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2 INTRODUCTION

2.1 Boswellic acids

2.1.1 Origin and historical background

Frankincense (also termed olibanum or salai guggalpe natural oleum gum resin obtained
from Boswellia species (B. spec.), includingB. carterii, B. sacra, and B. serrata belonging to the
family of Burseraceae. The “boswellia tre€idure 2.1) is native to Arabia (Yemen and Oman),
East Africa (Eritrea, Somali and Sudan) and InBrankincense has a long tradition for use e.g.,
in religious ceremonies, perfume production andniesdicinal properties are reported since
millennia, firstly described in the Ebers papyr@i§,"™ century BC [1] and also mentioned in
scripts of Hippocrates and Celcus [2]. Lipophilieparations of frankincense (mainly derived
from B. serrata) are traditionally applied in the Indian ayurvedwedicine with various
therapeutic indications including diarrhea, camimt actions and mainly inflammatory-related
disorders. Indeed, analgesic, anti-inflammatory antarthritic effects oB. spec. extracts in
animals were published in initial studies [3, 4] the last two decades cumulating evidence from
experimental animal models and human clinical ssidconfirmed an anti-inflammatory,
immunomodulatory and anti-tumor potential of frardense preparations (for review see [5, 6]).
Today, the dried gum resin frorB. serrata is listed as a monograph in the European
Pharmacopoeia (6.0) and a dried ethanolic extrfaBt serrata resin (H15® Gufic), approved in

a part from Switzerland, was designated by the EME&Aropean Agency for the evaluation of
Medicinal Products) in 2002 as an orphan drughertteatment of peritumoral brain edema.

Figure 2.1: Boswellia serrata tree (left) and frankincense(right).
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The gum resin oB. serrata is composed of1L0% volatile oil (mono- and sesquiterpenéd)5-
20% water-soluble gum (polysaccharides) and lipapti- and triterpenes (~ 70%) [5]. Within
the lipophilic fraction of frankincense, the pentelc triterpenes boswellic acids (BAs) were
identified as the major constituents [7aple 2.1) and are regarded as the pharmacological
principles of these preparations. Note that alsecsirally related amyrins and ursolic acid were

detected in considerable amounts.

Table 2.1: Contents of various BAs in the dry extrat of B. serrata gum resin (adopted from [7])

Compound Content in %
B-BA 18.2
AB-BA 10.5
KBA 6.1
AKBA 3.7
a-BA 13.2

BAs (Figure 2.2 exist in aa- (geminal methyl groups C-20) @rconfiguration (vicinal methyl
groups C-19/C-20) and several pharmacological ssudonfirmed a superior effectivenesgiof
configurated BAs [§-BAs) over thea-form [6]. Further structurally variation is givesy the
occurrence of a carbonyl moiety at position C-li¢#ldyng 11-keto-BAs and the presence of an
acetyl group at the hydroxyl function at C-3. Itsn@ported that these structural differences are
crucial determinants for the potency of BAs to iiféaee with several targets or signaling
pathways [9-11]. The related pentacyclic triterpemeamyrin lacks essential functional
characteristics, namely the 4-carboxylic group. seh@roperties rendem-amyrin a useful

pharmacological tool, serving as negative control.

o™ HO™

HOOC C

. AKBA HooC' CH, a-BA

Figure 2.2: Chemical structures of BAsand a-amyrin
B-BA (B-boswellic acid); B8-BA (3-O-acetylf3-boswellic acid); KBA (11-ket@-boswellic acid) AKBA (30-
acetyl-11-ketd3-boswellic acid)p-BA (a-boswellic acid).
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2.1.2 Pharmacokinetic properties of BAs

Since the bioavailability reflects the extent oérdpeutically active drug that reaches systemic
circulation and its disposability at the site ofiac, pharmacokinetic knowledge of a given drug
is a crucial factor to evaluate its pharmacologefécacy [12]. Initial pharmacokinetic studies
conducted in humans revealed comparably low coratorts of 11-keto-BAs in plasma [13,
14]. After single dose application of up to 1600 Bigpec. extract, plasma levels of max. 2 uM
KBA and no detectable amounts of AKBA were fountheneas BAs lacking the 11-oxo moiety
were not determined. The plasma concentration o lBclined with an elimination half life of
approx. 6 h, indicating the prerequisite of a répeapplication per day. A detailed analysis of
pentacyclic triterpenes, including all four mapBAs performed by Buechele and Simmet [7]
revealed plasma levels as follows: 0.1 uM AKBA,Z18V KBA, 2.4 uM A3-BA and 10.1 pM
B-BA. Notably, these plasma levels were detecteel #dfte daily intake of 4 x 786 nig) serrata
extract for 10 days. Finally it was found that adistration of aB. spec. extract concomitantly
with a high-fat meal led to approx. 3-fold incredidoavailability of-configurated BAs [15].
Ongoing efforts to address factors responsible tf@ poor bioavailability of 11-keto-BAs
demonstrated an extensive phase | metabolism f&k KBvitro andin vivo. In contrast, AKBA
was metabolically unaffected and a deacetylatioKB#& was excluded [16]. Moreover, poor
permeability for both 11-keto-BAs in the Caco-2 rebtdecame evident and in contrast to a
previous study [17], AKBA and KBA were not idenéifl as substrates of P-glycoprotein [18].
Nonetheless, an interference with the activity ifamic anion transporter;B3 and multidrug
resistance protein 2 in a cellular model was olexeiid8]. Since nonselective interference of
BAs with cytochrome P450 (CYP450) enzymes has beéemonstrated before [19],
pharmacologically relevant interactions with otla@ionic substances (e.g. bile acids or drugs)

should be considered while administerBigpec. extracts to humans.
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2.1.3 Therapeutic value of BAs in disease treatment

As mentioned above, multiple experimental animaldet® indicate a beneficial impact of
isolated BAs or frankincense preparations contgirfs for the treatment of inflammation-
related disorders such as atherosclerosis [20hritst [21-23], ileitis [24], colitis [25-27],
hepatitis [28, 29], autoimmune encephalomyelit8][Yastric ulcer [31]. Also cancer [32, 33],
pain [3, 34], hyperlipidemia [35], allergy [36] adibbetes [37] were modulated.

The clinical effectiveness of diver&: serrata preparations has been studied in several human
trials. At least the methodological quality of tegudies differs concerning number of patients,
content and strength of medication as well as placeontrol or comparison against active
treatments [38], thus, hampering explicit evaluatiBromising effects dB. spec. extracts were
reported for the treatment of osteoarthritis (OAgnifested in reduced pain and increase in knee
flexion [39, 40], and more recently a significaecdease in the WOMAC (Western Ontario Mac
Master) Index was reported for the OA-sufferingledive versus the placebo group [41, 42].
However, a clinical trial analyzing the impact of5® treatment in addition with steroids and/or
nonsteroidal anti-inflammatory drugs (NSAIDs) oneuwimatoid arthritis (RA) revealed no
significant reduction of efficacy parameters (@ain) [43].

Patients suffering from chronic inflammatory bowvekéeases encompassing ulcerative colitis,
Crohn's disease and collagenous colitis were tleaith H15® or otheB. serrata preparations
and a remarkable improvement in disease param@ter frequency, histopathology, remission
and Crohn's Disease Activity index) confirmed dalirelevance, being almost equipotent or
even superior to sulfasalazine or mesalazine [44#61998, a trial with bronchial asthma
patients [47] reported clinical relevance (70% &siun) for theB. spec. extract-treated
collective. The efficacy of H15® administration feeveral months in patients suffering from
intracranial tumors [48] or glioblastoma and leukogphalopathy [49] was investigated. In both
studies no anti-proliferative or anti-neoplastideefs were observed but tumor-associated
progressive edema was significantly attenuated [M®}eover, for some patients amelioration in
health parameters and neurological symptoms wasteegd suggesting beneficial effects for
H15® application in central nervous system tumdisese results eventually led to the orphan
drug status of H15® for the treatment of peritunhbrain edema (see above). Side effectB.of
spec. extracts in all clinical trials were minute andt mhbfferent from those noted in placebo
groups. No markedly differences in safety and latmoy (hematological, biochemical or
histological) parameters were evident during theliss [39, 41, 50] and recently, moderate to
low toxicity for B. serrata extracts and AKBA on the skin after topical apalion was
demonstrated [51].

All trials conducted to demonstrate effectivenelsB.serrata preparations were carried out with

small patient numbers, sometimes even lacking éaseatudy parameters, and except for OA
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independent replications are still missing. Nevelghs, these data together imply an efficacy
and therapeutic value d. spec. extracts to treat various diseases caused or amaiot by
inflammatory processes but additional well-con#dllinvestigations are required to warrant
treatment withB. spec. extracts or purified BAs a convincing therapy.

2.1.4 Pharmacological actions and proposed molecular targets of BAs

In order to identify pharmacological principles antechanisms of action of frankincense
responsible for the effectiveness observed in ddinirials and in experimental animal models
multitude of experiments on the cellular and mola@clevel employing isolated BAs, mixtures
of them or crude B. spec. extracts were perforrtieshould be emphasize that in general AKBA
was assumed to be the most potent and pharmacallygrelevant BA analogue and many
studies neglected other natural occurring BAs aergial key players. Initially, frankincense
extracts were found to inhibit leukotriene (LT)Bagrrhation in activated rat polymorphonuclear
leukocytes (PMNL) [52] and also isolated BAs blodKeTl formation in this assay [53]. Since
BAs interfere with 5-lipoxygenase (5-LO), the kegizgme in LT biosynthesis [54-57], a
molecular mechanism underlying the anti-inflammyatoeffectiveness of frankincense
preparations was proposed. Among the four m@jaonfigurated BAs from frankincense,
AKBA is the most potent analogue withsiGralues in the range of 1.5 to 50 uM, depending on
the assay conditions (e.g. species, cell type;fa! or cell-based assays, stimuli etc.) described
by [57] and this study. AKBA seemingly belongs be tclass of nonredox-type 5-LO inhibitors
[53] and interferes in the presence of Gaith a fatty acid-binding site of 5-LO distincofn the
substrate binding cleft which was shown using atgdufinity analogue of AKBA [55]. The
interference with other arachidonic acid (AA) metliding enzymes such as 12-lipoxygenase
(12-LO) or cyclooxygenase (COX) has long been edatu[53] but was later reconciled by
Poeckel et al. [8] for platelet-type (p)12-LO andRrank and Unger [19] for CYP450 enzymes
and in this thesis for COX-1.

