/POG
vesicles by purified cPLAa. PAPC/POG-vesicles (lipid concentration 250 uM inSTBuffer containing 1 mg/ml
FAF-BSA) were supplemented with CaC{1 mM) and pre-incubated with vehicle (ctrl., DMBSO5 uM
cPLAa inhibitor (cPLAw-i.), triterpenic acidsA) at the indicated concentrations or the acid.farfneutral fraction
(n. f.) of extracts from the indicat@&bswelliaspecies oleo-gum resins at 10 pg/Bjl for 10 min at RT. The reaction
was started by addition of the purified enzyme (Zg%ml) and maintained at 37 °C for 60 min. Afteridatization,
AA was analyzed by HPLC. Data are given as mearEt+ & the percentage of the vehicle control, n=@& * p <
0.05, ** p < 0.01, ** p < 0.001 vs. ctrl., one-waNOVA followed by Tukey-Kramepost hodest.

Using PH]-AA-labelled platelets as cellular test systerne tTAs further increased A23187-
induced AA release as expected, especially at highacentrations (see chapte?, Figure50A).

As described in chapte4.1, Ac-OH-LA concentration-dependently suppressel release.
Interestingly, in contrast to the cell-free assayc®LAa activity, DH-k-RA effectively inhibited
AA release in this cellular system. Neverthelels, inhibition was markedly less potent than for
Ac-OH-LA in an assay omitting BSA in the buffer {danot shown), where it stagnated on the
half-maximal level that was reached by Ac-OH-LAtbe cPLAo control inhibitor. The acid
fractions fromB. papyriferaand B. serratasuppressed AA release at concentrations of 3 pug/mi,
but suppression vanished when higher concentratiens applied.
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Figure 50: Effects of triterpenic acids and extracs from Boswellia species on’H]-AA release from A23187-
stimulated platelets. Labelled platelets (fOml in PGC buffer supplemented with FAF-BSA 1 mf/nvere pre-
incubated with vehicle (ctrl., DMSO), 5 uM cPdAinhibitor (cPLAw-i.), triterpenic acidsA) or the acid fraction (a.
f.) of extracts from the indicateBloswelliaspecies at the indicated concentratidsfor 15 min at 37 °C. The cells
were stimulated with A23187 1 uM for 5 min at 37 °The reaction was terminated on ice, the samplee w
centrifuged and the supernatant was analyzed btilldion counting. Data are given as mean + SEthe
percentage of the vehicle control (+ A23187 1 uNMhvw9.64 + 1.36) x 1Hcpm, n =3 — 6, * p < 0.05, * p < 0.01,
*** n < (0.001 vs. ctrl., one-way ANOVA followed byukey-Kramermost hodest.

4.3.6 Effects of 3-oxo-tirucallic acid and an extract fran B. papyrifera on

carrageenan-induced pleurisy in rats

In order to investigate the inhibition of MPGESRlvivo, 3-oxo-TA and the acid fraction of the
extracted resin fronB. papyrifera(a. f. B. papyriferg were tested in a carrageenan-induced rat
pleurisy model. The extract (a.B. papyriferg was selected as it was the most potent extract to
inhibit MPGES-1 from all species that were test&@xo-TA was chosen, as TAs in general
turned out to inhibit MPGES-1 activity more or lesgectively and 3-oxo-TA represents the major
TA in the extract fronB. papyrifera]498]. The injection of carrageenan in the plegeality led to

an intense inflammatory process including oedenmmendtion, migration of leukocytes into the
pleural space and the production of inflammatorygiat®rs. As biomarkers of the inflammatory
reaction, the volume of exudate and the numbemnfifrated inflammatory cells in the pleural
cavity were determined. PGRvas analyzed to assess the impact on PSyBthases and another
COX product, 6-keto PGE, was quantified to discriminate unspecific effethat arise from
interference with structures upstream of COX orhw@OX itself. Production of LTB was
determined to monitor effects on 5-LO (Figlt®. The COX inhibitor indomethacin (5 mg/kg),
the FLAP inhibitor MK-886 (1.5 mg/kg) and the dités:LO inhibitor zileuton (10 mg/kg) were
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used as control drugs. It should be noted that@sgvalue of MK-886 for inhibition of FLAP is
clearly lower than for mPGES-1 [585, 589] and intioim of mMPGES-1 in not expected in the
applied dosage. Vehicle, the control inhibitorspX®TA and the extract were administered
intraperitoneally 30 min prior to the injection cdrrageenan, using DMSO (4% in 1.5 ml saline)
as vehicle. Administration of vehicle alone had effect on carrageenan-induced pleurisy
compared to exclusive application of saline (4384+3 and 487 + 28.7 ul of gathered exudate,
respectively). The COX inhibitor indomethacin redd¢he exudate volume to 25%, and only 35%
of inflammatory cells infiltrated the pleural caxitReduction of PGEand 6-keto PGl synthesis

to 10 and 6%, respectively, was extremely significhTB, levels were not significantly reduced
to about 84%. The effect of MK-886 (1.5 mg/kg) e inflammatory symptoms was only sparse.
The exudate volume was reduced to 63% and theaetfit to 69%. As expected, the LIBvels
were significantly suppressed to 25%, whereas t@&,Pand 6-keto PGE levels were not
markedly affected. The direct 5-LO inhibitor zileat(10 mg/kg) clearly diminished the exudate
volume to 31% of the control; the cell count wasdbwered, but only to 65%. Zileuton not only
inhibited LTB, production, but also the formation of the COX prots$ 6-keto PGfz and PGE,
which was recently investigated in detail [590]edment with 3-oxo-TA (5 mg/kg), though not
significantly, reduced the accumulation of exudat@bout 78%. The migration of inflammatory
cells into the pleural cavity was significantlyeattiated to 70%. PGEvas significantly reduced to
71%, 6-keto PGE and LTB, formation dropped to 65 and 77%, respectively. &keact (a. fB.
papyrifera 10 mg/kg) barely affected the exudate volume. t other hand, it significantly
suppressed the number of inflammatory cells to 728 synthesis of PGEvas suppressed to
79%, thus less potently than after treatment witbx8-TA. 6-keto PGE, was significantly
inhibited to 62%. Comparably to treatment with 36XA, LTB4 declined to 76%. Apparently,
both treatments, 3-oxo-TA and the extract, reduvede or less all of the analyzed parameters.
Nevertheless, compared to the extract, 3-oxo-TAlédnto exhibit more inhibitory activity on
PGE formation than on 6-keto P@Fproduction. However, the effects on the inflammgator
reaction reflected by exudate formation, cell infition and the analyzed eicosanoids were less
manifest than after treatment with the referenceyslr
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Figure 51: Impact of 3-oxo-TA and of the extract af. B. papyrifera on carrageenan-induced pleurisy in rats.
Indomethacin (5 mg/kg), MK-886 (1.5 mg/kg), zilemt@l0 mg/kg), 3-oxo-TA (5 mg/kg) or the acid fractiof the
extracted resin fronB. papyrifera(a. f. B. papyrifera 10 mg/kg) were dissolved in DMSO, diluted in sali(1:25,
vlv) and administered intraperitoneally (i. p.) &m overall volume of 1.5 ml 30 min before admirmigon of
carrageenan. The vehicle-treated group of ratsuette..5 ml of DMSO 4% (v/v) in saline. Rats wereasthetized
and saline (0.2 ml) dx-Carrageenan type IV 1% (w/v) (0.2 ml) were injelcieto the pleural cavity. At 4 h after the
injection of A-carrageenan, the animals were killed and the dgudathe pleural cavity was removed by aspiration.
The exudate volume was measurAg, (eukocytes in the exudate were spun down (86020 min) and resuspended
in PBS for cell countingR). The amounts of PGEC), 6-keto PGE, (D) and LTB, (E) in the supernatant of the
exudate were determined by radioimmunoassay {P@HEELISA (LTB, and 6-keto PGE). The results are expressed
as mean = S.E. of 5 — 20 rats in pl per Agt (nflammatory cells per raBj or pg per rat@, D, E), * p < 0.05, * p <
0.01, *** p < 0.001 vs. ctrl., one-way ANOVA follogd by Tukey-Kramepost hodest.
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Summing up, TAs, DH-k-RA and Ac-OH-LA potently ifditi mPGES-1 activity in a cell-free test
system. The inhibitory potential of 3-OH-TAs ana®3-TA on PGE formation was maintained
in LPS-primed monocytes, whereas the Ac-TAs, DHAdRd Ac-OH-LA lost their effectiveness
in this model. In human whole blood, DH-k-RA, Ac-QtA, 33-OH-TA and 3-oxo-TA potently
inhibited PGE formation comparably to the selective mPGES-1 bibbw MD-52. Assays
evaluating the activity of COX-1 and -2 showed omigderate effects of the triterpenic acids at
concentrations of 10 uM, though COX-2 was not affidan cellular models. cPL#& activity was
potently suppressed by Ac-OH-LA, but only littldesfts were seen after treatment with TAs and
DH-k-RA. In a carrageenan-induced pleurisy model rats, 3-oxo-TA and the extract
a. f.B. papyrifera significantly reduced the accumulation of inflamorg cells in the pleural
cavity. The formation of PGE6-keto PG, and LTB; were moderately reduced.
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4.4 Impact of triterpenic acids and extracts from Boswellia species on
5-LO

5-LO is the first pharmacological target that wdentified for BAs [530]. Nonetheless, the
contribution of other triterpenic acids than BAs ttee inhibition of 5-LO by extracts from

Boswelliaspecies has been barely considered.

4.4.1 Effects of triterpenic acids and extracts fromBoswellia species on cell-

free 5-LO activity

In a cell-free test system, using semi-purified bhanmmecombinant 5-LO, extracts from different
Boswellia species were tested on their 5-LO-inhibiting pt&nThe synthetic 5-LO inhibitor
BWAA4C (0.3 uM) reduced 5-LO product formation ta¥@6emaining activity. The acid fractions
of the extracts (10 pg/ml) considerably suppre$se® product formation to levels of 54 to 67%,
whereas the neutral fraction Bf carteriextract was clearly less potent (Figd®. As the pattern

of acids composing extracts from different spediffers markedly, the comparable effects of the
acid fractions might be due to a similar contenadéw active compounds (e.g. BAs) or due to a

broad variety of active components that resulirmlar potency.
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Figure 52: Effects of extracts fromBoswellia spec. on the activity of purified 5-lipoxygenased.5 pg of purified
recombinant 5-LO in cold PBS containing 1 mM EDTdal mM ATP were incubated with vehicle (ctrl., DME
0.3 uM BWAA4C or the acid fractions (a. f.) or neliraction (n. f.) of extracts from the indicatBdswelliaspecies
(10 pg/ml) for 10 min (4 °C). The samples were weemed at 37 °C for 30 sec and the reaction wasedtdy
addition of 2 mM CaGland 20 uM AA. After 10 min, the reaction was steg@and the 5-LO products 5(S)-HETE
and the all-trans isomers of LTBrere quantified by HPLC. Data are given as me&8EM of the percentage of the
vehicle control with 1,296 + 378 ng 5-LO produces p.5 pg 5-LO, n =4 —5. * p < 0.05, ** p < 0.0%* p < 0.001
vs. ctrl., one-way ANOVA followed by Tukey-Krampost hodest.
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Next, the efficacy of triterpenic acids from difésit Boswelliaspecies was assessed in the same
cell-free system. First, compounds were analyzetDgiM and those that caused more than 25%
inhibition were tested also at lower concentratiqfggure 53). The triterpenic acids were
compared to the most common BAs (right side ofctinrt). Representatives of different structural
subgroups, especiallyp3H-TA, 3-o0xo-TA, 3-OH-8,24-dien-TA, DH-k-RA and Ac-OH-LA,
significantly inhibited 5-LO activity and their paricy was comparable to that of the BAs.
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Figure 53: Impact of triterpenic acids from Boswellia spec. on isolated 5-lipoxygenasé.5 ug of purified
recombinant 5-LO in cold PBS containing 1 mM EDTdal mM ATP were incubated with vehicle (ctrl., DME

0.3 UM BWAAC or the indicated compounds for 10 @iriC). The samples were pre-warmed at 37 °C fose20and
the reaction was started by addition of 2 mM Gea®id 20 pM AA. After 10 min the reaction was stapped the
5-LO products 5(S)-HETE and the all-trans isomdr&TB, were quantified by HPLC. Data are given as mean +
SEM of the percentage of the vehicle control wi#01 + 120 ng 5-LO products per 0.5 ug 5-LO, n=8. * p <
0.05, ** p < 0.01, ** p < 0.001 vs. ctrl., one-waNOVA followed by Tukey-Kramepost hodest.

4.4.2 Effects of triterpenic acids from Boswellia species on 5-LO product

formation in stimulated human neutrophils

To evaluate the effects of triterpenic acids on(®4h a cellular environment, PMNL from human
whole blood were treated with the compounds (10 ah) then stimulated with 2.5 uM A23187
and 20 uM AA. This stimulation allows a relativedglective conclusion on the activity of 5-LO.
A23187 induces the translocation and attachmebtldd to membranes and thereby enhances the
catalytic activity of the enzyme. Exogenous AA rergd5-LO independent of AA supply through
phospholipases and FLAP. The triterpenic acids éxhibited potent inhibition of 5-LO in the
cell-free assay also potently inhibited 5-LO pradisemation in this cellular model (Figuid).