Further attempts to elucidate molecular target8A$ identified the human leukocyte elastase
(HLE). HLE release from PMNL is activated throughraad range of stimuli and connected to a
variety of inflammatory and hypersensitivity-reldtedisorders. Direct inhibition of HLE activity
was found for AKBA (IGo = 15 uM) but als@3-BA and other related pentacyclic triterpenes
including amyrin and ursolic acid ((¢< 2 uM) were active [58, 59]. Recently, nonselective
inhibition of recombinant CYP enzymes (CYP 2C8, 2384) by AKBA, KBA and(3-BA in

the range of 5-10 uM [19] as well as for severasjiec. extracts has been described, indicating a

possible influence on drug metabolism in vivo.
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In addition, key players of intracellular signalisgch as protein kinase B (PKB/Akt) and the
mitogen-activated protein kinases (MAPK) ERK1/2 88 MAPK were objects of intensive
investigations. It was found that AKBA (> 15 uM) paared ERK1/2 activation in platelet-
derived growth factor (PDGF)-stimulated meningioo&ls [60] but failed to do so in tumor
necrosis factor (TNF activated human myeloid cells [61]. InterestingtyJipopolysaccharide
(LPS)-challenged peripheral blood mononuclear c¢R8MC) the extract ofB. serrata
prevented phosphorylation of the MAPKs c-Nuterminal kinase (JNK) and p%8™ while no
inhibition was seen for ERK phosphorylation [62). MM6 cells AKBA (30 uM) markedly
attenuated fMLP-induced phosphorylation of $3& and in contrast also impaired activation of
ERK1/2 which was accompanied by decreased basalagpdist-induced intracellular €a
levels [10]. Whereas in human PMNL, 11-keto-BAs (BM) induced C& mobilization,
activated p3%°"¥ and ERK1/2, evoked reactive oxygen species (ROB)dtion, and caused
AA-release, BAs lacking the 11-keto moiety weresleffective [9, 63]. Also in human platelets,
BAs differentially interfered with cellular signaly pathways. Thus, BAs lacking the 11-oxo
moiety (i.e.p-BA) exhibited agonistic effects on Eanobilization, induced phosphorylation of
Akt, p38"PK and ERK1/2 and caused liberation of AA, generatbrthrombin and delayed
platelet aggregation. In contrast, the 11-keto anas, AKBA and KBA were hardly effective
or even failed at all in this respect [64 and #tigdy]. The effect of BAs on AA-release and p12-
LO activity in human platelets was studied in mdedail. Whereas botH3-BA and AKBA
enhanced the release of AA via cytosolic phosplaskpA, the former generation of the p12-LO
product 12-hydro(per)oxy-eicosatetraenoic acid {R)ETE) was markedly induced only By
BA and cell-free assays revealed detrimental effe€tAKBA (ICso = 17 uM) on 12-H(P)ETE
formation. In addition, immobilized KBA selectivefyrecipitated p12-LO from platelet lysates
implying p12-LO as a select molecular target of Bj8% (Table 2.2. Regarding the anti-
inflammatory potential of ®-acetyl-BAs (i.e., AKBA and R-BA), the interference with
nuclear factor (NFkB signaling in peripheral monocytes was reportelaus] AKBA limited
TNF-a signaling presumably by direct interference withibitor of NFkB (IkB)-kinase (IKK)
[65], and reduced TNE-induced expression of pro-inflammatory matrix nlefaoteases and

the adhesion receptors VCAM-1 and ICAM-1 in humaaravascular cells were reported [66].
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Table 2.2: Proposed molecular targets of AKBAmodified according to [6])

Target ECs/IC 5 Reference
human/rat 5-LO 1.5-50 uM [53, 54, 57]
HLE 15 uM (58]

human topoisomersases I/lla 30 pM [80]

human recombinankB kinasea/3 30 uM [65]

human recombinant CYP450 5-10 uM [19]

human p12-LO 15-20 uM [8]

There are reports about the interference of sewAal with the humoral and cellular immune
response such as suppression of leukocyte inidiraf67] and anti-complementary activity
through inhibition of C3-convertase [68], modulatiof T helper cell cytokine production, and
enhanced T-lymphocyte proliferation [69, 70]. Alsoumerous studies were performed
describing effects of BAs, in particular of AKBA all proliferation, differentiation, and cell
death. Multiple investigation demonstrated cellvgito inhibition by BAs in various leukemia
cell lines [71, 72] with an 165 = 30 uM for AKBA [73], as well as for colon cancezlls and
meningioma cells [60, 74]. Effects on cell diffetiation were shown foB. spec. extracts and
isolated BAs [71, 75, 76]. These effects were eglato induction of apoptosis [77-79] and
continuing analysis revealed the inhibition of tgoonerase | and lla as responsible molecular
targets of BAs with Ig = 1-50 uM, depending on their structure [73, 7@). &urther studies
elucidated that BAs trigger apoptosis via the cas@mediated pathway [81-83]. However, the
expected interaction with the upstream receptofHeas was excluded [84] and for AKBA the
death receptor 5-mediated pathway seemed to berrgie for capase 8 activation in prostate
cancer cells [85]. Recently, an inhibitory effe€tAKBA (30 puM) on the androgen receptor by
interference with SP1 binding activity in prostatacer cells was reported [86]. Moreover, after
AKBA treatment (10-50 uM) gene products connecteddll proliferation (e.g. cyclin-D1) and
anti-apoptosis (Bcl-2, Bcl-X survivin, mcl-1) were suppressed. These effecsevpreferably
related to interruption of NKB-signaling on the “Akt level” [61] rather then tdirect
interaction with IKK [87]. Besides interference withe NKB route repression of signal
transducers and activators of transcription (STAT multiple myeloma cells via protein
tyrosine phosphatase SHP-1 by AKBA was demonsti&&id

Conclusively, modulation of cell death signaling BjAs shares common apoptotic mediators

and functional downstream effectors but remaingalearly illustrated.

In summary, isolated BAs and diverBe spec. extracts modulate a large number of pivotal
cellular and molecular mechanisms involved in imfilaation and cancer. Nevertheless, there are
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evident discrepancies in the efficacy of purifiedsB(also depending on their structure) and the
crudeB. spec. extract. Obviously, there are stimulatory as vesllinhibitory effects exerted by
the same compound depending on the experimentaitmors (e.g. cell type or stimulus).
Moreover, the required concentration of AKBA (theshextensive addressed BA) to induce any
biological effect is far above the reachable pladeval after oral application of frankincense
preparations, and therefore the interference wite Bssumed targets, especially in a

physiological context, remains questionable.



2 INTRODUCTION 22

2.2 Inflammation

Inflammation is a biological response of the immudeéense against challenges originating from
the surrounding environment. Challenge of hostudssdue to traumatic, infectious or toxic
injury or lesions lead to a complex series of véacand cellular events carried out by the
organism to remove the injury and to initiate themaling process, resulting in the release of
different biochemical mediators. These events giveurn rise to the initial cardinal signs of
inflammation defined by Celcus AD40: rubor (rednesalor (heat), tumor (swelling) and dolor
(pain) [89]. They reflect vasodilatation and itssuking increased blood flow, enhanced
permeability of blood vessels and peripheral nesvassue stimulation. The host protective
response is normally followed by a timely resolntiof inflammation, which ensures a self-
limitation of the process. However, depending ore tbxtent of the insult, prolonged
inflammation can lead to a chronic condition andraually to loss of function (functio laesio),
if a complete healing of the tissue fails.

The inflammatory challenge consists of a large emahplex regulated number of biochemical
events including cellular, molecular and physiotadji changes in response to the harmful
stimuli. They involve the immune system (e.g. coenpént system), the local vascular system,
and cells resident within the injured tissue (engst cells). These cells produce multiple early
inflammatory mediators including cytokines (e.gtenteukin 1 (IL-1), TNF), plasma proteins
(bradykinin, thrombin), histamine, and bioactiveidis. These early events enable the successive
recruitment of leukocytes (neutrophils, monocyteslrophages and lymphocytes) from the
blood which, in turn, release further pro-inflamorgt signals (mediators) [90]. Among these
mediators, the lipid metabolites derived from thecprsor AA, the so-called eicosanoids, are
well established to play key role(s) as signalingleaules in inflammation [91]. Thus,
pharmacological modulation of eicosanoid formai®nonsidered as an appropriate intervention
with beneficial effects in the treatment of inflamtory disorders including atherosclerosis,

inflammatory bowel diseases, asthma, arthritisaad of cancer.

2.2.1 The arachidonic acid cascade

Arachidonic acid (AA) is a carboxylic acid with ®@-2arbon chain and four cis-configurated
double bonds (alktis 5,8,11,14-eicosatetraenoic acid): the first dodigled is located at the sixth
carbon from the omega end (2@46). The polyunsaturated AA is abundantly incorpedain

an esterified form (sn-2) into membranous phospidsi (e.g. phosphatidylcholine (PC) or
phosphatidylethanolamine). Cellular activation by appropriate stimulus (e.g. platelet

activation with thrombin) induces the release of &ém cellular membrane phospholipids via
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the activity of the enzyme phospholipase &LA,) (see2.2.). Once liberated, free AA
functions as a second messenger itself [92], inagerporated into phospholipids, or serves as
the premier precursor of eicosanoid biosynthesmmammalian cells. The conversion of AA into
eicosanoids is govern by three classes of enzyfggireé 2.3 which initially incorporate
oxygen at different positions of the substratecyiglooxygenases (COXs), which initiates the
synthesis of prostaglandins (PGs) and thromboxéhXs), altogether termed prostanoids; ii)
lipoxygenases (LOs), such as 5-LO, which catalygedormation of leukotrienes (LT) as well
as 12- and 15-LOs yielding hydroxy-eicosatetraemeids (HETES); and iii) a class of CYP 450
enzymes which form epoxyeicosatrienoic acids (EB98). Since, all generated products have
different biological activities (physiological omathophysiological) but originate from the same

substrate; AA plays a cardinal role in the regolaif the inflammatory process.

anous phos ,
embr ph°/l,o,-o,
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Figure 2.3: Arachidonic acid pathways

Free arachidonic acid is released by phospholipase(PLA,) and subjected to further metabolism by
cyclooxygenases (COXs), lipoxygenases (LOs) oratytome P (CYP)450 enzymes to their respective ptsdu
They include prostanoids, leukotrienes (LTs) & tydreicosatetraenoic acids (HETES) and epoxyeiciesatic
acids (EETs).
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2.2.2 Phospholipase A;

The phospholipase A(PLA;) superfamily constitutes of different enzymes laiag the
hydrolysis of the fatty acid at the sn-2 positidmmembrane phospholipids. The products of this
reactionin vivo, an unsaturated fatty acid and a lysophospholigad, be further metabolized to
important second messengers (e.g. eicosanoidslatediep activating factor (PAF), respectively)
with essential (patho)physiological impact. There &ive main classes of PL& secreted
(s)PLAss; Cd&*-dependent cytosolic (c)PL8; C&*-independent (i)PL#s; PAF
acetylhydrolases, and lysosomal BEA94]. The cPLAs class (Group 1V), consists of G-{)
subtypes with molecular weights of 61-114 kDa. \itthis class, the cPLA is the most
extensively studied isoform, first characterizedl grurified from platelets, macrophage cell
lines, and various tissues [95-98]. Due to its esigle specificity for sn-2 esterified AA, the
cPLAxa is believed to be mainly responsible to provideefAA for eicosanoid (prostanoid and
LT) biosynthesis in the cell in response to a ugred extracellular stimuli. Receptor-mediated
cellular stimulation by collagen or thrombin as heal receptor-circumventing ionophores {Ca
ionophore A23187) causes cPiAepending formation of the eicosanoid-precursor SAllular
activation with exogenously applied AA bypasses &APhctivity and the substrate is directly
subjected to eicosanoid metabolism via the respgedbwnstream enzymes.

Genetic ablation of cPLA in various animal models or studies with RLiAhibitors resulted in
lower production of eicosanoids and related phggjiclal and pathophysiological processes [99].
Besides cPLAa, members of the low-molecular weight sPEaAmily have been proposed to
participate in cellular eicosanoid generation Heacevidences has not yet provided for such a
role [100]. The physiological function of iPLA is considered to lipid remodeling, apoptosis and
insulin secretion [101-103]. Lysosomal phospholgAsis an acidic Plthat is highly expressed
in alveolar macrophages and that npdgy a role in the catabolism of pulmonary surfatta
[104]. PAF acetylhydrolases (which act also in*‘dadependent manner) catalyze the
hydrolysis of phospholipids containing short cham2 acyl groups and thereby inactivate PAF
[105].

Regulation of cPLAx involves its translocation from the cytosol to nieemes to access the
substrate. Cellular stimulation induces a risedef{];, where C&" binds to the C2 domain of the
enzyme and induces translocation to the nucleaelepg and endoplasmatic reticulum (ER).
C&" largely enhances the affinity of the enzyme fontheanes but is not necessary for catalysis
[106]. Binding of phosphatidylinositol-(4,5)-bis-psphate (PIP2) [107] has been shown to
significantly activate the enzyme and direct irgeghce with ceramide-1-phosphate [108]
reduces dissociation from the membrane surfaceimlgee absence of aMoreover, cPLAa

contains different phosphorylation sites (Ser-505er-515, and Ser-727), which are
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phosphorylated by MAPKSs, calmodulin kinase Il (CayKand MAPK-interacting kinase
(MNKZ1), respectively [109]. Phosphorylation eveeither activate the enzyme or facilitate its
translocation to cellular membranes. Taken togettieLA.a plays a pivotal role in agonist-
induced release of AA as the upstream regulatoryrae in cellular production of primarily

pro-inflammatory bioactive lipid mediators, incladi PAF, LTs and prostanoids.

2.2.3 Cyclooxygenases and prostanoids

Once AA is liberated by cPLAit can be further metabolized via cyclooxygenas©XE
enzymes. In humans, two isoforms of COX exist, Hgr®©X-1 and -2. These enzymes show
approx. 65% sequence identity. COX-1 is constiglyivexpressed in a variety of mammalian
cells and tissues [110], such as blood vessel w@igoth muscle cells, intestinal cells, platelets,
renal tubulus and seminal vesicles, and is consitey be mainly responsible for formation of
PGs with homeostatic functions. However, stronglence for its contribution to inflammatory
processes has also been provided [111, 112]. ItragsinCOX-2 is considered to be inducible
and is expressed in response to cytokines (e.gpJUL-6, TNFa, lipopolysaccharide (LPS)),
growth factors (e.g. PDGF, T@Jor others [113]. Nevertheless, constitutively regsed COX-

2 was found in brain, kidney, female reproductireect and evidence for a homeostatic role in
the cardiovascular system is given [114, 115]. Eggion of the COX-2 gene can be suppressed
by anti-inflammatory cytokines (IL-4 or IL-10) arglucocorticoids. Recently, a COX-enzyme
derived from a splicing variant of the COX-1 mRN&rmed COX-3, was found in canine and
human celebral cortex but its function is still atter of debate [116].

The reactions catalyzed by COX enzymes comprise dbeversion of AA including
incorporation of two molecules of,@o give the intermediate PG&cyclooxygenase reaction)
and a subsequent peroxidase reaction, which redeG&3 to PGH. In turn, PGH is then

further metabolized by downstream enzymes intcethffit prostanoids, depending on the cell

type Figure 2.4).
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Biosynthetic pathways of prostanoids
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Figure 2.4: Formation of prostanoids derived from aachidonic acid by cyclooxygenase enzymes.
Arachidonic acid (AA), prostaglandin (PG), 12(S)Xhyxy-5-cis-8,10-trans-heptadecatrienoic acid (XZHy
thromboxane (TX), malonedialdehyde (MDA)

The peroxidase activity is necessary to activateX@€action and can operate independently of
the cyclooxygenase reaction [117, 118] while swciehactivation is assumed for both,
peroxidase and cyclooxygenase activity [119]. CO&-Rnown to utilize both, free fatty acids
and 2-arachidonyl glycerol as substrates, where@x-C appears to exclusively convert
unbound fatty acids, such as free AA [120]. Howewek is the preferential substrate for both
isoforms with nearly the sanig, (5 uM). Interestingly, an unusual negative alldsteffect was
reported for COX-1 at low AA concentratiog (L uM), which seems to be hydroperoxide-
dependent. This might be the reason for the predénrvivo conversion of endogenous substrate
amounts (AAO1 pM) by COX-2, when both isoenzymes are expregsélde same cell [121].
In cells expressing COX-1, an immediate pulsatiesbof PG formation occurs in response to
an appropriate stimulus (e.g. G protein-couple@ptar (GPCR) agonists) but, at least in certain
cells types, a second phase of PG generation 3D mié begins after the initial burst and
continues for a few hours. This second more graghase involves primarily PGs derived from
COX-2 and its expression is in turn partially praetby the PGs formed via COX-1 [122].
Another important difference between the two COXfasms is the structure of the active site, a
hydrophobic tunnel where the substrate is convef(éed where also COX-inhibitors bind).
Thus, the COX-2 active site is larger than thaCafX-1, due to differences in three amino acids
(COX2: Val434, Val523, Arg513; COX-1: lle434, Hisj1lle523) forming a side pocket, and to
a different position of a helix in the membranedang domain (D1 helix), altering the position
of Arg120 (responsible for the binding of carbogyjroups of fatty acids and COX-inhibitors)
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[123]. In fact, this knowledge led to the developmef the COX-2 specific inhibitors (coxibs),
e.g. the diarylheterocycle class, including celdzaxd rofecoxib (see below).

Studies on subcellular localization of COX-1/2 sleovthat both isoforms reside in the ER and
nuclear envelope. However, COX-1 seems to be gqdatributed, whereas COX-2 localized
preferentially (about twofold) at the nuclear emyel [124]. Selective coupling of PLAs to COX
enzymes has been reported in several studies [dizSargely depends on expression patterns
and the amplitude of the activation of individudlA3 caused by different stimuli. Similarly,
attempts to elucidate the coupling of COX isofortasdownstream enzymes of prostanoid
formation were carried out. Different functionakarferences with PGE synthases [126] (see
2.2.4, coupling between COX-2 and PGI synthase in taeliovascular system as well as
between COX-1 and TXAsynthase in platelets have been shown [127]. Homvgu®tein
interaction, kinetic properties or simple localieat of the terminal synthases might result in
selective coupling but still need further elucidati

De novo synthesized prostanoids, including RGEGD, PGRy, PGL and TXA are widely
distributed in a variety of tissues and cells immlams and serve as short-living autocrine or
paracrine mediators, acting through specific GP@Rs<ert multiple biological functiong éble
2.3). However, interactions with nuclear peroxisomeliferator-activated receptors (PPAR)
were also reported for certain PGs [128].

Table 2.3: Prostanoid receptor functions and divers biological activities of prostanoids.

Receptor Ligand Signaling Effect

EP1 PGE G,/Ca*t pain (spinal neurons)

EP2 PGE G;/cCAMP 1 maturation for ovulation and fertilization

EP3 PGE Gi/cAMP | fever (brain); protection of gastric mucosa

EP4 PGE Gs/cCAMP 1 bone resorption (osteoclast)

DP1 PGD Gs/cAMP 1 vasodilatation

DP2 PGD Gs/cCAMP1 chemotaxis (Th2 lymphocyte)

FP PGDsy G,/Ca*1 contraction of uterus

TPup TXA, Gq/CaF+T vasoconstriction, platelet aggregation

IP PG Gs/cAMP1 rennin secretion, vasodilatation, anti-aggregatory

Inhibition of prostanoid formation by targeting COXnzymes is considered a major
pharmacological anti-inflammatory intervention. fict, interference of COX enzymes with
NSAIDs targeting both isoforms and the more COX-&estive coxibs is a common
therapeutically strategy to reduce acute and/argbrinflammatory diseases [129].

Typical NSAIDs inhibit both COX isoforms but genkyabind more tightly to COX-1 [130].
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Due to competition with AA for binding to the aaigite, NSAIDs appear to exhibit one of three
modes of inhibition: i) rapidly, reversible (e.gbuprofen); ii) time-dependent slowly
(pseudoirreversible) reversible binding (indomethpgor iii) rapid, reversible binding followed
by covalent modification (aspirin, acetylation &rs30) [131, 132]. Interestingly, aspirin treated
COX-2, in contrast to COX-1 is not simply enzymalig inoperative but is rather able to
convert AA to the anti-inflammatory group of lipms [133]. Unfortunately, the permanent use
of NSAIDs is associated with severe side-effectainhy gastrotoxicity related to the reduction
of COX-1-derived PGE[134]. Search for selective COX-2 inhibitors, irder to improve the
safety profile of NSAIDs, led to the developmentaoaixibs. Inhibition of COX-2 activity by
these compounds corresponds to a three step-mbdeiecaction leading to time-dependent,
pseudoirreversible mechanism, whereas COX-1 is ondrginal affected in a rapid and
reversible fashion [135]. However the use of coxibsassociated with an increase risk of
cardiovascular severe adverse events, mainly du¢hdéosuppression of endothelial BGI
generated by COX-2 [136] and therefore limitingithese.