The effects at concentrations of 10 uM were everremevident in the cellular context.
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Concentration-response analyses were carried ouhémost potent compounds (TalBeand
revealed Gy values that were comparable or even below thogeeomost potent BAs, namely
AKBA (ICs0 = 3.2 uM) and KBA (IGo = 2.8 pM). It was striking, that the most poteampound
in this cellular assay 30H-8,24-dien-TA) showed only moderate potencyhe tell-free assay

with an 1Gg value that was about 20-fold increased.
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Figure 54: Effects of triterpenic acids on 5-lipoxgenase product formation in AA- plus A23187-stimulted
human PMNL. PMNL (5 x 10 /ml in PGC buffer) were pre-incubated with vehi@é&l., DMSO), 0.3 pM BWA4C

or the indicated triterpenic acids (10 uM) for 1Bt 37 °C. The cells were stimulated with AA 2d jand A23187
25uM for 10 min at 37°C. The reaction was teat®d and 5-LO product formation (5(S)-HETE,
5(S),12(S)-diHETE, LTBand its all-trans isomers) was determined. Datgyaen as mean + S.E. of the percentage
of the vehicle control with 889 + 69.4 ng 5-LO puats per 5 x 1Dcells, n = 3 5, * p < 0.05, *** p < 0.001 vs. ctrl.,
one-way ANOVA followed by Tukey-Kramggost hodest.
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Table 7: ICsq values of triterpenic acids on 5-lipoxygenase pragt formation in AA- plus A23187-stimulated
human PMNL. PMNL (5 x 10 /ml in PGC buffer) were pre-incubated with the adid triterpenic acids for 15 min
at 37 °C. The cells were stimulated with AA 20 pkdaA23187 2.5 uM for 10 min at 37 °C. The reactigas
terminated and 5-LO product formation (5(S)-HETES)5L2(S)-diHETE, LTB and its all-trans isomers) was
determined. Igyvalues were determined by fitting concentratiopoese data to a four parameter logistic curve.

compound IC,, [uM] compound IC,, [uM]

Sa-OH-7,24- 2.9 DH-k-RA 4.3

3a-OH-8.24- 1.1 LA 4.0
3B-OH-TA 3.0 Ac-OH-LA 5.1
3-oxo-TA 7.1

saesat | g

4.4.3 Effects of triterpenic acids from Boswellia species on 5-LO product

formation in stimulated human whole blood

Human whole blood is commonly used to assess thbitary potential of 5-LO inhibitors in a
physiologically relevant context. Human whole bloag@s treated with @OH-8,24-dien-TA,
3B-OH-TA, 3-0x0-TA, -Ac-8,24-dien-TA, DH-k-RA, LA and Ac-OH-LA at conogrations of
10 and 30 uM and stimulated with A23187 (30 uM)cdmtrast to their activity in isolated cells,
no significant impact on 5-LO product formation walsserved here (Figurg5). Not only the
effectiveness of the test compounds on 5-LO agtiwénished in the whole blood model, but also
the cPLAa-inhibiting effects of Ac-OH-LA (see chaptérl).
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Figure 55: Effects of triterpenic acids on 5-lipoxgenase product formation in human whole bloodHeparinized
human whole blood was pre-incubated with vehictd. (©OMSO), 3 uM BWA4C and the indicated triterpemcids
(10 and 30 uM) for 10 min at 37 °C. The samplesewsmulated with A23187 (30 uM) for 10 min at &7, the
incubation was stopped on ice and the content ldD Jroducts (5(S)-HETE, 5(S),12(S)-diHETE, LfBnd its all-
trans isomers) was determined by HPD2ta are given as mean + S.E. of the percentatieeofehicle control with
106 * 34.9 ng 5-LO products per ml blood, n = 3, 6 p < 0.001 vs. ctrl., one-way ANOVA followed byukey-

Kramerpost hodest.
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4.5 Impact of triterpenic acids and frankincense extra¢s on neutrophil

proteases CG and HLE

4.5.1 Effects of triterpenic acids and extracts fromBoswellia species on
Cathepsin G (CG) activity

CG was recently identified as a pharmacologicajebof BAs. As for 5-LO inhibition, the impact
of other triterpenic acids on CG was only partiadlgalyzed. For testing of the compounds,
isolated human CG (1 pug/ml) was provided in HEPHffebed saline and the test compounds (10
and 1 uM) were added. The reaction was starteddtiian of the chromogenic substrate of CG
(N-Suc-Ala-Ala-Pro-Phe-p-nitroanilide, 1 mM) andriieation of p-nitroaniline (pNA) over time
was monitored spectro-photometrically. The activaf the enzyme was determined to be
1.4 mU/ug in this setup. The synthetic CG inhibiddiJ-10311795 almost totally suppressed pNA
formation (Figure56). However, after incubation with 10 uRBA, the protease’s activity was
only repressed to 60% of the vehicle control, altftoB-BA was reported to inhibit CG with an
ICso value of 0.8 uM at the same conditions regardimgyme amount and nature and
concentration of the substrate [544]. Neverthelas4,0 pMB-BA significantly inhibited CG and
so did several other triterpenic acids, especiattyLA, which was markedly more potent than
B-BA. 3-0x0-TA, 3-Ac-7,24-dien-TA, DH-k-RA, DH-NA and LA inhibited G to a similar
extent ap-BA.
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Figure 56: Impact of triterpenic acids on the activty of purified cathepsin G. 1 pg/ml of purified human CG in
HEPES-buffered (100 mM) saline (500 mM) were in¢abawith vehicle (ctrl., DMSO), JNJ-10311795 (1 pdm)the
indicated triterpenic acids (10 and 1 uM) for 1Grat 4 °C. The incubation was started by additibh mM of the
chromogenic substrate (N-Suc-Ala-Ala-Pro-Phe-peaitilide) and the absorption of formed p-nitroaraliwas
recorded at 405 nm for 60 min (RT). Data are gi@emmean + S.E. of the percentage of the vehicleaanith an
activity of 1.4 £ 0.063 mU per pug CG. n = 3, * p005,** p < 0.01, *** p < 0.001 vs. ctrl., one-way ANOVA
followed by Tukey HSDpost hocdest.

CG is usually excreted by neutrophils upon stimofat.g. with chemotactic stimuli. For this
reason, PMNL were stimulated first with cytochataBi to facilitate the excretion and
subsequently with the chemokine fMLP [574]. Aftenailation, the cells were spun down and the
supernatant was used as source of CG. This sdtwpsad more physiologic environment for CG.
The substrate (N-Suc-Ala-Ala-Pro-Phe-p-nitroanjlideat was used in this assay is specifically
cleaved by CG and therefore no cross-reactivitpther leukocyte-derived proteases is expected.
The synthetic CG inhibitor JNJ-10311795 led to ssoee suppression of CG activity here as well
(Figure57 A). A-BA, which was described to possess ag & 1.2 M on the purified enzyme
[544], was used as representative control of the.BBut again, the BA was less potent, leading to
40% inhibition at a concentration of 10 uM. Espkgithe LAs and also 3-oxo-TA were more
potent than A-BA, but only reduced CG activity tooat 50 to 60% at 10 uM. As seen for the
isolated enzyme, Ac-LA was the most potent tritaipecid in this assay again. Although the
enzymatic activity was lower in the protein mix ssted from PMNL, the inhibitory potential of
the tested compounds was not markedly changed.

The acid fractions of extracts from differéhbswelliaspecies oleo-gum resins were tested in this
assay as well (Figur&7B). The neutral fraction oB. carteri did not affect CG activity. In
contrast, the acid fractions of all the testedatiy significantly inhibited the enzyme at 10 pg/ml
The most active extract was a.Bf. papyrifera which was still significantly less potent thare th
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synthetic control inhibitor JNJ-10311795. At 10 mg/a. f. B. serratawas markedly less potent

than the respective extracts from the three otbeciss.
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Figure 57: Interference of triterpenic acids and etacts from Boswellia species with cathepsin G in a protein
mix directly excreted from neutrophils. Neutrophils were stimulated with 10 uM cytochalaBib min, 37 °C) and
2.5 uM fMLP (5 min, 37 °C). After centrifugatiorhe protein content in the supernatant was detedrane 7.5 ug
protein per ml were diluted in HEPES-buffered (10BI) saline (500 mM). This protein solution was ibated with
vehicle (ctrl., DMSO), JNJ-10311795 (1 uM), theioaded triterpenic acids (10 uM) or the acid (a. f.) or neutral
fraction (n. f.) of the extracts from the indicat@dswelliaspecies oleo-gum resins (100 or 10 pugBlfor 10 min at
4 °C. The incubation was started by addition ofM of the CG-specific chromogenic substrate (N-Slg-Ala-Pro-
Phe-p-nitroanilide) and the absorption of liberapeditroaniline was recorded at 405 nm for 60 niRT). Data are
given as mean + S.E. of the percentage of the leebamtrol with an activity of 0.5 =+ 0.056 mU pel5{ig proteins
from PMNL excretion. n = 3 =5, * p < 0.05 p < 0.01, *** p < 0.001 vs. ctrl., one-way ANOVAollowed by
Tukey-Kramermost hodest.



4.5 Impact of triterpenic acids and frankincensiaets on neutrophil proteases CG and HILB3

4.5.2 Impact of triterpenic acids and extracts fromBoswellia species on

human leukocyte elastase (HLE) activity

HLE is another protease that is secreted by leukscye.g. upon stimulation with chemokines.
AKBA and ursolic acid, another pentacyclic tritenpeacid, were reported to inhibit HLE activity
with ICsp values of 15 and 2 uM, respectively [542]. Theeselffof several triterpenic acids and
extracts from differenBoswelliaspecies on HLE activity was analyzed here. Theesprotein
solution that was already used in the CG assay ¢bapter4.5.1) and that was obtained by
stimulation of PMNL with cytochalasin B and fMLP a# used as source for HLE. For analysis of
HLE activity, the specific substrate N-MeOSuc-Al#aAro-Val-p-nitroanilide was used to avoid
cross-reactivity of other leukocyte-derived proemasThe synthetic HLE inhibitor sivelestat
(50 nM) potently inhibited the protease’s activisigure58 A). In contrast, AKBA (10 uM) was
rather ineffective and also ursolic acid (10 uM)lyosuppressed HLE activity to 57%, thus
markedly less potent than reported. Most of theerpenic acids that were tested showed more
efficient inhibition of HLE activity than AKBA. Thampact of 3-Ac-8,24-dien-TA, RA and
Ac-LA was similar to that of ursolic acid. Nevertbss, it was significantly differing from that of
the control inhibitor sivelestat. In addition, sealeextracts formBoswellia species oleo-gum
resins were tested in this assay (Figa88é). At high concentrations (100 pg/ml), the acicctian

of the extracts fronB. papyriferaandB. serrataalmost reached the inhibitory effect of sivelestat
However, at lower concentrations (10 pg/ml) theeeffwas clearly attenuated, though still
significant. Interestingly, the neutral fraction tife extract fromB. carteri caused significant
inhibition of HLE at 100 pg/ml as well, which wasraparable to the acid fraction of the same

extract.
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Figure 58: Interference of triterpenic acids and etkracts from Boswellia species with human leukocyte elastase
(HLE) in a protein mix directly excreted from neutrophils. Neutrophils were stimulated with 10 uM
cytochalasin B (5 min, 37 °C) and 2.5 uM fMLP (5nmB7 °C). After centrifugation, the protein corttén the
supernatant was determined and 7.5 pg protein pavene diluted in HEPES-buffered (100 mM) salin@@5nM).
This protein solution was incubated with vehicl&l(cDMSO), sivelestat (50 nM), the indicated drjpenic acids
(10 uM, A) or the acid (a. f.) or neutral fraction (n. ffitbe extracts from the indicaté&bswelliaspecies oleo-gum
resins (100 or 10 pg/mB) for 10 min at 4 °C. The reaction was started dgliton of 0.1 mM of the HLE-specific
chromogenic substrate (N-MeOSuc-Ala-Ala-Pro-Valipeanilide) and the absorption of liberated p-zeiniline was
recorded at 405 nm for 10 min (RT). Data are gi@emrmean + S.E. of the percentage of the vehicleaonith an
activity of 1.5 + 0.41 mU per 7.5 pg proteins fr&INL excretion. n =4 — 6, * p < 0.05% p < 0.01, ** p < 0.001
vs. ctrl., one-way ANOVA followed by Tukey-Krampost hodest.
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4.6 Effects of triterpenic acids from Boswellia species on glucocorticoid

receptor signalling

Boswellia preparations are used in traditional and moderdicme to treat diseases with an
inflammatory background — such as autoimmune déseasr chronic inflammation. The
application widely coincides with that of glucodoadids and structural similarities between
glucocorticoids and certain triterpenic acids af@viaus. This raised the question, whether
compounds in extracts froBoswelliaspecies could directly act as ligands of the gtocticoid
receptor. For this reason, a glucocorticoid recepesponse element (GRE) luciferase reporter
assay was performed. A549 cells were chosen todmsiéntly transfected with the reporter or
control constructs, since the glucocorticoid reoef highly involved in transcriptional signalling
in this cell line [591]. Three approaches were @enid to control proper transfection and readout
of the luciferase activity. The first approach (t@e control) contained constitutively expressing
firefly and Renillaluciferase constructs and a constitutively expngs&FP construct. The second
approach (reporter approach) contained the indeiaggtuicocorticoid receptor responsive firefly
luciferase reporter construct and a constitutiegressingRenilla luciferase construct. The third
approach (negative control) resembled the secora buat contained a non-inducible firefly
luciferase reporter lacking the transcriptionalpasse element (GRE). The first approach was
used to assure the successful transfection of éls, ovhich was checked by fluorescence
microscopy for GFP in the intact cells and by asisgsthe activity of constitutively expressed
firefly and Renilla luciferases after lysis of the cells (ratio okfly to Renilla luciferase activity
0.713 + 0.0496). Actually, only part of the cellsat were observed under the light microscope
(Figure 59 A) could also be visualized by fluorescence micrpgcgd-igure59 B) and thus were

successfully transfected.
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Figure 59: Expression of GFP in A549 cells after ainsfection with luciferase and GFP constructsA549 cells (2

x 10" cells in 100 pl RPMI 1640 medium supplemented v@®%h FCS) were transfected with constructs (100 ng)
constitutively expressing GFP and firefly aRenilla luciferases. After 24 h (37 °C, 6% gOmedium was changed
to RPMI 1640 supplemented with 10% FCS, 100 U/miligkin and 100 pug/ml streptomycin. After 16 hetlsame
sector of cells was examined under a light micrpsd@) or by fluorescence microscops)(excitating at 470 nm and
recording emission at 515 nm.