In view of the therapeutic benefit, interventiortwiPG biosynthesis by NSAIDs and coxibs has
long been established and still is successfullliepdo treat various inflammatory disorders.
However, in regard of their severe side effectsjmounds interfering with selective terminal PG

synthases or PG-receptor antagonists might beyoifisiant advantage.

2.2.4 Microsomal prostaglandin E, synthase-1

Among the PGs originating form the COX pathway, RP@Ets at least through four different
receptors (EP1-4) and regulates key responses en ntajor human systems including
reproductive, gastrointestinal, neuroendocrine anchune functions [137]. In fact, PGHs
accepted as a key mediator in fever, pain andnmfiatory responses [138]. Isomerization of
COX-derived PGHto PGR is catalyzed by PGEsynthases (PGESYlany attempts have been
attributed to identify and purify these protein891 140]. Meanwhile, three different isoforms
have been successfully identified and characteriaathely cytosolic PGEsynthase (cPGES),
microsomal PGES-1 (MPGES-1) and mPGES-2 [141-1A4é. cPGES is a 26 kDa enzyme,
constitutively expressed in a variety of tissuesst{s, heart, brain and stomach) and
preferentially converts PGHderived from COX-1 [141] to maintain homeostatiGH
production. However, initial reports claimed a pbksrole of this enzyme in inflammation, at
least in certain tissues [145]. The mMPGES-2 is &[38 enzyme, which is also ubiquitously
expressed (brain, heart, skeletal muscle). It isctionally linked to both isoforms of COX
enzymes [146] and converts P&R a glutathione (GSH)-independent manner.

In contrast, mMPGES-1 is markedly induced by prtamfmatory stimuli such as ILB1 TNFa
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and LPS in a variety of cell types including A548llg, synovial cells, monocytes, human
endothelial cells, macrophages, and osteoblasts-158] and its induction is suppressed by
glucocorticoids and TNé blockers [150-152]. Low constitutive expressionels of mPGES-1
have been observed in urogenital organs, spleemasth and kidney. It has been demonstrated
that this enzyme preferentially metabolizes COXeZhced PGH [141, 153] and requires GSH
as cofactor for its catalytically activity [154, 315 The mPGES-1 is a 16kDa enzyme and is
mainly located in the perinuclear membrane andgagst in part, colocalizes with COX-2 [156,
157]. It belongs to the family of “membrane-asstataproteins involved in eicosanoid and
glutathione metabolism” (MAPEG). Further membersttog superfamily are 5-lipoxygenase-
activating protein (FLAP), LTEsynthase and microsomal glutathione transferdd&S({T) 1-3.

A recent study by Jegerschold et al. [158] dematestr that mMPGES-1 is a homotrimer of four
transmembrane helix bundles consistent with ottractwirally characterized MAPEG members.
GSH is bound in an u-shape form at the interfadevdsen the subunits of the trimer and this
binding involves conserved residues of Arg70/Tyrahd Arg126/Tyr130. A cytoplasmatic cleft
between helices 1 and 4 is suggested to form ttieeagite of the enzyme and promote PGH
catalysis, which is facilitated by GSH thiolate ak126.

Accumulating evidence indicates a pivotal role d?@ES-1 for inflammatory diseases such as
arthritis, pain, fever, stroke as well as in cand&9-162]. As demonstrated in several studies
using mMPGES-1 deficient mice, inhibition of mPGE®+bvides an efficient pharmacological
approach for the treatment of these pathologicabitmns [153, 163-166] with only marginal
effects on the formation of physiologically impartaand homeostatic PGs. So far, a number of
small molecules were described as direct mPGES3ubitors, such as arachidonic acid and 15-
deoxyA* A PGJ (ICso = 0.5 pM, both) [167], the indole analogue MK-§8Bs, = 1.6 uM) and
certain derivatives as well as pirinixic acid datives [168-170]. Additionally, some
phenanthrene imidazoles including the selectivéermgoand orally available compound MF63
(ICs0 =1 nM) have been described [162, 171].

Since inflammation and related pathophysiologicadditions are closely linked to the increased
formation of PGE originated from up-regulated mPGES-1 [172], phawhagical intervention
with mPGES-1 is assumed to be an attractive ali@eto NSAIDs and coxibs with presumably
higher safety, due to reduced risk of classicalessty effects of these drugs. Nevertheless,
additional experiments and even adequately designespective clinical trials are needed to
determine a superior effect of selective mPGEShibitors.
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2.2.5 b5-Lipoxygenase

Besides biosynthesis of PGs by COX enzymes, AAlmonverted through the lipoxygenase
(LO) pathway vyielding LTs and HETESsS. There are hbgen several LOs described in humans,
including 5-LO, p12-LO, epidermis-type 12-LO, ang-l1O-1 and -l1l. Among LO enzymes, the
5-LO seems to play a critical role in the regulatad the inflammatory response and therefore 5-
LO-derived LTs are of particular interest. LTs exphysiological roles in innate immune
responses, are regarded as pathophysiological toedim inflammatory associated diseases
encompassing asthma, allergic rhinitis, atherossley myocardial infarction, and stroke [173].
The generation of LTRigure 2.5 in inflammatory cells (neutrophils, macrophagesieophils
and mast cells) is initiated by several immune pradinflammatory stimuli. Available amounts
of AA are converted via 5-LO into 5-hydro(per)oxig@satetranoic acid (5-H(P)ETE), by
incorporation of molecular oxygen (oxygenase atfjviand subsequent formation of the
unstable epoxide intermediate LTALTA, synthase activity). The latter can be metabolizgd
LTA, hydrolase to give LTB a potent neutrophil chemoattractant [174, 175]ctwhalso
mediates adhesion of leukocytes to vascular entiotheT cell recruitment to inflamed tissues,
and causes superoxide release from phagocytes 77§, On the other hand, conjugation of
LTA, with GSH by LTG-synthase (mainly expressed in eosinophils, maaogh and mast
cells) may occur, yielding cysteinyl LTs (Cys-LTgamely LTG, LTD4 and LTE, [178]. Cys-
LTs are bronchoconstrictive agents and increaseulas permeability, resulting in a pro-
inflammatory action. As the prostanoids, also L&sthrough specific GPCRs: two receptors for
LTB4 (BLT, and BLT,) and at least two receptors for Cys-LT (Cysland CysLTE) mainly
expressed on leukocytes, smooth-muscle cells avtbakil cells [179]. Notably, 5-H(P)ETE is
also partially reduced via cellular peroxidasegite its correspondent alcohol 5-HETE and in
turn, 5-HETE oxidation leads to 5-oxo-ETE. Both aimilites possess diverse biological
functions, including tumor promotion and granul@&yecruitment, respectively [180, 181].
Various studies demonstrated anti-inflammatory probps of LO-derived (5-/12-/15-LO)
metabolites, the lipoxins (LXAand LXB;), suggesting a certain role also in resolution of
inflammation [182, 183].
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Figure 2.5: Leukotriene biosynthetic pathway
Free arachidonic acid (AA) is subjected to thepgadiygenase (5-LO) pathway. Leukotriene (LT Yydrolases and
LTC, synthase; cysteinyl (Cys); glycin (Gly); glutamif@lu); hydro(per)oxy-eicosatetranoic acid (H(P)BTE

The 5-LO active site contains a non-heme iron wigcbssential for the catalytic activity of the
enzyme [184, 185]. The iron functions as an electtonor or acceptor during the catalysis, thus,
the inactive form of 5-LO contains iron in the faus state (F€), and the iron is oxidized to the
active (ferric, F&) state by cellular hydroperoxides [186]. Severafactors and complex
activation pathways regulate 5-LO activity. Henae, increase of intracellular €astrongly
stimulate LT formation in intact cells [187] andregsible binding of C# at the C2-like domain
of 5-LO enzyme has been confirmed [188]. BindingZaf" in turn, supports association of the
enzyme with phosphatidylcholine (PC), directing G-towards membranes.

Interference with ATP increases 5-LO activity bgtslizing effects on the enzyme. Besides the
catalytic site, 5-LO contains a second putativeulatgry fatty-acid-binding site [189].
Glycerides including 1-oleoyl-2acetyl-sn-glycerQAG) were reported to activate 5-LO in the
absence of G4[190] and binding of coatosin-like protein (CLP)3d.O supports Ca-induced
enzymatic activity [191]. 5-LO is also regulated pfiosphorylation by p38“F¥-regulated
MAPKAP-2/3 (MK-2/3), ERK1/2, CaMKIl and PKA [192,9B]. While phosphorylation by
MKs and ERKs promote membrane translocation ancegptate 5-LO product formation [192,
194], PKA-mediated phosphorylation impairs 5-LOatt [195]. In the majority of cells
(neutrophils, peritoneal macrophages), 5-LO residéke cytosol and translocate to the nuclear

membrane upon cellular stimulation. After assocratof 5-LO with the nuclear membrane,
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released AA is transferred to 5-LO by FLAP to allavetabolism by 5-LO [196]. FLAP is a
member of the MAPEG family and is co-expressed WHhO in many tissues. Interestingly,
exogenous supply of free AA to the cells (transdatl mechanism or experimental conditions)
circumvents FLAP activity and can be metabolizeayapsolic 5-LO [197].

Targeting the biosynthesis of pro-inflammatory Lis regarded to represent a rational
therapeutic goal to block certain allergic andanfimatory diseases. Direct inhibition of 5-LO is
achieved by either redox active compounds (pheagls caffeic acid) which reduce the active
site iron, iron-ligand inhibitors (BWAA4C, zileutorhelating the active site iron and non-redox
type inhibitors (ZM230487) competing with binding the substrate (AA) to 5-LO. Therein,
zileuton is the only compound which entered thekeiafUSA) and is approved for the treatment
of asthma. However, it only showed marginal effaotsheumatoid arthritis or inflammatory
bowel diseases [198]. An alternative way to supptdssynthesis is to inhibit FLAP. Using the
FLAP inhibitor MK-886, 5-LO product formation is fmntly attenuated in intact leukocytes but
the compound is significantly less efficient (ab600 times) in whole blood and no inhibition of
purified 5-LO or LT formation in cell homogenatesene observed [199]. Also, addition of
exogenous AA to activated cells strongly impaire thotency of MK-886 [57]. Thus, by
supplementation of exogenous AA to cells, the fml#yiis given to circumvent PLAInhibition
and to estimate FLAP interference of a given compo[R00]. Nevertheless, recent findings
concerning FLAP suggest a therapeutic potentialbokl FLAP inhibitors [173].