After transfection and recovery of the cells, tbsttcompounds were added and cells were further
incubated for 6 h. For each reporter approach, megative control was used containing the
respective test compound to identify backgrounerep activity and unspecific effects that were
not related to glucocorticoid receptor signallifidgne incubation was stopped and the luciferases
were released from the cells by passive cell lyEi® luciferases’ activity was determined using a
dual-luciferase reporter assay system (Promega GnMdhnheim, Germany). Constitutively
expressedRenilla luciferase served as internal control to normaflaetuations in transfection
efficiency and effects of the test compounds on wability. As expected, dexamethasone
significantly stimulated the relative luciferasetigty about 7.5-fold (ratio of the reporter
luciferase activity to the constitutive luciferasetivity related to the same ratio of the negative
control) (Figure60). On the contrary, none of the triterpenic acigsificantly induced luciferase
activity at a concentration of 30 pM. The neutraetpene amyrin (30 M) or the neutral fraction
of the extract fromB. carteri (30 pg/ml) were ineffective in modulating the &ty of the

glucocorticoid receptor on the transcriptional cesge element as well.
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Figure 60: Relative glucocorticoid receptor respore element-dependent luciferase activity in transféed A549
cells after treatment with diverse triterpenes andthe neutral fraction of the extract from B. carteri oleo-gum
resin. A549 cells (2 x 10cells in 100 pl RPMI 1640 medium supplemented \&ith FCS) were transfected either
with 100 ng of a mixture of an inducible glucocooid receptor responsive firefly luciferase repogenstruct and a
constitutively expressingenilla luciferase construct (reporter approach) or withigture of a non-inducible firefly
luciferase reporter construct and a constitutiegressindrenillaluciferase construct (negative control). Aftert4
(37 °C, 6% C®), medium was changed to RPMI 1640 medium supplésdenith 10% FCS, 100 U/ml penicillin and
100 pg/ml streptomycin. After 16 h the cells weareated with vehicle (ctrl., DMSO), 100 nM dexameitrze, the
indicated triterpenes (30 uM) or the neutral fractdf the extract fronB. carteri oleo-gum resin (n. B. carteri
30 pg/ml). 6 h later, the reaction was stopped ibging the cells with PBS buffer and passive cgdlid. The
luciferases’ activity was monitored using a dualifierase reporter assay system. Data are givereas m S.E. of the
relative luciferase activity (ratio of firefly lulgrase activity taRenilla luciferase activity in the reporter approach
related to the same ratio in the negative approach)2 — 4, *** p < 0.001 vs. ctrl., one-way ANOV#llowed by
Tukey-Kramermost hodest.






5.1 Effect of lupeolic acids on cPLAactivity and evaluation of the applied test sysem 139

5 Discussion

5.1 Effect of lupeolic acids on cPLAa activity and evaluation of the

applied test systems

Inhibition of cPLAxa has been proposed as pharmacological stratedyeitréatment of diverse
inflammatory diseases like asthma [592], inflammatskin diseases [244, 593-594] or arthritis
[108, 595]. In fact, cPLAx activity is upregulated during inflammation andilmtion of this
enzyme leads to effective reduction of pro-inflantmma PGs, LTs and PAF, without affecting
lipid homoeostasis that is predominantly driven diternative phospholipases [596]. Although
preclinical data with cPLA& inhibitors were promising, the potential of thesempounds as
therapeuticals in inflammatory diseases could eotdnfirmed in clinical trials yet. This is at léas
partly due to the fact that many cPidAinhibitors are not drug-like substances. For insgga the
first generation of inhibitors showed high cytotmty because of their amphiphilic structure [230].
The recently developed synthetic cPkAinhibitors are less cytotoxic but show only poor
bioavailability [240].

In this thesis, a rich variety of structurally @t triterpenic acids fronBoswelliaspecies were
tested in a cell-free assay on cRbAactivity, including LAs, which have been discowkria
frankincense only in the last decade [500-502] atmbse pharmacological effects are widely
unexplored. Assays using vesicular membranes astratd are commonly utilized to illustrate
direct inhibition of the cPLAx-membrane interaction and the potency of estaldistfel Aca
inhibitors in these test systems closely correlat#is that in natural membrane models [597]. The
screening of triterpenic acids highlighted the ietpaf Ac-OH-LA on cPLAa. Other triterpenic
acids, also LA analogues lacking the C-28-hydroxgiety, were only partially effective.
Obviously, the C-28-hydroxy-moiety essentially e@ses the interference with cPlA Apart
from being a lipophilic acid, Ac-OH-LA is structdia distinct from other known cPLA
inhibitors. In particular with regard to its moldauweight, Ac-OH-LA is a rather small molecule.
It should be noted that inhibition of isolated cRbAn a cell-free model does not prove direct
inhibition of the catalytic activity of cPLA. Inhibition could also result from impaired intetian

of the enzyme with the phospholipid interface, &#rat that has been observed for Choline-type
inhibitors for example [231]. As cPLA is an interface-activated enzyme (see chapi2rR.4),
inhibition might also result from allosteric bindino cPLAaq, which impairs interfacial activation
of the enzyme.
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Inhibition of cPLAa by Ac-OH-LA was verified in platelets, monocytesdaPMNL as cellular
test systems. Upon stimulation with A23187, allstheells release AA in a cPkdxdependent
manner [65, 228, 598], which was confirmed in tmespnt work by the complete reversal of
A23187-stimulated AA release by the cPlkAcontrol inhibitor. Similarly to the cell-free agsa
also in the cellular models the inhibitory poteht& Ac-OH-LA was higher in comparison to the
LA analogues without C-28-hydroxy function. In tti#ferent cell types, a basal AA release was
also observed in the absence of ionophore stinomalihis basal AA release was less pronounced
in PMNL than in platelets or monocytes, probably asesult of cell-specific membrane-
remodelling processes. For example, sPgkoup 1) activity [580] or indirect decompositiaf
membranous phospholipids through phospholipasedCdaglyceride lipase [581] were identified
as alternative mechanisms leading to AA releaselatelets. Also in monocytes, AA can
alternatively be supplied through sPL98]. However, the basal AA level was neithereaféd

by Ac-OH-LA nor by the cPLAa control inhibitor, which implies selectivity of AOH-LA for
AA release mediated by cPLA after stimulation and suggests no general intenfeg with
membrane homoeostasis.

The inhibition of AA release by Ac-OH-LA resultedh ithe subsequent reduction of AA
metabolites produced in A23187-stimulated plateletdNL and monocytes. This is reflected by
similar 1G5 values on the level of AA release and metabotitengation. Interestingly, unlike the
other investigated metabolites, 12-HHT formatiorpiatelets was only partially inhibited by the
cPLAya control inhibitor. We suggest that A23187-stimathtL2-HHT production by COX-1 does
not exclusively depend on AA provided by cPikA but also on alternative sources. On the
contrary, Ac-OH-LA completely suppressed 12-HHTnfation in a similar way as ibuprofen,
which indicates an additional effect on COX-1 atyivas confirmed in a cell-free COX-1 assay
(see chaptet.3.4).

The inhibition of AA metabolite production (e.g.-HHT and 12-HETE in platelets and 12-HETE
in monocytes and PMNL) by Ac-OH-LA was significanteversed by the addition of exogenous
AA, which confirms inhibition of AA supply througbPLAca. Interestingly, we found that 5-LO
product synthesis in monocytes and PMNL was instaatdfully restored by exogenous AA,
which is apparently related to direct interfereméeAc-OH-LA and LA with 5-LO (see chapter
4.4). Similarly, 12-HHT formation in Ac-OH-LA-treatl platelets and monocytes was only
partially restored by exogenous AA, which mightcee to direct interference with COX-1 (see
above and chaptet.3.4). On the other hand, we observed that alsacBELAo control inhibitor
partially suppressed AA-stimulated 12-HHT formatiomhis might be due to unspecific
interference of the cPLA inhibitor with COX-1 activity. Alternatively, it s shown that
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reduction of prostanoid synthesis in monocytesaoesult from coordinated functioning of COX
and cPLAo [599]. Thus, uncoupling of cPL& and COX may not be completed by
supplementation of exogenous AA (20 uM) and thebitibn of cPLAa by Ac-OH-LA or the
control inhibitor may still influence 12-HHT prodimn here.

Similarly, 5-LO product formation in PMNL after inbation with the specific cPL#& control
inhibitor and stimulation with A23187 plus AA (20M) was still inhibited by about 50%. This
finding is in agreement with previous results vk related cPLAx inhibitor pyrrophenone [600]
and once again might be caused by the two phenanfgrthe control inhibitor might directly
inhibit 5-LO activity when applied in micromolar meentrations, as shown for pyrrophenone
[600]; (ii) cPLAx. and 5-LO are not completely uncoupled by exogeoisWe observed that
the cPLAa inhibitor (5 uM) suppressed 5-LO product formatioy almost 50% in a cell-free
assay, which indicates that the first hypothesige¢tl inhibition of 5-LO) is correct. However,
when monocytes were stimulated with A23187 plus Ajbition of 5-LO product formation by
the cPLAa inhibitor was not significant, which on the comyrasuggests minor direct 5-LO
inhibition in the cellular context. In analogy teetcPLAw-COX coupling in platelets (see above),
the differences observed in PMNL and monocytes tniggh based on differential coupling of
phospholipases and 5-LO in these cell types. I faevious studies support the coupling of 5-LO
to alternative sources of AA in monocytes [599],ewdas 5-LO product formation in PMNL is
prone to inhibition of cPLAw [600]. Alternatively, the cPLAx control inhibitor might
unspecifically interfere with structures that regal 5-LO product formation in a cell-specific
manner.

Aggregation measurements in platelets were cawigdto assess the functional relevance of
cPLAya inhibition by Ac-OH-LA. Collagen stimulation in @lelets involves cPLA-, COX-1-
and TX synthase-dependent production of TXwhich is required for the induction of receptor-
mediated aggregation [577] (Figus&). In addition to collagen, we also used the ahalogue
U46619 as alternative stimulus to discriminate affeduring TXA synthesis and effects
downstream of TXA formation. As expected, the COX inhibitor indonaetim and the cPLA
control inhibitor did not affect U46619-induced tglet aggregation. On the other hand, both
inhibitors substantially diminished aggregation obllagen-stimulated cells. Interestingly,
aggregation was totally blocked by inhibition of EQvhereas inhibition of cPLA still allowed
minor aggregation. As stated above, this might e td alternative, cPLA -independent supply
of AA leading to COX-1 product (and thus TXAformation. After treatment of platelets with
10 uM Ac-OH-LA (a concentration that led to exteesinhibition of AA release), collagen- but
not U46619-induced aggregation was significanthibiied, supporting the hypothesis that
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Ac-OH-LA acts via inhibition of cPLAu. Further increase of the Ac-OH-LA concentration
decreased aggregation beyond the level of the efPLéontrol inhibitor, which was also
accompanied by inhibition of U46619-induced aggtiega Apparently, elevated Ac-OH-LA
concentrations suppress platelet aggregation bgraon both cPLAc and an additional target
downstream of TXAsynthesis. The I£§5 value for inhibition of collagen-induced aggregativas
higher than that found for inhibition of A23187-umkd AA release. Though not immediately
understood, this difference may be related to edtédinetic properties of cPLA resulting from
phosphorylation events. In fact, in addition tovation of intracellular Cd levels, collagen
increases cPLA activity by phosphorylation at S8 and Sef’ through p38 MAPK and
MNK1/PRAKZ1, respectively [178, 578, 601]. Surprgiy, at concentrations of 10 uM or above
LA and Ac-LA (lacking the C-28-hydroxy group) tatalinhibited both collagen- and U46619-
induced aggregation. A similar behaviour was aledound for 11-keto-BAs, which was
attributed to inhibition of Cd mobilization [602].

degranulation

fibrin cross-linking

aggregation

Figure 61: Collagen- and U46619-induced platelet ggegation. Thromboxane synthase (TX s.).

Ac-OH-LA did not significantly inhibit AA metabok production in A23187-stimulated human
whole blood. Similarly, BAs failed to inhibit 5-L@ human whole blood, which was related to
extensive protein binding of BAs [603]. High bindito plasma proteins might be reasonable for
Ac-OH-LA as well. In fact, we observed a reductwfithe inhibitory potential of Ac-OH-LA on
isolated cPLAa in the presence of BSA (starting at 1 mg/ml).

In summary, Ac-OH-LA is a potent inhibitor of cPkéAactivity, leading to reduced AA release
and AA metabolite production in different blood IselFunctionally, this interaction results in
reduction of platelet aggregation. The effects o metabolite production were impaired in

whole blood, probably due to plasma protein bindingvivo studies so far were only performed
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with preparations fronBoswellia species, but their total content of Ac-OH-LA, tlgbunot yet
quantified, is presumably rather low. Thus, the tabation of Ac-OH-LA to the anti-
inflammatory effects of frankincense extracts islgably limited. Nevertheless, the identification
of Ac-OH-LA as cPLAaq inhibitor represents a significant advance inftélel because it is both a
natural compound and a relatively small molecutemight serve as lead structure for the
development of new synthetic cPkdAinhibitors with improved pharmacokinetic propestido
this aim, investigation in a more physiological o (pharmacokinetic studieis, vivo models of

inflammation) would be valuable.