In summary, a complex regulation of 5-LO activitydugh several cofactors including substrate
supply, FLAP, C&and phospholipids leading to LT synthesis is eihbtl and thus, the
efficacy of 5-LO inhibitors, in intact cells as wels in cell-free assays largely depends on the

assay conditions.
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2.3 Platelet physiology and biochemistry

Platelets are specialized human blood cells derired megakaryocytes. They are produced in
the bone marrow and released into the circulatdatelets play crucial roles in hemostasis and
wound healing as well as they are involved in théhpphysiological processes of thrombosis
and inflammation [201]. Injury of a vessel wall @ging the unveiled subendothelial matrix
induces platelets to form a hemostatic plug andectbe leakage. Also, platelets are accounted
for thrombus formation at sites of ruptured athel@®tic plaques and consequently trigger heart
attacks and strokes [202]. The first interactiodh@sion) of platelets is mediated by specific
glycoproteins (GP) with the van Willebrand facteY(F) on the surface of the subendothelium.
This interaction enables a firm platelet captunghier strengthen by binding of subendothelial
collagen to its respective platelet receptors GRIahd major collagen signaling GPVI receptor
[203]. This preliminary stimulation per se togetheith activation by agents from the
surrounding environment (e.g. ADP, thrombin, TXAransduce a rise in intracellular Ca
concentrations ([G4];). The increase of [¢4; is substantially linked to spreading, activatidn o
cPLA; followed by PG formation (i.e. TXA as well as granule secretion and activation of
GPIIb/llla (integrinasPua), causing binding of soluble fibrinogen (inside-@ignaling) [204-
206]. Secreted products from dense bodies are ADBemtonin. ADP and TXAexert an
important role in additional autocrine/paracrinatplet activation and hemostatic plug growth
[207]. Thea-granules of platelets contain adhesive proteigKythrombospondin), mitogenic
factors (PDGF and TGP}, coagulation factors as well as glycoproteinshsas P-selectin
(CD62) and CD40 ligand. The latter are well recagdi to mediate platelet binding to
neutrophils and monocytes and to induce inflamnyafmocesses in the microenvironment
including VCAM-1 expression, release of tissuedaceénhanced migration of leukocytes as well
as an increase in ROS and chemokine productiomtigteelial cells [208-212].
Activation-induced binding of fibrinogen to GPIIHA is the primary mechanism of platelet
aggregation and the cross-linking of two GPIlIb/iWalecules on neighboring platelets results in
a firm connection and depend on fa[213]. The increase of [¢§; also evokes activation of
the scramblase enzyme which promotes phospholigigsiocation in the cell membrane leading
to an anionic membrane surface. This provides bmdiites for enzymes and cofactors of
coagulation processes in a’Gdepending manner, facilitating efficient genematif thrombin
and finally of fibrin, to form a stable plug [21@figure 2.6).
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Figure 2.6: Model of platelet-mediated thrombin fomation (adopted from [202])

Activated platelets can bind coagulation factord eafactors via Ci and specific receptors. The concerted actions
of coagulation factors on the platelet surface lemd burst of thrombin generation, enabling alstdibrin clot
formation.

Negative regulation of platelet physiology is esggno prevent uncontrolled thrombosis. In this
the regard the role of nitric oxid and RBGlerived from the endothelium are well established.
These mediators induce an intracellular increaseyolic nucleotides cGMP/cAMP via adenyl
and guanyl cyclases, respectively [215] and theeefbecrease platelet activity. Antiplatelet
agents such as aspirin and ridogrel suppressing ,T&@ivity, clopidogrel affecting ADP
receptors and abciximab blocking the GPIIb/lllae@or are used to impair platelet activation
[216].

Platelet activators such as thrombin or collagencansidered as strong agonists whereas, ADP,
serotonin, or TXA require autocrine/paracrine stimulation to indtlee entire platelet response
[205]. Soluble platelet agonists, including thrombPAF, ADP or TXA, typically activate
specific GPCRsKigure 2.7), leading to the activation of phospholipase (AL)Z17, 218]. PLC
catalyses the hydrolysis of PIP2 to inositol triegbhate (IP3) and diacylglycerol (DAG).
Activated IP3 receptors meditate ‘“Canobilization from the intracellular stores (denigbula
system) and this, in turn, leads to massivé' @lux from the extracellular space [219]. DAG-
mediated activation of protein kinase C (PKC) amaviistream effectors also participate in

platelet activation process.
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The sustained increase of fCJa is associated with phosphorylation of myosin-lightin by it
respective kinases leading to shape change oflgiatas well as the various responses
mentioned above including PlkAactivation, granule secretion, conformational ¢jem and

activation of GPIIb/llla (integrim,Bia) and providing of catalytically active plateletfaces.
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Figure 2.7: G-protein coupled receptor signaling implatelets.

Input signals regulate calcium dynamics and indseeondary pathways potentiating platelet activatiohiP2,
phosphatidylinositol-(4,5)-bis-phosphate; 1P3, itals trisphosphate; PAR protease activated recepi®C,
adenylate cyclase; PKC, protein kinase C; [202].

On the other hand, collagen, the most abundaneipratf the extracellular matrix, promotes
platelet activation through its binding to plate&Pla/lla and GPVI. Binding of collagen to
GPVI stimulates a non-receptor protein-tyrosineaken Cross-linking of GPVI/Fc-receptyr
chain (FcR) by collagen ligation results in phosphorylatiohtlee immunoreceptor tyrosine-
based activation motif (ITAM) of FoRby the Src-kinase family members Lyn and Fyn [220,
221], with subsequent binding and activation ofnegeptor tyrosine kinase Syk. Participation of
linker for activation of t cells (LAT) and Src hotogy 2 domain-containing leukocyte
phosphoprotein of 76 kDa (SLP76) results in aciorabf PLG/2 (Figure 2.8) [222, 223]. LAT
also recruits phosphatidylinositol-3 kinase (P13)d PI3K-dependent signalling through at
least PKB (Akt) contributing to platelet adhesispreading and granule secretion [224].
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Figure 2.8: Collagen signaling via nonreceptor tyrsine kinase[202].
Tyrosine kinases, c-Src, Lyn/ Fyn; non receptoogine kinase, p7?% syk; adapter molecules LAT, Grads, SLP76.

Stimulation of PLG2 leads to IP3 synthesis and the same subsequenstteam pathways are
induced as described for Gg-coupled receptors.igtactivated GPIIb/llla enables binding of
soluble agonist leading to Syk activation, the altbed outside-in signaling.

Together, C& is a pivotal second messenger in the platelevatain cascade modulating
important platelet functions including aggregatitimombin formation and others. Beside the
important role of platelets in hemostasis and throsis, it has become evident that platelets also
contribute to the progression of inflammation. ®ifere, profound knowledge about alterations
in character and function of platelets is basicalgguired in the development of anti-

inflammatory drugs.
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2.4  Aim of this work

In the last decades, a growing public intereshimbal medicine and nature-derived remedies as
an alternative therapeutic aspect became more aé Bvident and therefore, a variety of
herbal remedies entered the market. Among thospecedly frankincense preparations
experienced resurgence. In the traditional medifiam India and China extracts & spec.
have long been recognized for their anti-inflammatpotential and recent clinical trials
demonstrated the efficacy Bf spec. preparations in the treatment of OA, inflammatboyvel
diseases and certain cancer forms. However, foapeatic use of such crude extracts in the
modern phytotherapy it is mandatory to charactepizarmacological principles and molecular
mechanisms responsible for their beneficial effedisus, BAs were found to be bioactive
compounds of frankincense preparations and 5-LOpwagosed as a relevant molecular target
[53]. Extensive studies on this topic suggested AK@he most potent BA analogue in this
respect) as a direct and nonredox—type 5-LO intnipitesponsible for the suppression of pro-
inflammatory LT formation observed vitro, whereas interference with other AA-metabolizing
enzymes has been excluded. Further investigatronst focused on AKBA or KBA, proposed
several other targets including HLE, topoisomerabds kinases, CYP 450 enzymes and p12-
LO [58, 80, 65, 19, 8]. These hypotheses constitttractive models to explain the anti-
inflammatory and anti-tumor potential of frankinsenpreparations but there are serious doubts
due to theirin vivo relevance as the interference of BAs with thesgetaiin vivo or in test
systems reflectingn vivo conditions has been essentially neglected. Morgdherdiscrepancies
between reachable plasma levels of BAs and thetefeconcentrations required to affect these
targets, questioned the pharmacological relevance.

The aim of this work was to identify novel moleautargets and anti-inflammatory actions of
BAs as well as to functionally characterize andl@ai@ new and existing interactions in view of
their biological relevance. To this purpose, pw&interferences of BAs with AA-metabolizing
enzymes and functional modulation of platelet pblpgly by BAs were investigated.
Preliminary work to characterize cellular and malac effects of BAs in neutrophils, monocytes
and platelets was provided by the thesis of Anjam@hn [225] and was expanded by the work
of Daniel Poeckel [226]. The latter specified thdentification of pl2-LO as a selective
molecular target of BAs. Recently, the thesis ofsL&ausch [227] revealed cathepsin G (CatG)
as a novel, pharmacologically relevant and antammatory target of BAs. Partially based on
these findings, studies were continued or expanttedother related topics, governing

inflammatory processes in humans.
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This work investigated the properties of BAs toliehce signaling pathways and related
functional characteristics of platelets in responge physio-pathophysiological stimuli.
Furthermore, COX-1 and mPGES-1 were identified msctl molecular targets of BAs and
functional consequences of these results were sxtp studied. Detailed biochemical
characterizations and critical analysis concerrtimg pharmacological relevance are provided.
Finally, an explicit re-evaluation of the interface between 5-LO and BAs revealed novel

aspects regarding the molecular mechanismmmidbo relevance of this interaction.
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3.1 Materials

AA

[*H]AA

[*H-PGE]

113-PGE

6-keto-PGlry

a—amyrin
Anti-mouse-lgG-6-keto-PGE-antibody
ATP

B-mercaptoethanol

Boswellia serrata resin extract (H15®
Gufic)