5.2 Effects of tirucallic acids on arachidonic acid mobization in human

platelets

We show here that TAs cause massive release ofréw fntact platelets by kinase- and’Ga
dependent activation of cPLA TAs are tetracyclic triterpenes that make up aldidd and 23%
of the acid fraction extracted froB papyriferaandB. serrataresin, respectively, with 3-oxo-TA
as major ingredient accounting for 7.5 to 10% [493&spite of their high abundance, only few
reports addressed TAs. For example pro-apoptdectsfin cancer cells [557] and the modulation
of 5-LO product formation in PMNL [538] by TAs wereported. TAs were shown to stimulate
A23187-induced 5-LO product formation in intact PMWhen added right before challenge with
A23187, which was attributed to direct activatioh5eLO via the MEK/ERK pathway. On the
other hand, stimulatory effects on 5-LO productation through ERK/p38 MAPK activation
and C&" mobilization were also found in BA-treated PMNLKRBA), which was ascribed to
enhanced AA supply instead of direct stimulatiob-@fO [536, 579]. Similar mechanisms may be
assumed for TAs in PMNL as well. In platelets, B#are shown to trigger Gamobilization and
ERK, p38 MAPK and Akt phosphorylation [541}-BA caused cPLAu-mediated AA release
independently of G4 and without direct interaction with cPLé This AA release was
suppressed by Src family kinase and PI3 kinaseitains but not by inhibitors of ERK or p38
signalling, and only in the presence of Ci&39].

Similarly, we observed that the TA-induced AA redeand subsequent metabolization in platelets
occurred independently of €a Interestingly, relative AA release by TAs was menhanced in
the absence of &a Though the four analyzed TAs only slightly difertheir structure, this effect
was particularly evident for Ac-TA. The differeritiafficacy of the respective TAs upon Ca
deprivation indicates the superposition of différexechanisms leading to AA release. On the AA
metabolite level, the stimulatory effects were eweore pronounced. Presumably, the two-hour
labelling with PH]-labelled AA in the AA release assay renders t¢kéls in part refractory to
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stimuli such as TAs or A23187. Upon incubation wiltAs, the concentration-dependent
metabolite production developed very fast with maadi stimulation of 12-HHT production after
30 to 60 sec and time-dependent increase of 12-H&f&ation over 1 h. As 12-HHT is a product
of COX-1 and this enzyme undergoes auto-inactivatiithin a few minutes after substantial AA
supply, the cessation of 12-HHT formation is a C&pécific observation [10]. The fact that auto-
inactivation emerged within the same time spanspeetive of the intensity of the stimulus
appears however unexpected. On the other handyuspan cell stimulation, only small subsets
of COX enzymes are activated [248]. Thus, stimalatly each TA recruits a definite population
of COX enzymes that are fully active in each case thus undergo inactivation within similar
time scales. Unlike COX or 5-LO, 12-LO does notwhauto-inactivation [426]. Consequently,
12-HETE formation is an appropriate indicator fostained AA release generated by TAs. As
TA-induced 12-HHT and 12-HETE formation were blodlagter pre-treatment with the cPhoA
inhibitor RSC-3388, AA mobilization most likely isarried out by this phospholipase. On the
other hand, cPL#u-triggered stimulation of AA release through otlRrAzs could also account
for the efficacy of RSC-3388 [70]. But since fastiaxtensive mobilization of AA through iPLA
seems unlikely and sPLAs dependent on relatively high levels ofGaheir contribution to the
fast and C&-independent AA release elicited by TAs appearddmgible.

Surprisingly, 12-HHT formation in platelets was ggeally stimulated after treatment with the
cPLAya inhibitor. As already mentioned in the previougter, 12-HHT formation in platelets is
only partially dependent on cPLA After blocking of cPLAa, alternative sources of AA
predominate that seem to couple with COX-1 rathantwith 12-LO, which might be due to the
differential localization of COX and 12-LO at lowtiacellular C& levels.

Investigations analyzing the subcellular distribatof cPLAa confirmed the stimulatory effects
of TAs on cPLAa activity. Considerable translocation of cPloAto the membranous fraction
indicates enhanced interaction of the enzyme vighnbembrane surface that is normally mediated
by increased intracellular €alevels [128] or by phosphorylation of cPA[140]. Membrane
translocation correlated with the stimulatory etfffean 12-HETE formation.

The acylphloroglucinol hyperforin fromlypericum perforatunelicits similar effects in platelets
as TAs: It induces cPLA-mediated, but Ga-independent AA release and cPiAranslocation
[569]. These effects were ascribed to the induatiboPLAca phosphorylation and the insertion of
hyperforin into membranes, facilitating the accesSsPLAa to its substrate. In fact, the structural
resemblance of the TAs and cholesterol would suppotential interference by membrane
insertion. On the other hand, TAs carry a hydroplgarboxylic group centrally located on their
lipophilic scaffold, and therefore intercalation the membrane might be thermodynamically
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unfavoured. Anyway, the effect of TAs on cPlAactivity was investigated using membranes
featuring different rigidity and dissimilar phospiped headgroups. Although cPLA activity
varied considerably in these membrane models, Tidaak induce AA release in any system, and
thus a noteworthy direct effect on polarity, acdmbty or crystallinity of membranes seems
improbable. Nevertheless, TAs may also interachw#ramides, diacylglycerol, C1P, PIPs or
metabolizing enzymes thereof (see chapt2r2.4).

A crucial initiator of cPLAa activity is the mobilization of intracellular &a(Figure62), which
was already shown to be effected by BAs in plaseléttl] and might contribute to TA-induced
cPLAx activity — at least in the presence of Can fact, TAs provoked a fast and sustained boost
of intracellular C&' levels, which approximately correlated with 12-Hiifid 12-HETE formation

in the presence of &a Compared to stimuli like A23187, thapsigargintimombin, these Ca
fluxes were modest, but definitely reached levhlt tare necessary for the induction of cRdA
membrane translocation and cPlactivity, especially since the increase in thé*'Gavels was
sustained [156].

Phosphorylation events are essential for cllActivity in platelets upon stimulation with
physiological stimuli such as collagen or thromfit72] (Figure 62). As CaMKII- and
MNK1/MSK1/PRAK1-induced phosphorylation of $&rand Se¥’ are frequently linked to
MAPK-induced phosphorylation of S& [178, 182, 186-187], Western blot analyses
concentrated on the activation of JNK, ERK and p8&P kinases. In Cd-containing buffer,
stimulation with TAs led to phosphorylation of pa®8d to a minor extent of JNK, indicating
potential activation of cPLA via phosphorylation at SBr. Nevertheless, the impact on p38
phosphorylation after treatment with the differ@#s did not exactly correlate with the increase
in 12-HETE formation. Although the assessment of-ilduced p38 phosphorylation was
impeded in EDTA- and BAPTA-AM-treated cells, at dea3-OH-TA and Ac-TA visibly
increased p38 phosphorylation, proposing effectgsnof this route of cPL& activation in a
Cd*-depleted environment as well. Similar to 12-HET&nfation and cPL& membrane
translocation, the effect ofu30OH-TA on p38 phosphorylation was increased in dbsence of
ca”.

Direct analysis of the phosphorylation of cPAat Set® confirmed the phosphorylation after
treatment with 3-oxo-TA and Ac-TA in a €acontaining medium and after treatment with all
TAs in the absence of €awhich is in line with the activation of p38 ardK MAPK.

In a kinase inhibitor approach, we confirmed theolmement of p38 MAPK and additionally
found CaMKIl to mediate TA-induced AA metaboliteopluction. The effect of the p38 MAPK
inhibitor on TA-induced 12-HETE formation was evemore pronounced after chelation of’Ca
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Notably, the importance of MAPK-induced cPicAphosphorylation stringently depends on the
intracellular C&' levels. For instance, inhibitors of p38 or ERK miat affect cPLAo activity in
thrombin-stimulated platelets due to sustained** Cmobilization [175, 601, 604], but
phosphorylation of S&¥ by MAPK clearly controls cPLA: activity at low C&" levels [140,
601]. CaMKIl stimulates cPL# activity, which is accompanied by phosphorylatimhSer*®
[173] but also occurs independently of 32f185]. As CaMKII activity is closely connected to
C&”* signalling [605], its effect on cPL# activity after treatment with TAs might simply e
from C&" mobilization. On the other hand, the CaMKII inhilvs maintained their suppressive
effect in C&'-deprived cells, suggesting €dndependent effects to trigger CaMKII-driven
activation of cPLAca. In smooth muscle cells, CaMKIl was shown to hekdéd to MAPK
activation and thereby led to phosphorylation of &R at Ser® [187]. However, TA-induced
p38 phosphorylation was not blocked by the CaMHKihibitor KN-93 in platelets (data not
shown), which excludes a direct linkage of thesa&es here.

In summary, TAs Cd-independently induced the activation of cRBkAn platelets, whereas no
effect was seen in PMNL. This might be based onféleé that the threshold for activation of
cPLAxx in PMNL is higher than in platelets. The four T#sted affected Gamobilization and
kinase cascades to different extents, both of whrehknown to induce cPLA activation. The
stimulatory effect of TAs in platelets could bepdfysiologic relevance since TAs represent major
compounds in extracts froB. papyriferaand B. serrata Frankincense formulations are usually
applied in chronic inflammatory diseases but tregit-activating properties of TAs could abet
unfavourable effects. For example, enhanced ptagelgvation is associated with inflammatory
diseases such as atherosclerosis [606], rheumatthdtis [607], inflammatory bowel diseases
[608] and psoriasis [609-610]. On the other harddp 8As elicit stimulating effects on AA
metabolism in platelets [539] and PMNL [579], bbetinhibitory effects appear to dominate in
more physiologic systems amdvivo. The same might apply to TAs as they also reptgsetent
inhibitors of AA metabolizing enzymes (see chapteBand4.4). For instancen vivo application

of 3-oxo-TA, the most abundant TA iB. papyrifera and B. serrata extracts, indicated
preponderance of inhibitory effects on eicosangitttsesis (see chaptér3.6). Also in stimulated
monocytes or human whole blood, inhibitory effeats83-oxo-TA mostly prevailed. Anyway, for
conclusive evaluation of the relevance of stimulaeffectsin vivo, the plasma levels of TAs after

the application of frankincense extracts must lsessed.
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Figure 62: Regulation of cPLAw.

5.3 Interaction of triterpenic acids and frankincense etracts with PGE,

biosynthesis

PGE is a central mediator in inflammation, governingdema formation, pain sensitization and
fever [8]. Anti-inflammatory actions of NSAIDs aessentially attributed to the suppression of
inflammatory PGE Anyway, these commonly used drugs evoke sevele affects, especially
when they are applied in the long-term therapy bfonic inflammatory diseases such as
rheumatoid arthritis. Gastrointestinal toxicitynsediated by inhibition of COX-1-derived P&

the gastric mucosa and was overcome by the developrof selective COX-2 inhibitors.
Unfortunately, selective inhibition of COX-2 favaurthe synthesis of COX-1-derived pro-
aggregatory TXA, whereas PGlas anti-aggregatory and vasodilatory mediatorujgpressed,
leading to increased risk of cardiovascular congpions [16]. As mMPGES-1 is upregulated upon
stimulation with pro-inflammatory cytokines and itbley essentially gives rise to P&&ynthesis

in inflammation, its inhibition promises efficiensuppression of PGE synthesis in an
inflammatory context, avoiding effects on other gtemoids or physiologic PGEynthesis [312].
Several natural compounds were identified as intnibiof mMPGES-1, such as curcumin [611],
garcinol [612], myrtucommulone [613], epigallocdige3-gallate [614] and BAs [511]. Here,
several extracts from differel@oswellia species were assayed on their inhibitory potemiral
MPGES-1 activity in a cell-free approach. Since ergus established mPGES-1 inhibitors are
lipophilic acids, special attention was paid to #ogd fractions from frankincense extracts. In fact
the neutral fraction fronB. carteri was ineffective, whereas all acid fractions derm@tsd
concentration-dependent inhibition of MPGES-1. inded fractionation of the most potent acid

fraction (a. f.) fromB. papyriferarevealed 3-oxo-TA as the most effective compon@iher
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triterpenic acids also showed inhibition of mPGES&elivity with similar or even higher potency.
However, in the extract frorB. papyrifera 3-oxo-TA was the most abundant of these potent
inhibitors and thereby is most likely responsibte fts superior efficiency. Nevertheless, the
concentration-response-curve of 3-oxo-TA coinciadéath the one of the whole extract, which
suggests the contribution of even more potent camg® to the effectiveness of the extract. While
BAs were reported to have §§values of 3 uM or higher [511], several triterpeacids that were
analyzed in this study were more effective, with ttvo Ac-TA derivatives being the most potent
compounds (I6p= 0.4 uM). The potency of these Ac-TAs was una#éddby the conformational
alteration of the tetracyclic ring system that tessdrom relocation of the double bond from
position 7 to 8. Regarding thex-Biydroxy derivatives, this conformational shift leal different
concentration-response curves, with theyMalue of the flexed 7,24-diene derivative beinghler
than that of the 8,24-diene. Notably, the lattgppsassed PGEformation with higher potency
than the reference drug MK-886. Similar inhibitiainough at high concentrations, was only
accomplished by the a. f. fromB. papyrifera extract. Residual PGEformation that is not
suppressed by selective mPGES-1 inhibitors coude &rom enzymatic synthesis through cPGES
or mPGES-2 (Figure63) or from non-enzymatic isomerisation of P&Hnterference of
3a-OH-8,24-dien-TA with spontaneous decay of RGfpears improbable. Thus, the additional
inhibition of PGE synthesis most likely arises from interferencehwdather PGE synthases.
Interestingly, this property got lost in case oé t8-hydroxy-derivative. DH-NA and the RAs
(except of DH-k-RA) barely inhibited mPGES-1 adivalthough they represesécaderivatives

of the effective BAs. Obviously, the tight attachmhef the carboxylic function to the A ring of
BAs is essential for interference with mPGES-1,levline interaction of theecoderivatives is
reduced due to the positioning of the carboxyliougr on a highly flexible tether. Notably, in
contrast to DH-RA, the 11-keto-analogue DH-k-RA waghly effective, whereas the 11-keto-
derivatives of BAs rather showed lower efficacy Ip1LAs inhibited mMPGES-1 activity as well,
with decisively increased potency of Ac-OH-LA comgadto analogues that are not hydroxylated
in position C-28.