Boswellic acids
BWA4C

Cd*-ionophore A23187
Calcitriol

CDC

Celecoxib

Collagen

Coomassie brilliant blue G250
COX-1 (ovine)

COX-2 (human recombinant)
DMEM/High glucose (4.5 g/l) medium
DMSO

EAH-Sepharose 4B

Fatty acid-free BSA
fMLP

Fura-2/AM

Insulin

IPTG

Leupeptin

Sigma-Aldrich (Deideshofen, Germany)
BioTrend Chemicals (K&In, Germany)
Perkin Elmer Life Sciences (Milan, Italy)
BioTrend Chemicals (KoIn, Germany)
Cayman Chemical (Ann Arbor, MI, USA)
Extrasynthese (Genay, France)

Dr. T. Dingermann (Frankfurt, Germany)
Roche Diagnostics (Mannheim, Germany)
Carl Roth (Karlsruhe, Germany)

Gufic Chem (Belgaum, Karnataka, India)

prepared as described [228]

Dr. L. G. Garland (Wellcome Research
Laboratories, London, UK)

Sigma-Aldrich (Deideshofen, Gamga

Dr. H. Wiesinger (Schering, Berlin)

Biomol (Plymouth Meeting, PA, USA)

WITEGA Laboratories (Berlin, Germany)

Nykomed Pharma (Unterschlei3heim, Gerpany
Applichem (Darmst&trmany)

Cayman Chemical (Ann Arbor, MI, USA)
Cayman Chemical (Ann Arbtl, USA)
PAA (Coelbe, Gemny)

Carl Roth (Karlsruhe, Germany)

GE Healthcare Bio-Sciences (Frgjbu
Germany)

Sigma-Aldrich (Deideshofen, @any)
Sigma-Aldrich (Deideshofen, Germany)
Alexis Corp (Lausen, Switzerland)
Aventis (Frankfurt, Germany)
Applichem (Darmstadt, Germany)
Applichem (Darmstadt, Germany9
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LPS

Methanol

MK-886

Nycoprep

Penicillin

PGH,
Plastic/PS-materials
PP2 and PP3
Rotie-Nanoquant
SDS

Streptomycin
SU5665

Thrombin
Trypsin/EDTA solution
Tween 20

U-46619

Ultima Gold™ XR
VBSE extract

A-carrageenan type IV from Gigartina
aciculaire & Gigartina pistillata

All other chemicals were purchased in analyticadgr from Sigma-Aldrich (Deideshofen,

Germany) unless stated otherwise.

Sigma-Aldrich (Deideshofen, Germany)
Merck (Darmstadt, Germany)

BioTrend Chemicals (K6In, Germany)
PAA (Coelbe, Germany)

PAA (Coelbe, Germany)
Larodan (Malmd, Sweden)

Greiner bio-one (Frickenhau&emmany)

Cayman Chemical (Ann Arbor, MI, USA)
Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)

PAA (Coelbe, Germany)

Cayman Chemical (Ann Arbor, MI, USA)
Sigma-Aldrich (Deideshofen, Germany)
PAA (Coelbe, Germany)

Carl Roth (Karlsruhe, Germany)
Calbiochem (Bad Soden, Germany)
Perkin Elmer (Boston, MA, USA)
Pharmasan (Freiburg, Germany)
Sigma-Aldrich (Milan, Italy)
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3.2 Methods

3.2.1 Cell culture

Human cell lines were cultured in incubators (HERWcKendro Laboratory Products, Hanau,
Germany) at 37 °C, 6% CQnd saturated humidity.

3.2.11 Mono Mac 6 cells

Mono Mac 6 (MM®6) cells, a human monocyte-like ckile, were obtained form Dr. D.
Steinhilber (University Frankfurt, Germany). Celsre maintained in RPMI 1640 medium with
glutamine supplemented with 10% (v/v) heat-ina¢tdafetal calf serum (FCS), penicillin (100
U/ml), streptomycin (100 pg/ml), 1 mM sodium pyrtejalx nonessential amino acids, 1 mM

oxalacetic acid and 10 pg/ml insulin. Cultures weeeded at a density o&2L0°/ml.

3.2.1.2 A549 cells

A549 (human lungepithelial carcinoma cell line)lgelvere obtained from Dr. O. Radmark
(Karolinska Institute, Stockholm, Sweden). Cellgeveultured in DMEM/High glucose (4.5 g/l)
medium supplemented with FCS (10%, v/v), penicil{itdtO U/ml) and streptomycin (100
pg/ml). After 3 days, confluent cells were detachisthg X trypsin/ethylenediaminetetraacetate

(EDTA) solution and reseeded ak A cells in 20 ml medium.

3.2.2 Cell viability

Cell viability of A549 cells was measured using tt@orimetric 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) dye reductiassay [229] in a 96-well format. Briefly,
A549 cells (5% 10" cells/100 pl medium) were plated into a 96-weltrplate and incubated at
37 °C and 6% C@for 16 h. Then, 30 uM of all four BAs andamyrin or solvent (DMSO) was
added and the samples were incubated for anotheMd T (20 pl, 5 mg/ml) was added and the
incubations were continued for 4 h. The formazandpct was solubilized with sodium
dodecylsulfate (SDS) (10%, (w/v) in 20 mM HCI) atite absorbance of each sample was
measured at 595 nm relative to that of vehicle (Nt8eated control cells using a multiwell
scanning spectrophotometer (Victglate reader, PerkinEImeRodgau-Juegesheim, Germany).
Neither a-amyrin nor one of the foys-BAs (30 uM, each) significantly reduced cell vigi

within 5 h versus DMSO as vehicle, excluding pdssétute cytotoxic effects of the compounds
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in the cellular assays using A549 cells. Influenoethe viability of platelets in response to any
agent (BAs, thrombin, or G&ionophore A23187) could be excluded as descrilget. [To
exclude acute cytotoxic effects of BAs during peeibation periods in assays using MM6 cells,
cell viability was analyzed by light microscopy atmgpan blue exclusion. Incubation with 100
UM of any of the BAs at 37 °C for up to 30 min cadiho significant change in MM6 cell
viability [11].

3.2.3 Isolation of human PMNL from venous blood

Human PMNL were freshly isolated from buffy coatbtained from the Blood Centre,
University Hospital Tubingen (Germany). In briegnous blood from healthy donors was taken
and leukocyte concentrates were prepared by cegdtibn at 4,000x g, 20 min, room
temperature (RT). Buffy coats were diluted 1:1 Ywwith phosphate buffered saline pH 7.4
(PBS) and then with ice-cold 5% dextran (w/v in PB®a ratio 4:5 (v/v), for 45 min. After
dextran sedimentation neutrophils were immediasbjated by centrifugation at 1000g, 10
min, RT, w/o brake (Heraeus sepatech, Varifuge Bahau , Germany) on Nycoprep cushions,
and hypotonic lysis of erythrocytes as describ&D[2PMNL (7.5x 10° cells /ml; purity > 96-
97%) were finally resuspended in PBS plus 1 mghmtase (PG buffer) or in PG buffer plus 1
mM CaCl} (PGC buffer) as indicated.

3.2.4 Isolation of human platelets from venous blood

Platelets were isolated from supernatants aftetribegation of leukocyte concentrates on
Nycoprep cushions (s€22.3 to obtain platelet rich plasma (PRP). PRP was tinéed with
PBS pH 5.9 (3:2, v/v), centrifuged (1,060g, 10 min, RT) and the pelleted platelets were
resuspended in PBS pH 5.9/NaCl 0.9% (1:1, v/v) aadhed by centrifugation (1,080g, 10
min, RT). Preparation of platelets at pH 5.9 isutjat to minimize temperature-induced
activation. Finally, platelets were resuspendeB@or PGC buffer as specified.

In experiments investigating platelet aggregationman platelets were freshly isolated from
venous blood of healthy donors (Blood Center, Ursig Hospital Tubingen, Germany) who
had not taken any medication for at least 10 d&ygefly, venous blood was collected in
monovettes (Monovetfe Sarstedt, Niimbrecht, Germany) containing 0.108/I ntgsodium
citrate solution. PRP was obtained after centrifiogaof whole blood at 208 g for 15 min at
RT w/o brake and placed into 15-ml conical tubestaiming 10% (v/v) ACD-buffer (85 mM
trisodium citrate, 65 mM citric acid, 100 mM glued4231]. PRP was centrifugated at 809

for 10 min at RT, pelleted platelets were washeitdvwand finally resuspended in Tyrode’s
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buffer (129 mM NaCl, 8.9 mM NaHC£0.8 mM KH,PQO,, 0.8 mM MgC}, 5.6 mM glucose, 10
mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonidé&(HEPES) pH 7.4.
For the thrombin generation assay, PRP was prefemedfreshly drawn blood (see above) and

platelet count in PRP was adjusted with plateleirgmasma (centrifugation of PRP at 3008,
10 min, RT) to 2 16°/m.

3.2.,5 Isolation of human peripheral blood monocytes

Monocytes were obtained from leukocyte concentraafter dextran sedimentation and
centrifugation on Nycoprep cushions. The mononuclealls including lymphocytes and
monocytes appear as a layer on Nycoprep cushien eéntrifugation. The cells were washed
three times with ice-cold PBS and resuspended MIRIB40 medium supplemented with 2 mM
glutamine, 100 pg/ml streptomycin, 100 U/ml petiitjland 10% FCS, and spreadX4.0’ /ml)

in cell culture flasks at 37 °C and 6% &@fter 2 h, lymphocytes in suspension were removed
and adhered monocytes were gently detached anspessided in medium (incl. 2% FCS).

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

Human recombinant 5-LO protein was expresse#.inoli JM 109 cells, transfected with the
plasmid pT3-5LO, and purification of 5-LO was penfed via affinity chromatography as
described [232]. Cells were grown overnight in LR:dium supplemented with 100g/ml
ampicillin, transferred to M9 minimal medium (48 mNgHPQ,, 22 mM KHPQ,, 8.5 mM
NaCl, 19 mM NHCI, 6.3 mM NaOH, glycerol 2% and 1Q®/ml ampicillin, pH 7.4 casein 2
g/l) and expression of 5-LO was induced with 20@ isopropyl{-D-thiogalactopyranoside.
Cells were harvested by centrifugation (7,%0@, 15 min, 4 °C) lysed by incubation in 50 mM
triethanolamine/HCI pH 8.0, 5 mM EDTA, soybean 8iyp inhibitor (60 ug/ml), 1 mM
phenylmethylsulfonylfluoride (PMSF), 1 mM dithiothtol (DTT), and lysozyme (50Qg/ml),
homogenized by sonification €15 s) (Bandelin, Sonoplus HD 200) on ice and deigted at
40,000x g for 20 min at 4 °C (Sorvall RC 5B plus).The féag 40,000x g supernatant (S40)
was immediately used for 5-LO activity assays qoligpl to an ATP-agarose column, and the
column was eluted with 20 mM ATP in PBS plus 1 mBITA [233] to yield partially purified

5-LO, which was subsequently used iforitro 5-LO activity assays.
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3.2.7 Cell-free expression of human mPGES-1

Human mPGES-1 was obtained by the continuous-exeheell-free expression (CECF) system
according to [234]. Cell free expression is an atggand versatile technique to produce
functionally folded membrane proteins (MPs) in hanount avoiding serious problems (e.g.:
toxicity due to overloading of the translocon maehy, inclusion bodies, mis-targeting and
protein degradation) often emerged by over-exppessif MPs in vivo. The CECF system
comprises a reaction mixture (RM) that containsEheoli S30 extract (derived from the A19
strain), T7 polymerase, tRNAs, pyruvate kinase treltemplate DNA for human mPGES-1
(cloned in the pBH4 vector derived from pET19b, Hgen, NJ 08027 USA). The RM is
dialysed against the so called feeding mixture (Fiiat supplies amino acids, energy
equivalents acetyl phosphate and phosphoenolpyuaatwell as nucleotides. Reactions are
usually incubated at 30 °C for up to 20 h. Prosinthesis take place in the RM and up to 1.5
mg of mMPGES-1 per ml of RM can be obtained in thecipitate-forming cell-free expression
(P-CF) mode as described [235]. This work was elytiperformed by Sina Reckel (Goethe

University of Frankfurt).

3.2.8 Stimulation of A549 cells and isolation of microsomes

Preparation of A549 cells was performed as desdrjid2]. In brief, cells (% 1 in 20 ml
medium) were plated in 175 énflasks and incubated for 16 h at 37 °C and 6%,.CO
Subsequently, the culture medium was replaceddshfOMEM/High glucose (4.5 g/l) medium
containing FCS (2%, v/v). In order to induce mPGE®&xpression, IL{1 (1 ng/ml) was added,
and the cells were incubated for another 72 h. &dfesr, cells were detached with
trypsin/EDTA, washed with PBS and frozen in liquirogen. Ice-cold homogenization buffer
(0.1 M potassium phosphate buffer pH 7.4, 1 mM PM&Fug/ml soybean trypsin inhibitor, 1
pg/ml leupeptin, 2.5 mM GSH and 250 mM sucrose) a@dded and after 15 min, cells were
resuspended and sonicated on ice« (0 s). The homogenate was subjected to diffedentia
centrifugation at 10,008 g for 10 min and at 174,000g for 1 h at 4 °C. The pellet
(microsomal fraction) was resuspended in 1 ml hanation buffer and the protein

concentration was determined by the Rdtianoquant approach (s8£.35.
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3.2.9 Determination of release of [°H]-labeled AA from intact platelets

Human PRP was labelled with 19.2 nRHJAA (1 pCi/ml, specific activity 200 Ci/mmol) fo2
hours at 37 °C. Then, cells were washed twice W% pH 5.9 plus 1 mM Mggl11.5 mM
NaHCG;, 1 mg/ml glucose, and 1 mg/ml fatty acid-free B®#atelets were finally resuspended
in PGC buffer (1&ml) and subsequently stimulated with thrombin (@nl), 8-BA or AKBA
(30 uM, each) for 5 min at 37 °C and then put anfar 10 min, followed by centrifugation
(5,000x g, 15 min). Aliquots (300 ul) of the supernatawere measured (Micro Beta Trilux,
Perkin Elmer) to detect the amounts Hfiflabeled AA released into the medium. In order to
ascertain that the radioactivity released is AA antdan AA metabolite, we directly analyzed
the AA released from unlabelled platelets afterasajon by solid phase extraction, coupling to
dimethoxyaniline  hydrochloride  (DMA-HCI) in  presenc of  N-Ethyl-N'-(3-
dimethylaminopropyl)carbodiimide (EDC) in methamwid the derivatized AA was analyzed by
RP-HPLC at a wave length of 272 nm [236].

3.2.10 Determination of COX-1 product in intact human platelets

Freshly isolated platelets &Ml in PG buffer) were supplemented with 1 mM GaGince BAs
act differentially on p12-LO (11-methylene-BAs stilate, 11-keto-BAs inhibit) and thus, to
avoid differential conversion of AA by p12-LO, tlselective 12-LO inhibitor CDC (10 pM)
[237], commonly used to block 12-LO activity in dies of platelet functions [10, 238], was
included in all incubations to assure comparablel&/ls for conversion by COX-1. COX-1 is
the major enzyme in platelets converting AA intodized metabolites including 12-HHT [239,
240]. Washed platelets were pre-incubated withriiecated agents for 5 min at RT and COX-1
product formation was initiated by thrombin (2 UymA23718 (2.5 uM), collagen (10 pg/ml)
AA (5 uM). Atfter further incubation for 5 min at 3T the reaction was stopped with 1 ml of
ice-cold methanol and then, 30 pl HCI, 200 ng @gisindin B (PGB,), internal standard) and
500 pl PBS were added. The COX-1 product (12-HH&ps wextracted and then analyzed by
HPLC as described [241, 242]. In detall, after gargation (800x g, 10 min, RT) samples were
applied to C-18 solid-phase extraction columns (@0 IST, Mid Glamorgan, UK), which have
been preconditioned with methanol and water (ladhg The columns were washed with 1 ml
water and 1 ml methanol 75% (v/v) and COX-1 progweere eluted with 300l methanol and
then diluted with 12Ql water. 100ul diluted extract were analyzed by HPLC on a Noak®
C18 column (5¢ 100 mm, 4 um particle size, Waters (Eschborn, @ag)) using 76%
methanol ag. + 0.007% trifluoro acetic acid (v/g)raobile phase at a flow rate of 1.2 ml/min
and UV detection at 235/280 nm. The amount of 1ZFHMas determined by peak area
integration. COX-1 product formation is expresseaa of 12-HHT per Tcells.
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3.2.11 Determination of COX-2 product formation in intact MM6 cells

The release of 6-keto-P@Ffrom LPS-stimulated MM6 cells expressing COX-2 veasessed
by ELISA as described [241]. In brief, MM6 cells medifferentiated with 50 nM calcitriol for
96 h, LPS (100 ng/ml) was added and after 6 hs sedire harvested and resuspended in PGC
buffer (3x 1P cells/ml). Cells were pre-incubated with the tesmpounds at the indicated
concentrations for 15 min at 37 °C, and then statad with AA (30 pM) for another 15 min at
37 °C. The amount of 6-keto-PgFreleased was determined by ELISA using a monotlona
antibody against 6-keto-P@Faccording to the protocol described by Yamanwital., 1987
[243]. The monoclonal antibody (0.2 pg in 200 pBswcoated to microtiter plates via a goat
anti-mouse-IgG antibody. 6-keto PGK15 pg) was linked to bacteri@lgalactosidase (0.5 mg)
and the enzyme activity bound to the antibody wetsminined in an ELISA reader (SynergyHT,
BioTEK, Germany) at OD550 nm (reference wavelen§80 nm) using chlorophenol-r¢db-

galactopyranoside (Roche Diagnostic GmbH, Germasyubstrate.

3.2.12 Activity assays of isolated COX-1 and -2

Inhibition of the activities of isolated ovine COX-and human COX-2 was performed
described [244, 245]. Though the purified COX-1nst of human origin, ovine COX-1 is
generally used for inhibitor studies when examinthg effectiveness of compounds on the
activity of isolated COX-1 enzyme [245]. Brieflyupfied COX-1 (ovine, 50 units) or COX-2
(human recombinant, 20 units) were diluted in lreadction mixture containing 100 mM Tris
buffer pH 8, 5 mM GSH, 5 uM haemoglobin, 100 uM EDat 4 °C and pre-incubated with the
test compounds for 5 min. Samples were pre-warmed®® s at 37 °C and AA (5 uM) was
added to start the reaction for additional 5 mir3at’C. In wash-out experiments COX-1 was
incubated with or w/o 30 uM AKBA, 50 uM aspirin 8@ UM ibuprofen for 10 min at RT, each.
Then, samples were splitted and one aliquot wagedilwith assay buffer ten-fold, whereas the
other one was not altered, and 5 uM AA was addexhtd aliquot to start the COX-1 reaction.
COX product 12-HHT was extracted and then analyge#iPLC as described for intact human
platelets.
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3.2.13 Determination of COX-1 product formation in whole blood

For assays in whole blood, freshly withdrawn bldm healthy adult donors was obtained by
venipuncture and collected in monovettes contairliBglE heparin/ml (Sarstedt, Nimbrecht,
Germany). Aliquots of 2 ml were pre-incubated witie test compounds or with vehicle
(DMSO) for 10 min at 37 °C, as indicated, and fatiora of COX-1 product formation was
started by addition of A23187 (30 uM). The reactwss stopped on ice and the samples were
centrifuged at 608 g, 10 min, 4 °C (Thermofisher MicromaxRX, Fisharieditific, Schwerte,
Germany). Aliquots of the resulting plasma (30Pwere then mixed with 2 ml of methanol and
200 ng PGB were added as internal standard. The samples pleced at -20 °C for 2 h and
centrifuged again (608 g, 15 min, 4 °C). The supernatants were colleatadl diluted with 2.5
ml PBS and 75ul HCI (1M). Formed 12-HHT was extracted and anatyzgy HPLC as
described for intact human platelets.

3.2.14 Determination of 5-LO product synthesis in human PMNL
For determination of cellular 5-LO product formatjcd x 18 freshly isolated PMNL in 1 ml
PGC buffer with or without bovine serum albumin @Swere pre-incubated with test
compounds or with vehicle (DMSO) for 10 min at 37, as indicated. 5-LO product formation
was started by addition of A23187 (2.5 uM) withwithout 20 uM AA. The reaction was
stopped after 10 min with 1 ml of methanol and tBérul of 1 N HCI, 200 ng PGBand 500 pl
of PBS were added. Formed 5-LO metabolites wenaeted and analyzed by HPLC in analogy
to 3.2.10 5-LO product formation is expressed as ng of 54u@ducts per cells which
includes LTB and its all-trans isomers, 5(S),12(S)-di-hydroxyEstrans-8,14-cis-
eicosatetraenoic acid (5(S),12(S)-DIHETE), and PY{TE. 5-HETE and 5-HPETE coelute as
one major peak, integration of this peak represeotis eicosanoids. Cys-LTs (LD, and &)
were not detected and oxidation products of L Were not determined.