In LPS-primed monocytes, the effectiveness of sdvetterpenic acids on PGHormation was
hampered. The 3-OH-TAs and 3-oxo-TA inhibited BGHErmation but the assessment of
MPGES-1 inhibition by Ac-TAs, Ac-OH-LA and DH-k-R#as not feasible due to the induction
of AA release (see chaptdr2) or due to shunting mechanisms. As monocytescapable to
synthesize a broad array of eicosanoids [586], tshmiof PGH to PGE synthesis may results
from inhibition of other AA- or PGhtmetabolizing enzymes. For example, extensive shgint
was also observed with the TX synthase inhibitodC%1, which increased the P&lEvels about
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fivefold. Similarly, B-BA (30 pM) did not suppress PGHormation in stimulated monocytes,
although it was reported to be a potent inhibitbom®GES-1-mediated PGEynthesis in IL-[-
treated A549 cells [511].

Also in LPS-stimulated human whole blood}-GH-TA and 3-oxo-TA potently suppressed
MPGES-1-mediated PGEynthesis, whereas the Ac-TAs were markedly |&ssteve. In contrast

to monocytes, DH-k-RA and Ac-OH-LA inhibited P@Brmation in whole blood, whereas the
3u-OH-TAs were inactive. The proposed shunt mechatimhwas assumed to be responsible for
the failure of DH-k-RA and Ac-OH-LA in monocytespf@ears to be less relevant in this assay,
which could result from the small number of monesytin whole blood and a differential
behaviour in other cell types. The failure o ®@H-TAs to inhibit PGE formation in the whole
blood assay might be due to concomitant inductibAA supply e.g. from platelets (see chapter
4.2) but remarkably, the 6-keto PGlevels were not increased. Also the extracts fEBoewellia
species inhibited PGHormation in whole blood, and again the a. f. frBmpapyriferawas the
most potent among all fractions. At higher concamdns, inhibition by this extract was hampered,
which once again can be attributed to shuntingub§gate or to AA mobilization through TAs.
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Figure 63: Biosynthesis of PGE

To assess the selectivity of triterpenic acids #fégctively suppressed mPGES-1 activity, their
potency on further enzymes that contribute to mffaatory PGE formation was analyzed (see
Figure63). As shown in chaptet.1, Ac-OH-LA potently suppresses cPloAdriven AA release in
cell-free and cellular assays. Although the acidctipn from B. papyrifera 3-oxo-TA and
30-Ac-8,24-dien-TA significantly suppressed cell-frelRRLAqa activity, inhibition did not exceed
40%, even at high concentrations (30 uM or 30 pg/iflis action may be related to unspecific
membrane effects. Furthermore, TAs failed to suggprer rather stimulated AA release in a
cellular context as discussed in chapbe?2. On the contrary, DH-k-RA only suppressed AA
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release in the cellular model, whereas it bardiycééd the isolated enzyme. Apparently, inhibition
of AA release by DH-k-RA is due to interference lwidttructures that regulate AA release rather
than to direct interaction with cPLA itself. Similarly, the a. f. fronB. papyriferaandB. serrata
suppressed AA release in stimulated plateletsuag/Bl, although they were barely effective in the
cell-free assay at this concentration. Again, thppsessive effect was not observed at higher
concentrations, which is presumably due to theldtitory effects of TAs.

Considerable interaction with COX-1 activity wasuaol for TAs, Ac-OH-LA and DH-k-RA in
AA-stimulated platelets and direct inhibition of ®€1 was confirmed in a cell-free assay, though
at higher concentrations. The reduction of 12-Hidiimfation in A23187-stimulated whole blood
may be attributed to inhibition of COX-1 activitys avell, since COX-2 is barely expressed in
naive blood. Impaired 12-HHT formation in plateletsd whole blood might result also from
interaction with intracellular signalling pathwagsich as p38 MAPK activation (see chapter
4.2.8). This would provide an explanation for timited concentration-dependency of 12-HHT
inhibition by TAs in whole blood and the minor eficy in the cell-free assay. Although the test
compounds moderately inhibited COX-2 in a cell-fegstem, no effect was found in a cellular
model at concentrations up to 10 uM. Also in LPiSwslated whole blood, where PGHs
supplied by COX-2 [615], the COX-derived 6-keto RGRvas not impaired by the test
compounds. The interference of TAs, DH-k-RA and @ld-LA with COX-1 potentially could
mediate additional (adverse) effects as observed\fSAIDs, but mMPGES-1 is suppressed at
markedly lower concentrations. Thus, the effectndPGES-1 is physiologically more relevant,
especially in consideration of the plasma levelteftriterpenic acids.

3-oxo-TA and the acid fraction of the extract froBn papyrifera showed significant anti-
inflammatory effectsn vivo in a model of carrageenan-induced pleurisy in, rassmeasured by
reduction of inflammatory cells in the pleural dgvreduced exudate volume and impaired levels
of PGE, 6-keto PGE, and LTB,. However, these effects cannot exclusively be ilasdrto
inhibition of MPGES-1 since one would expect theduced PGElevels are accompanied by
constant 6-keto PGF levels. In contrast, all the tested parameterseweduced to a similar
extent, which suggests that a common target mayateethe main effects in this model (e.g.
inhibition of the invasion of inflammatory cells lmyterference with chemotaxis or extravasation).
For instance, BAs were shown to interact with casine G and thereby reduced chemoinvasion of
PMNL in vitro [544], and TAs also inhibit cathepsin G with sinipotency (see chaptér5.1).
3-o0xo-TA and the acid fraction d. papyriferaextract were less effective th@aBA, which
inhibits PGE formation in the same model by about 50% [511dWRed efficacy resulting from
stimulatory effects on AA release appears unlikehce 3-oxo-TA did not induce such effects in
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human whole blood and also because this would rdd@ to an increase in 6-keto PGF
Possibly, the applied model does not evidentlyemtfan impact on mPGES-1. In fact, mPGES-1
is only incompletely induced within 4 h after agplion of carrageenan [616], whereas cPGES
and mPGES-2 are constitutively expressed in pldatiocytes [617]. Therefore PGEynthesis

in this first phase of pleurisy is only partly foech by mPGES-1 and the effects that can be
achieved by exclusive blockade of this enzyme ametdd. As demonstrated in mPGES-1
knockout models, mMPGES-1 plays a crucial rolsimivo models of chronic inflammation such as
collagen-antibody-induced arthritis [322]. The asseent of mMPGES-1 inhibitors in similar
models promises results that are more distinct. ré€lsively small effect of the extract is in line
with the results found fop-BA, since the administered dose corresponds tata®e5 mg/kg
B-BA, which only led to moderate effedtsvivo[511].

In summary, a broad variety of triterpenic acidsnfrBoswellia species was investigated with
respect to the novel target structure mPGES-1 aweral compounds were found to inhibit
MPGES-1 activity. Effectiveness was preserved liulee models and in whole blood, though
some compounds (Ac-TAs, DH-k-RA and Ac-OH-LA) wefmund to interact with additional
targets in AA metabolism, leading to interferengegparticular assays. Regarding the AA-PGH
PGE cascade, mPGES-1 was inhibited witlg@alues of 0.4 to 3 uM for the TAs, DH-k-RA and
Ac-OH-LA, whereas COX and cPLA were only suppressed withd@values of 10 uM or higher.
Thus, under appropriate dosage these compoundssgr@elective inhibition of PGEsynthesis
through mPGES-1, without affecting prostanoids thaintain physiologic functions. Though the
pharmacokinetics of the investigated compoundsuakaown, the 16 values for inhibition of
MPGES-1 are low and thus, required plasma levegthtnbe reasonably achieved by standard
dosage. For instance, the contents of TAs in ebdfaemB. papyriferaandB. serrataare almost
comparable to those of BAs [498]. And for BAs, whigossess similar structures as the analyzed
compounds, steady-state plasma levels ranged ftamN for AKBA to 10 uM forp-BA after
treatment with an extract froBy serratain established dosage [563].

5.4 Impact of triterpenic acids and extracts from Boswellia species on
5-LO

5-LO represents the first identified target for B&w for a long time its inhibition was accepted as
the principal molecular mode of action of frankinse formulations [512]. Today this opinion is
debated and recent work has shown that 5-LO migitdb of pharmacological relevance as target
because of the unfavourable pharmacokinetic priggedf BAs (i.e. high albumin binding), the
marginal content of AKBA (the most potent 5-LO ipibor) in extracts fronB. serrataand the
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loss of efficiency in whole blood [603]. Moreovexdditional molecular targets were found to be
inhibited by compounds that are more abundantankincense formulations or with lowers{C
values (see chapt@r5.4.3). However, the evaluation of 5-LO inhibitiby extracts from different
Boswelliaspecies and by triterpenic acids besides BAs mgdafragmentary so far. This study
demonstrates the inhibition of purified 5-LO by altid fractions of extracts froBoswellia
species tested, whereas the neutral compounds Brararteri showed no significant inhibition.
Although Indian frankincenseB( serratg was originally associated with this target [530e
effect on 5-LO was even more distinct for the ecttifeom B. papyrifera This observation is not
surprising, considering the relatively high amoohthe most potent BA (AKBA) in this extract
(13.1%) compared to minor contents in the extnaohB. serrata(2.2%) [498]. In fact, inhibition
by AKBA alone could account for the effect exertbg the extract fromB. papyrifera a
concentration of 10 pg/ml extract corresponds toual2.5 uM AKBA, which matches its ¢
value of 2.9 uMn this test system [603]. On the other hand, teutated AKBA concentration
in 10 pg/ml of extract fronB. serratais only 0.4 uM, therefore AKBA can only partially
contribute to the potent 5-LO inhibition exerted thys extract. As KBA also represents a minor
compound in this extract and thesp@alues of the more abundant 11-methylene-BAs exered
30 uM, the contribution of other compounds to 5-in@ibition appears plausible. The testing of
diverse triterpenic acids revealed that some ahtlhesre similarly effective 5-LO inhibitors like
AKBA or KBA. As all these triterpenic acids reprasdipophilic acids and BAs were found to
inhibit 5-LO through competition with AA at an aditeric binding site [534], an analogue
mechanism may be assumed for the other triterpmrias as well. As stated for BAs [533], the
most potent inhibitors feature an additional hydhbp function at a certain distance from the
carboxylic moiety. 3-oxo-TA andB30H-TA carry the 3-oxo- or[Bhydroxy-moiety, respectively;
DH-k-RA in analogy to KBA possesses the 11-ketcefiom and Ac-OH-LA presents the
C-28-hydroxy-group. The corresponding analogueschviack these functions or offer acetylated
hydroxy-functions, are significantly less active.h®h the additional hydrophilic function is
situated closely to the carboxylic group, the iitioity potential decreases, as can be seeff-BA
and LA, and it is further diminished in the acetgthanalogues again (e.g. in A-BA and Ac-LA).
Interestingly, the 8&0OH-8,24-dien-TA is markedly less active than ifsiydroxy-analogue, and
the flexion of the ring system resulting from de&mment of the double bond from position 8 to
position 7 even decreases the inhibitory effecesitmably, the orientation of both hydrophilic
groups to the same surface of the allosteric bandite is a prerequisite for effective inhibition.
Ineffectiveness or incomplete inhibition of the wme by triterpenic acids that do not fit in this
pattern does not implicate that these compoundaaldoind 5-LO; as shown for the non-polar
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amyrin, such substances still compete for the saiméing site but simply do not exert intrinsic
inhibitory activity [533].

In the cellular model of A23187- plus AA-stimulat®MNL, the effects of the triterpenic acids
largely corresponded to those in the cell-freeyadsas noteworthy that thahibitory effects of
30-Ac-8,24-dien-TA and 3-oxo-TA were not impaireddamparison to the cell-free assay. In a
previous study, these TAs were shown to induce MiEKvation in A23187-stimulated PMNL,
which counteracted the inhibitory effects and ledncreased 5-LO activity instead [538]. These
stimulatory effects were supposed to result from ERK-mediated phosfdigrn and activation
of 5-LO (Figure 64). Alternatively, activation of MEK could mediatemalified AA release
through ERK-mediated phosphorylation of cBkA174] and thereby enhance 5-LO translocation
and activation [229]. This is supported by the dat#his work, since the stimulatory effects of
TAs on 5-LO product formation vanished upon stirtialain the presence of exogenous AA and
the inhibitory effects (resulting from direct inktibn of 5-LO) prevailed. Furthermore, a
stimulatory effect on 5-LO activity through MEK/ERMKediated phosphorylation of 5-LO is
improbable in A23187-stimulated PMNL, but rathepears at low C4 levels [380].

A23187 TAs
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Figure 64: Regulation of 5-lipoxygenase product fanation in stimulated PMNL by tirucallic acids.

Interestingly, the 3-OH-TAs and DH-k-RA showed tefaly low ICso values. Given the complex
regulation of 5-LO in a cellular context (e.g. hetcellular redox tone, protein phosphorylation
etc., see chapt&.2.5.3) further investigation is needed to diseld® underlying mechanisms of
this additional inhibitory effect.

As discussed for BAs [603], the relevance of theCsinhibitory effect of triterpenic acids in a
pathophysiological context remains questionabl&e LBAs, the most potent 5-LO inhibitors in
this study also failed to suppress 5-LO produanttion in a whole blood assay. As demonstrated
for BAs, this is presumably due to the high affnaf triterpenic acids to plasma proteins, which
prevails over the affinity to 5-LO. Actually, mamathological states that are successfully treated



154 5 Discussion

with frankincense formulations lack a controllinger of LTs, which rather discloses a crucial role
of 5-LO inhibition in the anti-inflammatory effectsf frankincense [603, 618]. However, the
herein presented triterpenic acids from frankineesmstracts are potent direct inhibitors of 5-LO,
most likely acting on the same allosteric bindirig sf the enzyme as BAs. The structure-activity
relationship that was proposed for BAs can be ededro the presented compounds and provides
further insight into the structure of the allostedNA binding site of 5-LO.

5.5 Impact of triterpenic acids and frankincense extra¢ts on neutrophil

proteases CG and HLE

The proteases CG, HLE and proteinase 3 are higkyessed in neutrophils and released in
substantial amounts from azurophil granules uponuation e.g. with TNk, LPS, PAF, PMA or
fMLP [619]. Neutrophil proteases mediate a pletharh processes, which promote the
inflammatory reaction in terms of cell infiltratiprcytokine signalling, cell activation and
apoptosis. But they also induce tissue injury, eslg under chronic inflammatory conditions
[437]. Thus, inhibition of CG or HLE was suggestedthe therapy of rheumatoid arthritis,
bronchial asthma and psoriasis [619-621], and fathese diseases are traditionally treated with
frankincense formulations. Inhibition of HLE [54@hd CG activity [544] by BAs was shown in
previous studies.

Direct binding of BAs to CG was demonstrated cayipiotent inhibition of the proteolytic activity
with ICsp values in the submicromolar range [544]. BAs asppressed functional effects of CG,
such as chemoinvasion of neutrophils in matrigel @s-mediated G4 mobilization in platelets.
Reduced CG activity in whole blood from patientsated with a frankincense extract supports the
physiologic relevance of this interaction. Here, assessed the inhibitory potential of further
triterpenic acids fronBoswelliaspecies on CG and HLE and compared them with teeldg8As.
Even though the CG assays were performed accotditige protocol described in literature [544],
the inhibitory effect oB8-BA was more than tenfold lower than reported. Thatrol inhibitor in
contrast functioned properly and even exceedecffieet demonstrated in literature. Deviation in
the specific activity of the enzyme preparationy mpartially explain these differences. Almost all
tested compounds effectively suppressed the enzyaivity, with 3-0x0-TA,
30-OH-7,24-dien-TA, DH-k-RA, DH-NA, LA and especialc-LA being even more potent than
B-BA or A-BA. In an automated docking approach, Basre demonstrated to bind to the active
site cleft of CG [544]. In this model, the A, B afidrings are located on the protein surface and
thereby allow some structural variation; hence,ltineling of the BAs occurs with similar affinity,
reflected by similar 16, values. Thesecoderivatives of BAs (RAs and NAs) exhibited similar
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potency compared &-BA, underlining the tolerance towards modificatan the A ring. LAs are
structurally related to BAs, with variations in tkering. Although the D an E rings are situated in
a lipophilic pocket, this alteration does not imptie affinity to CG, as long as the lipophilic
character and the spatial dimensions are widelggoved. Hydroxylation of C-28 in Ac-OH-LA
increases the hydrophilicity of the rings D andtlkereby disfavours binding and consequently
reduces the inhibitory effect. Despite the struatdiversity of TAs and BAs, the former potently
suppressed CG activity as well. The tested compotad similar effects on purified enzyme or
when the supernatant of stimulated PMNL was usedoasce of CG. The acid fractions from
frankincense extracts also led to considerablebitibh of CG, whereas the neutral fraction
isolated fromB. carteri resin was ineffective, approving the necessityanfacidic function in
inhibitors that mimic the control inhibitor JNJ-10B795 [544].

The inhibition of HLE by BAs was discovered in 19%42] and interaction with other triterpenic
acids like ursolic acid was even found earlier [543ompared to ursolic acid, BAs are rather
moderate inhibitors with an kgvalue of about 15 uM for AKBA. As already observied CG,
the inhibitory potential of test compounds flucestconsiderably depending on the assay
conditions (specific activity of the enzyme). Instlstudy, ursolic acid impaired HLE activity by
about 55% at a concentration of 10 uM, althoughGts value was reported to be 1 uM [542]. At
10 uM, AKBA did not appreciably influence HLE aatiy which is in line with literature data.
However, at 10 uM all tested compounds were equallynore potent than AKBA and some
triterpenic acids (@ Ac-8,24-dien-TA, RA and Ac-LA) inhibited HLE acity as potent as ursolic
acid. The structural requirements for inhibitionHifE are obviously distinct from those found for
CG. For ursolic acid, binding to the enzyme’s bmdipockets & was suggested, with
interactions of the carboxyl moiety to Af§in S and further hydrophilic interactions of the 3-
hydroxy-moiety and $[543]. Analogue binding may be assumed for TAE®&ithey present a
similar distribution of the hydrophilic moieties,hereas BAs, RAs/NAs and LAs would require
another orientation of their basal scaffold to llan interaction of their carboxylic group with
Arg?’. In contrast to the interaction with CG, an acitlinction is not obligatory for inhibition of
HLE. Lipophilic triterpenes such as amyrin or lupe®re also reported to inhibit HLE activity
[542, 619]. This was also reflected by the efficadythe neutral fraction from thB. carteri
extract, which displayed equal potency like theld@action of the same extract. The acid fractions
from B. papyriferaand B. sacrawere the most potent extracts, but even at coretmns of
100 pg/ml, their inhibitory effect did not attaihet potency of the recognized HLE inhibitor
sivelestat.
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Collectively, neutrophil proteases are targetseoksal triterpenic acids isolated from frankincense
and inhibition of these enzymes may be relevantHeranti-inflammatory effects of frankincense
formulations. At least regarding CG, the potencB8k leads to functional cellular effects, which
may likewise be achieved by other potent triterpedids. Clinically, the oral administration of
frankincense extracts provides plasma levels abitdry triterpenes that are adequate to reduce
CG activity in the blood [544]. The experiments this study demonstrate that several
guantitatively important triterpenic acids fromrkancense are equally or more potent inhibitors
of CG and HLE than BAs, and thereby may relevaotytribute to the therapeutic effects of

frankincense extracts.

5.6 Effects of triterpenic acids from Boswellia species on glucocorticoid

receptor signalling

Both, glucocorticoids and frankincense formulatiome used in the treatment of chronic
inflammatory diseases. Structurally, triterpenicdac(especially TAS) present similarities with
glucocorticoids (Figuré5). On the other hand, the tirucallane-, lupaneeapéne- and ursane-
scaffolds of theBoswellia triterpenes possess different configurations ampewed to the
conserved pregnane-scaffold of glucocorticoidsoAlse different safety profiles of frankincense
formulations (see chapt&.5.4.2) and glucocorticoids (e.g. regarding themftion of oedema,
hypertension and hypokaliaemia) do not supporirterference of compounds from frankincense
with glucocorticoid signalling.

The hypothesis that frankincense-derived triterpacids may act on the classical glucocorticoid-
receptor-mediated transcription of glucocorticoadponsive genes was assessed in this study.
Since the genomic effects of glucocorticoids aldatresly protracted and the tested compounds
interact with several signalling pathways, a dualferase reporter approach in combination with
the parallel assessment of a non-inducible dualfekase approach was utilized to exclude
unspecific biases resulting from varying transfactefficiency and effects on cell viability. In
fact, some of the tested compounds mediated cathda the utilized cancer cell line A549. For
TAs, the induction of apoptosis of prostate camedrlines through inhibition of Akt was recently
reported [557]. Multiple targets including topoisenases, NkB and MAPK signalling were
proposed as triggers of BA-induced apoptosis inenanns cancer cell lines (reviewed in [512]).
However, for all of the tested compounds, cell iigbwas sufficient for proper translation of the
luciferases. The calculation of the relative luafe activity effectively corrected errors arising
from such additional interferences. Although thempounds were tested in relatively high
concentrations, none of them induced the reporeegObviously, the structural analogy of the
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triterpenic acids and glucocorticoids did not sidfto fulfil the stringent structural requiremeats
glucocorticoid receptor ligands. However, this fimgldoes not exclude a possible interference of
triterpenic acids from frankincense on non-genosfiects of glucocorticoids, which are also
accepted as major mechanisms for the anti-inflaromadctivity of glucocorticoids (though still
poorly understood [481]). Furthermore, enzymes the# involved in the metabolism of
glucocorticoids may represent possible indireajets affecting glucocorticoid signalling/effects.
For instance, glycyrrhetinic acid, the triterpericid aglycone of glycyrrhizin from liquorice
(Glycyrrhiza glabra was found to inhibit several steroid-metabolizenigymes (e.g.fBreductase
and 3i-, 33- and 1B-hydroxysteroid dehydrogenases) and provokes thanadlation of active

endogenous cortisol and the reduction of inflamomaf622-624].

Figure 65: Structure of cortisol (A) and 3-oxo-tirucallic acid (B).
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6 Summary

Herbal remedies have made a decisive contribubotheé development of modern treatment of
diseases. Not only because they were the only drvgi$able in ancient medicines and still are in
a multitude of cultures, but also since they ledhe discovery of numerous pharmacological
targets and served as lead structures for a pleinsynthetic drugs. Frankincense formulations,
originating from the oleo-gum resin 8oswelliaspec., are traditionally used in the treatment of
various diseases with a primarily inflammatory kgdund. Their beneficial effect in the
treatment of inflammatory bowel diseases, osteatigh bronchial asthma and cancer was
confirmed in several clinical pilot studies but frncipal mechanisms leading to this efficacy are
still matter of investigation. As frankincense cames substantial amounts of the genus-specific
boswellic acids (BAs), these compounds were consitieo be responsible for the pharmacologic
effects and were included in the quest for molactdegets. Diverse target structures of BAs have
been identified so far: 5-lipoxygenase (5-LO), elet-type 12-lipoxygenase (pl12-LO),
cyclooxygenase-1 (COX-1), microsomal prostaglandin (PGE) synthase-1 (mPGES-1),
cathepsin G (CG), human leukocyte elastase (HLER kinase and topoisomerases. The
contribution of some of these BA-target-interacsida anti-inflammatory activity is debatable, as
the plasma levels of the proposed bioactive BAvag¢nes after administration of conventional
doses of frankincense extracts are too low to atteem. However, outstanding potency of the
abundant BAs lacking the 11-keto moiety on mPGESw CG activity suggests major roles of
these targets, which is supported ioy vivo data. Apart from BAs, investigation of other
compounds in the oleo-gum resin was rather neglecfaus, the resin comprises appreciable
amounts of structurally diverse triterpenic acidsl a&a vast plethora of neutral compounds.
Actually, BAs only make up about 10% of frankincemesin. Comprehensive consideration of all
major compounds in the respective test systemsssential for the assessment of different
Boswelliaspecies and extraction techniques with the oljedb yield frankincense formulations
with optimized properties.

In this thesis, frankincense extracts from différBoswelliaspecies and a variety of triterpenic
acids isolated thereof were investigated in assay5-LO, COX-1 and -2, mPGES-1, HLE and
CG activity and the impact of these compounds enréspective targets was compared to BAs.
Moreover, the inhibitory and stimulatory effectstoferpenic acids on a novel target, the cytosolic

phospholipase A (CPLAxa), were investigated.
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In a cell-free assay, @-acetyl-28-hydroxy-lupeolic acid (Ac-OH-LA) conceation-dependently
inhibited cPLA« activity, whereas diverse BAs, tirucallic acidsAgl), roburic/nyctanthic acids
(RAs/NAs) and other lupeolic acids (LAs) failed tims respect. Obviously, the C-28-hydroxy-
moiety is crucial for the inhibitory activity. AcHDLA exhibited an IGy value of 3 uM. Also in
A23187-stimulated platelets, monocytes and PMNL;Ok-LA diminished arachidonic acid
(AA) release in the low micromolar range. AA metktleoformation in these cells was reduced as
well and with similar potency. In contrast, upomstlation with exogenous AA, the inhibitory
effect was markedly attenuated or totally abolish&étle cPLAa-dependent aggregation of
platelets upon stimulation with collagen was supped by Ac-OH-LA, whereas no effect was
seen after cPLA-independent stimulation with U46619. Unfortunately a test system using
human whole blood to mimic more physiological coiodis, inhibition of cPLAa was hampered,
most likely resulting from the high affinity of AOH-LA to plasma proteins. After all, inhibition
of cPLAa by Ac-OH-LA will hardly contribute to the anti-itfmmatory effects of frankincense
formulations since Ac-OH-LA is a minor constituaftthe resin and its affinity to the enzyme is
possibly not sufficient to overcome affine plasnratgin binding. However, Ac-OH-LA could
represent a valuable lead structure for the devedop of simplified and safe cPL& inhibitors
with improved bioavailability and lower toxicity agpared to established cPLoAinhibitors.

Besides BAs, the TAs represent an abundant groupritefpenic acids in the resin from
B. papyriferaandB. serrata Here, TAs were found to induce AA release ingl&s but not in
neutrophils and this effect did not require thespree of C4. As expected, the formation of the
AA metabolites 12(S)-hydroxy-5-cis-8,10-trans-hejetzatrienoic acid (12-HHT) and 12(S)-
hydroxy-10-trans-5,8,14-cis-eicosatetraenoic ackP-KIETE) in platelets was significantly
increased at TA concentrations above 3 to 10 uM, B2AHETE synthesis was continuously
elevated for at least 60 min. TA-induced metabgtiteduction was largely suppressed by the
selective cPLAa inhibitor RSC-3388, and TAs induced cPioAranslocation to the membranous
compartment of platelets, which commonly correlatgth cPLAa activity. Stimulation of
cPLA activity by TAs turned out to be induced by’Cenobilization and the activation of p38
mitogen activated protein kinase (MAPK) and c-JuteNminal kinase (JNK) signalling pathways,
whereas no stimulating effect was seen in cell-assays. Especially in €adepleted cells, TAs
led to phosphorylation of cPlLé& at Ser®, which most likely was mediated by p38 or JNK.
Moreover, C&'/calmodulin-modulated protein kinase Il (CaMKilDhibitors were found to inhibit
TA-induced 12-HHT and 12-HETE formation. Togeth€As stimulate cPLAa activity through
different pathways in platelets: €anobilization predominates in a €acontaining environment,
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whereas cPLAx phosphorylation by p38 or JNK prevails after degtion of C&". Activation via

CaMKIl seems to promote cPL# activity independently of the presence of Ca

Recently, BAs were identified as potent inhibitofsPGE, synthesis. Inhibition of mMPGES-1 as
the fundamental principle represents a smart appré@ reduction of pro-inflammatory PGE
The production of further prostanoids is barelyeetitd and thus, typical side effects of COX
inhibitors are largely avoided. In a screening dfedent extracts fromBoswellia species on
MPGES-1 activity in a cell-free assay, the acidtioam from B. papyriferawas the most potent
fraction and 3-0x0-8,24-dien-TA (3-0x0-TA) was raled as most potent ingredient. The analysis
of different triterpenic acids yielded various TAss well as 4(23)-dihydro-11-keto-RA
(DH-k-RA) and Ac-OH-LA as potent inhibitors of mPGEL (IGy = 0.4 - 3 uM). Thus, their
potency is superior to that of BAs @€> 3 uM). Using lipopolysaccharide (LPS)-primed
monocytes as cellular test system for mMPGES-1igGtR-O-acetyl-TAs (Ac-TAs), DH-k-RA and
Ac-OH-LA failed to inhibit PGE synthesis, presumably due to induction of AA rededsee
previous paragraph) or to shunting of substrate @APGH) resulting from interaction with
further AA- or PGH- metabolizing enzymes. 3-OH-TAs and 3-oxo-TA ifexdy suppressed
PGE, formation comparably to the selective mPGES-1bibi MD-52. In human whole blood,
3-pB-hydroxy-8,24-dien-TA (B-OH-TA), 3-oxo-TA, DH-k-RA and Ac-OH-LA inhibited BS-
stimulated PGE synthesis without notably affecting other COX protd (6-keto PGf); the
30-OH-TAs and 3-Ac-TAs were inefficient in this tesystem. Experiments evaluating the
selectivity towards further enzymes participatingPiGE: synthesis showed that cPih COX-1
and -2 were only inhibited by markedly higher canications of the triterpenic acids than
MPGES-1. Furthermore, the effects on these enzywees hampered in whole blood assays. For
in vivo evaluation, 3-oxo-TA and the acid fraction of theéract fromB. papyriferawere analyzed

in a rat pleurisy model. Both treatments led to erate inhibition of inflammation with
significant reduction of inflammatory cells in tipdeural cavity. Interestingly, the suppression of
the PGE levels was paralleled by reduced 6-keto RGEvels. Thus, the anti-inflammatory
effects cannot exclusively be attributed to inhdsitof mMPGES-1. In summary, triterpenic acids
with diverse structural properties inhibit mPGESHh. frankincense resin, some of these
compounds, foremost 3-oxo-TA, are comprised in tsuitgl amounts and show enhanced
potency on mPGES-1 activity compared to BAs. Thumsidering the fact that inhibition of
MPGES-1 is one of the most plausible rationalesHermnti-inflammatory activity of frankincense
extracts, these compounds may significantly coatelio the reduction of PGEynthesis and the

anti-inflammatory efficacy of frankincense.
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BAs exhibit a unique mode of action mediating intoim of 5-LO. Even though inhibition of this
target was recognized as the active principle afkmcense for a long time, more recent data
negate a significant contribution to clinical amtflammatory effects. Anyway, other triterpenic
acids were barely examined in terms of interactath 5-LO. In a cell-free test system, several
triterpenic acids inhibited 5-LO activity with sonoé them being as effective as the most potent
BAs. Conspicuously, compounds that exhibit an aaltdl hydrophilic moiety with the same
orientation as the carboxylic group were the magempt inhibitors. The acid fractions of extracts
from Boswelliaspecies potently inhibited 5-LO activity, wherehas neutral fraction of an extract
from B. carteri was barely active. The extract froBw papyrifera was most potent, which
correlates with relatively high levels of G-acetyl-11-ketd3-BA (AKBA) and 3-oxo-TA. In
neutrophils, the inhibitory effects on 5-LO actyivere preserved or were even increased in case
of the 3-OH-TAs and DH-k-RA. As already found foAg& the inhibition of 5-LO by TAs,
DH-k-RA and LAs was hampered in a whole blood assdych might be due to the high affinity
of triterpenic acids to plasma proteins. Thus, 54b@ibition presumably does not significantly
contribute to the clinical anti-inflammatory effecof frankincense, neither through BAs nor

through other triterpenic acids.

The neutrophil proteases HLE and CG are recognaegts of BAs. Functional cellular effects of
CG inhibition by BAs and reduced CG activity in &b from patients that were treated with
frankincense extracts suggest clinical relevanddisfinteraction. Several triterpenic acids beside
BAs potently inhibited the activity of purified Cé&nd of CG in a protein mixture excreted from
stimulated neutrophils. The effects of 3-oxo-TA-GH-7,24-dien-TA, DH-k-RA, DH-NA, LA
and especially ®-acetyl-LA (Ac-LA) were even more distinct than saof BAs. Obviously, the
binding site on CG allows broad variation of thetpenic scaffold, which is in line with results
from automated docking studies with BAs. The mastept extract to inhibit CG was the acid
fraction fromB. papyriferaresin, whereas neutral compounds fi®ntarteriwere ineffective.

Most of the tested triterpenic acids inhibited HL&€tivity more potent than BAs with
30-Ac-8,24-dien-TA, RA and Ac-LA being the most effe compounds. The structural
requirements for inhibition of HLE clearly differdm those of CG. Even the neutral fraction of
the extract fronB. carterieffectively inhibited HLE activity.

Collectively, the inhibition of neutrophil proteasenay at least partly account for the activity of
frankincense formulations in diverse inflammatoisedses. The data of this work suggest a major

contribution of other triterpenic acids besides BAshese effects.
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Similarities of glucocorticoids and triterpenesnfr@oswelliaspecies in terms of their structure
and medical indication raised the question if tpgmnes could act by interaction with the
glucocorticoid receptor. Therefore, a luciferageoréer assay on glucocorticoid receptor response
element activity was performed. Interestingly, nafi¢he broad variety of triterpenes effectively
stimulated the luciferase activity. Also the nelfraction of the extract fronB. carteri was
ineffective. Thus, compounds fromoswellia species do not act directly on glucocorticoid
signalling. This does not rule out interaction witie metabolism of endogenous cortisol or with
non-genomic pathways of glucocorticoids, even thotige lack of typical side effects after

administration of frankincense formulations doessupport such interactions.

Summing up, this work assesses the impact of nwsecompounds isolated froBioswellia
species on recognized targets of BAs, namely 5C0OX-1 and -2, mPGES-1, HLE and CG. This
allows the evaluation of TAs, RAs/NAs and LAs wiisspect to their contribution to the overall
anti-inflammatory effects of frankincense extraéisr all of the investigated target structures, the
inhibitory potential of BAs was accomplished or evexceeded by several triterpenic acids.
Especially TAs that make up substantial amounfsainkincense oleo-gum resins turned out to be
potent inhibitors of MPGES-1 and CG. These are asgpto be the most relevant targets for the
anti-inflammatory effects of frankincense formuteasin vivo. The potent inhibition of MPGES-1
and CG by TAs widely prevailed over the stimulatipgoperties on AA release at higher
concentrations. Unfortunately, pharmacokinetic datd are necessary for conclusive evaluation
only exist for BAs yet. Anyway, this work suggestpivotal role of triterpenic acids besides BAs
to the evident anti-inflammatory actions of frardense extracts. Thus, extraction procedures
should tend to include these compounds rather @avarding them. The most potent extract in all
of the investigated target structures in this wwds the acid fraction from. papyriferaoleo-gum
resin. The efficacy correlates with high conterftAldéBA and 3-oxo-TA. Finally, Ac-OH-LA was
identified as novel inhibitor of cPLA. Due to the minor content of Ac-OH-LA the inhibiti of
this additional target might not considerably cimite to the anti-inflammatory effects of
frankincense extracts, but Ac-OH-LA may serve ad lestructure in the quest for safe and
bioavailable inhibitors of cPLA:.
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7 Zusammenfassung

Pflanzliche Arzneistoffe haben die Entwicklung desutigen Pharmakotherapie malf3geblich
gepragt. Nicht nur weil sie friher die einzig vgiiaren Medikamente darsteliten und heute in
vielen Kulturkreisen immer noch darstellen, sondeach weil sie zur Entdeckung zahlreicher
pharmakologischer Zielstrukturen beitrugen und deldals Leitstrukturen fir viele synthetische
Arzneistoffe dienten. Weihrauchzubereitungen, gewonaus dem Harz voBoswelliaArten,
werden traditionell in der Behandlung von Krankbeitmit zumeist entzindlichem Hintergrund
eingesetzt. lhre positive Wirkung in der Therapienventzindlichen Darmerkrankungen,
Osteoarthritis, Asthma bronchiale und Krebserkraugieon wurde in mehreren klinischen Studien
mit Pilotcharakter bestatigt. Dennoch sind die raolleren Hintergriinde, welche zu dieser
Wirksamkeit fihren, immer noch Gegenstand der Fonsg. Weihrauch enthalt wesentliche
Mengen an den artspezifischen Boswelliasauren (BAsshalb diese Substanzen fiur die
pharmakologischen Wirkungen verantwortlich gemaehirden und auf der Suche nach
molekularen Zielstrukturen als Basis dienten. Vielesiene Interaktionspartner wurden dabei
identifiziert:  5-Lipoxygenase (5-LO), 12-Lipoxygese (12-LO, Thrombozyten-Typ),
Cyclooxygenase-1 (COX-1), mikrosomale ProstaglanBin (PGE) Synthase-1 (mMPGES-1),
humane Leukozytenelastase (HLE), Cathepsin G (G&B) Kinase und Topoisomerasen. Fur die
Wechselwirkungen von BAs mit einigen dieser Zieikturen ist dabei fraglich, welchen Beitrag
sie zur entzindungshemmenden Wirkung leisten, dajelveils wirksamen BA-Derivate die
bendtigten Plasmaspiegel nach Gabe ublicher Weaiheadiraktdosen nicht erreichen. Eine
Schlisselrolle scheint hingegen die hochpotentekWg der haufigeren BA-Derivate ohne
11-keto-Gruppierung auf mPGES-1 und CG innezuhalka, auch durchin vivo Studien
bekraftigt wurde. Die Erforschung anderer Substandes Harzes neben BAs wurde in der
Vergangenheit eher vernachlassigt. So enthélt \Wedir beachtliche Mengen an strukturell
vielseitigen Triterpensauren und eine gewaltigdeFaih Neutralbestandteilen. Tatsachlich machen
BAs nur etwa 10% des Weihrauchharzes aus. Die wwerae Bericksichtigung aller
Hauptbestandteile in den entsprechenden Testsystisinedoch fir die Bewertung verschiedener
BoswelliaArten und Extraktionstechniken notwendig, um Watuahpraparate mit optimierten
Eigenschaften zu erhalten.

Im Rahmen dieser Arbeit wurden WeihrauchextraktescregedeneBoswelliaArten, sowie eine
Reihe von daraus isolierten Triterpensduren in siygggmen auf 5-LO-, COX-1- und -2-,
MPGES-1-, HLE- und CG-Aktivitat untersucht und rBfAs verglichen. Aul3erdem wurden
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hemmende sowie stimulierende Effekte von Triterfansn auf eine neuartige Zielstruktur, die

zytosolische PhospholipaseddcPLAx), untersucht.

Im  zellfreien  System  hemmte  @G-Acetyl-28-Hydroxy-Lupansaure  (Ac-OH-LA)
konzentrationsabhangig die cPidAAktivitdt mit einem [IGo-Wert von 3 pM, wohingegen
verschiedene BAs, Tirucallensauren (TAs), Roburd tlyctanthinsauren (RAs/NAS), sowie in
Position C-28 nicht hydroxylierte Lupansauren (LA®itgehend inaktiv waren. Auch in A23187-
stimulierten Thrombozyten, Monozyten und polymorginigen Leukozyten (PMNL) wurde die
Arachidonsaure (AA)-Freisetzung durch Ac-OH-LA imikzentrationen im unteren mikromolaren
Bereich gehemmt. Die Bildung von AA-Metaboliten warmit vergleichbarer Potenz unterdrickt,
wobei dieser Effekt durch Zugabe von exogener AAtkh abgeschwacht wurde oder sogar
vollstandig verloren ging. Die cPLA-abhangige Thrombozytenaggregation nach Stimulatitn
Kollagen wurde durch Ac-OH-LA gehemmt, wohingegea dPLA-unabhangige Aggregation
durch Stimulation mit U46619 nicht beeinflusst wewrtieider ging die Hemmung der cPicAm
physiologischeren Vollblutmodell verloren, was vethch mit der hohen Affinitdt von
Ac-OH-LA zu Plasmaproteinen erklart werden kanriztendlich tragt die Hemmung der cPloA
durch  Ac-OH-LA vermutlich kaum zur entzindungshemden Wirksamkeit von
Weihrauchzubereitungen bei: Ac-OH-LA stellt eineel¥nbestandteil im Harz dar und seine
Affinitat zum Enzym reicht moglicherweise nicht awsn die affine Plasmaproteinbindung zu
Uberwinden. Hingegen konnte Ac-OH-LA eine wertvalitstruktur in der Entwicklung sicherer
und einfacher cPLA-Inhibitoren darstellen, die im Vergleich zu bisigen Hemmstoffen eine

verbesserte Bioverflugbarkeit bei geringer Toxizigtsprechen.

Neben den BAs stellen TAs eine quantitativ beden¢s&ruppe von Triterpensduren in Harzen
von B. papyriferaundB. serratadar. In dieser Arbeit wurde gezeigt, dass TAsAfleFreisetzung

in Thrombozyten verursachen. Dieser Effekt war téagig von C& und war in neutrophilen
Granulozyten nicht zu beobachten. Die Bildung dé-Metaboliten 12(S)-Hydroxy-5-cis-8,10-
trans-heptadecatriensaure (12-HHT) und 12(S)-Hygddxtrans-5,8,14-cis-eicosatetraensaure
(12-HETE) wurde ab TA-Konzentrationen von 3 bispd signifikant erhdht und dauerte im
Falle von 12-HETE uber mindestens 60 min an. Dieifduzierte AA-Metabolitbildung wurde
durch den selektiven cPLéInhibitor RSC-3388 weitgehend unterdrickt. Aul3ende
verursachten TAs die Translokation der cRi&u Membranstrukturen der Thrombozyten, was
Ublicherweise mit erhohter cPLé-Aktivitat einhergeht. Als Ursache fur die Stimudet der
cPLAu-Aktivitat durch TAs wurde die Mobilisierung von €asowie die Aktivierung von p38
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Mitogen-aktivierte Proteinkinase (MAPK) und c-Junté&tminale Kinase (JNK) Signalwegen
erkannt, wohingegen keine stimulierenden Effektealifreien Systemen gefunden wurden. Vor
allem nach Chelatierung von €awurde die cPLAo nach TA-Behandlung an S&t
phosphoryliert, was vermutlich durch p38 oder JN#{uwsacht wurde. Dariiber hinaus hemmten
Inhibitoren der C#/Calmodulin-modulierten Proteinkinase 1l (CaMKll)ied TA-induzierte
12-HHT- und 12-HETE-Bildung. Zusammengefasst stiameh TAs die cPLAa-Aktivitat tber
verschiedene Wege: €aMobilisierung dominiert in Cd-haltiger Umgebung, wohingegen die
Phosphorylierung der cPLA durch p38 oder JNK nach €&Entzug zu tiberwiegen scheint. Die
Aktivierung tiber CaMKII scheint unabhéngig von’Cdie cPLAa-Aktivitat zu férdern.

Kirzlich wurden BAs als hochwirksame Hemmstoffe B&E-Synthese entdeckt. Die zugrunde
liegende Hemmung der mPGES-1 stellt einen vielprechenden Ansatz in der Reduzierung von
entzindungsférderndem P&Har: Die Biosynthese anderer Prostanoide wird kiesinflusst,
wodurch die fir COX-Inhibitoren typischen Nebenwingen weitgehend vermieden werden. Aus
der Testung verschiedener Extrakte &oswelliaArten auf die mPGES-1-Aktivitdt in einem
zellfreien Testsystem resultierte die SaurefrakaosB. papyriferaals wirksamste Fraktion, mit
3-Ox0-8,24-dien-TA (3-oxo-TA) als mal3geblich wirkgeeitsbestimmende Substanz. Die
Untersuchung  verschiedener  Triterpensauren  stellteerschiedene  TAs,  sowie
4(23)-Dihydro-11-Keto-RA (DH-k-RA) und Ac-OH-LA alshochpotente Hemmstoffe der
MPGES-1 heraus (k= 0,4 - 3 uM). Somit ist ihre Wirksamkeit derjeamrgder BAs teilweise
deutlich Uberlegen (I§g > 3 uM). In einem zellularen Testsystem auf mPQEAktivitat unter
Verwendung Lipopolysaccharid (LPS)-vorstimuliefiéonozyten war keine Hemmung der PGE
Bildung durch 30©-Acetyl-TAs (Ac-TAs), DH-k-RA und Ac-OH-LA zu verzehnen. Dies kommt
vermutlich durch AA-Freisetzung (s. vorhergehendlbschnitt) oder UberschieRen von Substrat
(AA oder PGH) als Folge der Hemmung von weiteren AA- oder B@itdtabolisierenden
Enzymen zustande. 3-OH-TAs und 3-oxo-TA hemmten RI&E-Bildung mit vergleichbarem
Effekt wie der selektive mPGES-1-Inhibitor MD-52n lhumanem Vollblut hemmten [3-
Hydroxy-8,24-dien-TA (B-OH-TA), 3-oxo-TA, DH-k-RA und Ac-OH-LA die LPS-stiulierte
PGE-Synthese, ohne dass andere COX-Produkte sichtieamflusst wurden (6-Keto-PGjff. Die
30-OH-TAs und Ac-TAs waren in diesem Testsystem invakdie Untersuchung der Selektivitat
gegenuber weiteren in die P&Biosynthese verwickelten Enzymen zeigte, dass ¢BLBOX-1
und -2 erst bei deutlich hdoheren Triterpensdurekotnationen gehemmt wurden als die
MPGES-1. Aul3erdem gingen die Effekte im Vollblutmibdverloren. 3-oxo-TA sowie die

Saurefraktion deB. papyriferaExtraktes wurdemn vivo in einem Brustfellentziindungsmodell in
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Ratten getestet. Beide Behandlungen bewirkten eiaderate Hemmung der Entzindung mit
signifikantem Ruckgang der Entzindungszellen imuRgpalt. Interessanterweise gingen die
herabgesetzten PGESpiegel mit reduzierten 6-Keto-P&EMengen einher. Deshalb kdnnen die
entzindungshemmenden Effekte nicht allein einer tdeny der mPGES-1 zugeschrieben
werden. Zusammenfassend konnten mehrere strukturg#rschiedliche Triterpensauren als
Hemmstoffe der mPGES-1 identifiziert werden. In Wauch kommen einige dieser Substanzen —
allen voran 3-oxo-TA — in beachtlichen Mengen weopei sie im Vergleich zu BAs eine starkere
Potenz auf die mPGES-1 aufweisen. Da die Hemmumgnd®&GES-1 einer der plausibelsten
molekularen Wirkmechanismen fur die Entzindungshengndurch Weihrauchextrakte ist,
tragen diese Substanzen vermutlich ma3geblich eduRion der PGEBIildung und damit zur
anti-entzindlichen Wirksamkeit von Weihrauch bei.

BAs weisen einen einzigartigen Mechanismus in demkhung der 5-LO auf. Obwohl die
Hemmung dieser Zielstruktur lange Zeit als wirksaitgbestimmendes Prinzip von Weihrauch
galt, ist nach neueren Studien eine bedeutsame iligetg an den Kklinischen
entzindungshemmenden Eigenschaften zweifelhafttevéet riterpensauren wurden im Hinblick
auf ihre Wechselwirkungen mit der 5-LO bisher kaumtersucht. Im zellfreien Testsystem
hemmten mehrere Triterpensauren die 5-LO-Aktivieadpei manche so wirksam waren, wie die
potentesten BAs. Auffalligerweise waren diejenigéabstanzen, die eine weitere hydrophile
Gruppe mit ahnlicher Orientierung wie die Carboxyfgpe aufweisen, die wirksamsten
Hemmstoffe. Auch die Saurefraktionen von ExtrakvenschiedeneBoswelliaArten hemmten
die 5-LO-Aktivitat deutlich, wohingegen die Neutvaktandteile eines Extraktes aBiscarteri
kaum wirksam waren. Der Extrakt aBs papyriferawar am wirksamsten, was mit dem hohen
Gehalt an 39-Acetyl-11-ketop-BA (AKBA) und 3-oxo-TA korreliert. In neutrophilen
Granulozyten blieb die Hemmung der 5-LO erhaltearogtrstarkte sich im Falle der 3-OH-TAs
und DH-k-RA sogar. Wie dies auch schon fiur BAsdestellt wurde, ging die Hemmwirkung der
TAs, LAs und DH-k-RA auf die 5-LO im Vollblutmodellerloren, was vermutlich auf die hohe
Affinitat der Triterpensduren zu Plasmaproteineniziizufihren ist. Damit tradgt die Hemmung
der 5-LO durch BAs oder andere Triterpensauren wdich nicht merklich zur Klinischen
entziindungshemmenden Wirkung des Weihrauchs bei.

Die Proteasen HLE und CG aus neutrophilen Grantdozgind anerkannte Zielstrukturen von
BAs. Funktionelle zellulare Effekte der CG-Hemmuihgrch BAs und eine herabgesetzte CG-
Aktivitdt im Blut Weihrauchextrakt-behandelter Raien messen dieser Wechselwirkung
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klinische Bedeutung bei. Neben BAs konnten versidme Triterpenséduren die Aktivitdt von
aufgereinigtem CG oder CG aus einer Proteinmisclawusgdegranulierten Neutrophilen hemmen.
Die Effekte von 3-oxo-TA, &OH-7,24-dien-TA, DH-k-RA, DH-NA, LA und vor allem
3-O-Acetyl-LA (Ac-LA) uberstiegen sogar die der BAs.f@isichtlich lasst die Bindungsstelle an
CG grol3zugige Veranderungen des Triterpengrundgeyzsl, was mit den Daten aus Docking-
Studien mit BAs im Einklang steht. Als wirksamsEettrakt auf die CG-Aktivitat stellte sich die
Saurefraktion des Harzes aBs papyrifera heraus, wohingegen die Neutralbestandteile aus
B. carteriwirkungslos waren.

Die meisten getesteten Triterpensduren hemmtehr ldie Aktivitdt mit hoherer Potenz als BAs,
wobei 31-Ac-8,24-dien-TA, RA und Ac-LA die wirksamsten Stdaszen darstellten. Die
strukturellen Voraussetzungen fur die Hemmung deE idnterscheiden sich deutlich von denen
fur CG. Sogar die Neutralbestandteile des Extraktes. carterihemmten die HLE-AKktivitat.

Die Hemmung von Proteasen aus neutrophilen Grayt@lnzscheint zumindest teilweise fur die
Wirksamkeit von Weihrauchzubereitungen bei verstdmen entzindlichen Erkrankungen
verantwortlich zu sein. Die Ergebnisse dieser Arlbegen eine maligebliche Beteiligung von

weiteren Triterpensauren neben BAs nahe.

Die Ahnlichkeit von Glucocorticoiden und Triterpeneus BoswelliaArten, bezuglich ihrer
Struktur sowie ihrer klinischen Anwendung, warf éieage auf, ob Triterpene durch Interaktion
mit dem Glucocorticoid-Rezeptor wirken kdnnten. Beb wurde im Rahmen dieser Arbeit ein
Luciferase-Reporterassay auf die Aktivitdt von Gkarticoid-Rezeptor-responsiven Elementen
durchgefuhrt. Allerdings zeigte keines der Tritempeeine stimulierende Wirkung auf die
Luciferase-Aktivitat. Auch fur den gesamten Neuiestandteil-Extrakt auB. carteri konnten
keine Effekte verzeichnet werden. Damit wirken $ahzen auoswelliaArten nicht direkt auf
den klassischen Glucocorticoid-Signalweg. DiesisBhlallerdings Wechselwirkungen mit dem
Metabolismus endogenen Cortisols oder mit nichtsgaachen Signalwegen nicht aus. Jedoch
liegen solcherlei Wechselwirkungen auf Grund desb¥ibens typischer Nebenwirkungen nach
der Behandlung mit Weihrauchzubereitungen nichenah

Diese Arbeit behandelt die Beeinflussung von anarten Zielstrukturen der BAs (5-LO, COX-1
und -2, mMPGES-1, HLE und CG) durch zahlreiche ksktdffe aufBoswelliaArten. Dies erlaubt
die Bewertung von TAs, RAs/NAs und LAs im Hinbliclauf ihren Beitrag zur
entzindungshemmenden Gesamtwirkung von Weihraueheah. Die Wirksamkeit der BAs

wurde fur alle der untersuchten Zielstrukturen durehrere weitere Triterpenséauren erreicht oder
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sogar Ubertroffen. Insbesondere TAs, welche bdabhtl Anteile des Weihrauchharzes
ausmachen, erwiesen sich als potente HemmstoffmE&ES-1 und des CG. Diese Zielstrukturen
scheinen invivo die groldte Relevanz fur die entzindungshemmendearkuidgen von
Weihrauchzubereitungen zu haben. Die potente Hemgrden mPGES-1 und des CG durch TAs
Uberstieg dabei weitestgehend die stimulierenddaekief auf die AA-Freisetzung, die erst bei
hoheren Konzentrationen auftraten. Leider wurdee flir eine abschlieRende Beurteilung
notwendigen pharmakokinetischen Daten bislang mr BAs bestimmt. Dennoch legen die
Erkenntnisse dieser Arbeit nahe, dass die Tritesdneren neben BAs eine wesentliche Rolle in
den anti-entzindlichen Wirkungen von Weihrauchésttna spielen. Extraktionsverfahren sollten
somit moglichst darauf abzielen, diese Substanzemrrfassen anstatt sie auszuschlie3en. Der
wirksamste Extrakt in allen hier behandelten Tedtsyen war die Saurefraktion des Harzes aus
B. papyrifera Diese Wirksamkeit geht mit einem hohen GehalA&KBA und 3-0xo-TA einher.
Ferner wurde Ac-OH-LA als neuartiger Hemmstoff d#?LAco identifiziert. Aufgrund des
geringen Gehalts an Ac-OH-LA mag die Hemmung dieseren Zielstruktur nicht merklich zur
Entziindungshemmung durch Weihrauchextrakte bemraggloch konnte Ac-OH-LA auf der
Suche nach sicheren und bioverfiigbaren Hemmstd&#eroPLA«o als Leitstruktur dienen.
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