3.2.15 Determination of 5-LO product synthesis in 40,000 xg supernatants of
E. coli and of partially purified 5-LO

Aliquots of the S40 oE. coli lysates (corresponding to 4 il coli culture) or 0.5 pg partially
purified recombinant 5-LO, were diluted with iceld®BS containing 1 mM EDTA, and 1 mM
ATP and PC as well as the test compounds (or DMS@ehicle) were added, as indicated. After
10 min on ice, samples were pre-warmed for 30 37atC and AA (2 or 20 uM) was added
together with or without 2 mM Caglas indicated. The reaction was stopped after ibOamn37

°C by addition of 1 ml of ice-cold methanol and 200 PGB were added. Formed 5-LO

metabolites were extracted and analyzed by HPLdeasribed above.
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3.2.16 Determination of 5-LO product synthesis in human whole blood

Freshly withdrawn venous blood was obtained asrde=stin3.2.13 Aliquots of 2 ml (A23187)
or 3 ml (LPS/fMLP) were pre-incubated with the tegsinpounds or with vehicle (DMSO) for 10
min at 37 °C, as indicated. Formation of 5-LO praduwas started by addition of fMLP (1 uM)
after 30 min priming with 1 pg/ml LPS, or by additi of A23187 (30 pM). The reaction was
stopped on ice after 15 (fMLP) or 10 (A23187) middhe samples were centrifuged (606,
10 min, 4 °C). Aliquots of the resulting plasma@30) were then mixed with 2 ml of methanol
and 200 ng PGBwere added as internal standard. The samplesphaazed at -20 °C for 2 h and
centrifuged again (608 g, 15 min, 4 °C). The supernatants were colleatsdl diluted with 2.5
ml PBS and 7%l HCI 1N. Formed 5-LO metabolites were extracted analyzed by HPLC as
described for intact PMNL.

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

PGE synthase activity was measured as described [142)rief, microsomal membranes of
A549 cells were diluted in potassium phosphatedsyf.1 M, pH 7.4) containing 2.5 mM GSH
(100 pl total volume) and PGHormation was initiated by addition of PGHRO pM, final
concentration). After 1 min at 4 °C, the reactioaswwerminated with 100 pl of stop solution (40
mM FeC}, 80 mM citric acid and 10 uM of BIPGE), PGE was separated by extraction using
C-18 solid-phase extraction columns (100 mg; ISTd Blamorgan, UK), preconditioned with
acetonitrile and water (1 ml, each). he columnseweaished twice with water (400 ul) and RGE
was eluted with acetonitrile (200 pl), diluted witrater (400 ul), and analyzed by RP-HPLC
(30% acetonitrile ag. (v/v) + 0.007% TFA (v/v), NePak® C18 column, 8 100 mm, 4 um
particle size, flow rate 1 ml/min) with UV deteatiat 195 nm. 13-PGE was used as internal

standard to quantify PGBroduct formation by integration of the area urtierpeaks.

3.2.18 Determination of PGE, formation in intact A549 cells

A549 cells (2x 10 cells) were plated in a 175 érftask and incubated for 16 h at 37 °C and 6%
CQO,. Thereafter, medium was replaced by fresh DMEMhhgjucose (4.5 g/l) medium
containing FCS (2%, v/v) and the cells were stiredawith IL-13 (1 ng/ml) for 72 h.
Stimulation of A549 for 72 h with ILfiresults in co-expression of COX-2 and mPGES-1]150
whereas COX-1 is essentially absent under suchitimmsl [246]. After trypsination, the cells
were washed twice with PBS. For determination oER@ x 1(f cells resuspended in PBS (0.5
ml) containing CaGl(1 mM) were pre-incubated with the indicated coopats at 37 °C for 10
min and PGEformation was started by the addition of ionoph&28187 (2.5 uM), AA (1 uM)
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and PH]AA (18.4 kBq). The use of exogenous A23187 and fAinduce PGE formation
excludes effects of BAs on receptor-coupled sigraadsduction and/or on endogenous substrate
supply for COX-2. The reaction was stopped aftemib at 37 °C and the samples were put on
ice. After centrifugation (808 g, 5 min, 4 °C), the supernatant was acidifiegto3 by addition

of 20 pl citric acid (2 M) and the internal stardldri3-PGE, (2 nmol) was added. Solid phase
extraction and HPLC analysis were performed asritestin3.2.17 The amount of 13PGE

was quantified by integration of the area under #heted peaks. For quantification of
radiolabeled PGE fractions (0.5 ml) were collected and mixed withima GoldTM XR (2 ml)

for liquid scintillation counting in a LKB Wallac2D9 Rackbeta Liquid Scintillation Counter.

3.2.19 Determination of PGE; and 6-keto-PGF,,in whole blood

Determination of PGEformation in whole blood was assayed according2#/]. Peripheral
blood from healthy adult volunteers was obtaineddescribed in3.2.13 Aliquots of whole
blood (0.8 ml) were mixed with the thromboxane bgse inhibitor Cv4151 (1 uM) [248] and
aspirin (50 puM). A total volume of 1 ml was adjubteith sample buffer (10 mM potassium
phosphate buffer pH 7.4, 3 mM KCI, 140 mM NaCl &hM D-glucose). After pre-incubation
with the indicated compounds for 10 min at RT, #aenples were stimulated with LPS (10
pg/ml) for 5 h at 37 °C. The reaction was stoppadiag@ and the samples were centrifuged
(2300x% g, 10 min, 4 °C). On aliquot of the supernatans waed to analyze the formation of 6-
keto-PGFky by ELISA. The other aliquot was acidified by adutit of citric acid (30 ul, 2 M) and
after another centrifugation step (230@, 10 min, 4 °C), solid phase extraction and HPLC
analysis of PGEwere performed as describe214.17) The PGE peak (3 ml), identified by co-
elution with authentic standard, was collected andtonitrile was removed under a nitrogen
stream. The pH was adjusted to 7.2 by additionOof PBS buffer pH 7.2 (230 pl), before PGE
was quantified using a PGHigh Sensitivity EIA Kit (Assay Designs, Ann ArholUSA)

according to the manufacturer's protocol.

3.2.20 Carrageenan-induced paw edema
Animal care complied with Italian protocols (Mirestal Decree 116192) as well as with the
European Economic Community regulations (Officamlithal of E.C. L 358/1 12/18/1986). Male
adult CD1 mice (25-35 g, Harlan, Milan, Italy) wetiwided into groups (n = 10 for each group)
and lightly anaesthetized with enflurane 4% mixethv®,, 0.5 I/min, and MO, 0.5/ min. Each

group of animals received subplantar administrabbrsaline (0.05 ml) oA-carrageenan 1%
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type IV (w/v) (0.05 ml) in saline. The paw was medkin order to immerge it always at the same
extent in the measurement chamber. The volume veasuned by using a hydropletismometer,
specially modified for small volumes (Ugo Basilejl&n, Italy) immediately before subplantar
injection and 2, 4 and 6 h thereafter [249]. Threeasment of paw volume was performed always
in double blind and by the same operator. In tleated group of animal§-BA (0.25 and 1
mg/kg) or indomethacin (5 mg/kg) was given intrajoseal (i.p.), 30 min before carrageenan.
The vehicle-treated group of mice received (DMSO, 2¢) instead of test compounds. The
increase in paw volume was calculated by subtrgdtie initial paw volume (basal) to the paw
volume measured at each time point. Data reprébenmnean = S.E. of 10 mice. Experiments
were conducted in collaboration with the laboratofyDr. L. Sautebin (University of Naples
Federico I, Italy).

3.2.21 Carrageenan-induced pleurisy

Animal care complied with ltalian protocols (Mirestal Decree 116192) as well as with the
European Economic Community regulations (Officamlithal of E.C. L 358/1 12/18/1986). Male
Wistar Han rats (200-220 g, Harlan, Milan, Italy¢ne anaesthetized with enflurane 4% mixed
with Oy, 0.5 I/min, NO, 0.5 I/min,and submitted to a skin incision at the level & k#ft sixth
intercostal space. The underlying muscle was disde@nd saline (0.2 ml) dv-carrageenan
type IV 1% (w/v) (0.2 ml) was injected into the ptal cavity. The skin incision was closed with
a suture, and the animals were allowed to rec@\et. h after the injection of-carrageenan, the
animals were killed by inhalation of GOThe chest was carefully opened, and the pleanatyc
was rinsed with 2 ml saline solution containing d@p (5 U/ml). The exudate and washing
solution were removed by aspiration, and the tetdlme was measured. Any exudate that was
contaminated with blood was discarded. The amotigixadate was calculated by subtracting
the volume injected (2 ml) from the total volumeaoeered. Leukocytes in the exudate were
resuspended in PBS and counted with an opticat hghroscope in a Burker's chamber after
vital trypan blue staining. In the treated groupanimals, AKBA and3-BA (1 mg/kg, each) was
given i.p. 30 min before carrageenan. Indomethéeimg/kg) were used as reference compound
and vehicle-treated group of rats received DMSQOn (4v/v), i.p.) 30 min before
carrageenan.The amount of PGB-keto-PGlyand LTB, in the supernatant of centrifuged
exudate (80& g for 10 min) was assayed by radioimmunoassay an®£&lilespectively (Assay
Designs, Inc., Ann Arbor, USA), according to mamifiger’'s protocol. The results are expressed
as ng per rat and represent the mean + S.E. ofafi) Experiments were conducted in

collaboration with the laboratory of Dr. L. SautelfUniversity of Naples Federico I, Italy).
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3.2.22 Immobilization of BAs and protein pull-down assays

For immobilization of BAsf3-BA and KBA were linked to EAH Sepharose 4B beads,the
C3-OH group using glutaric acid as a linker as dibed before [11] yielding Glutaroyl-(K)BA-
Sepharose ((K)BA-SephJigure 3.1). Preparation of immobilized BAs was performed Dy
N. Kather (University Saarbricken).

(K)BA-Seph
0 o)
Sepharose w o
. O/Y\N/{/\]?N 0" 3
oy H COOH X=0 KBA

Figure 3.1: Chemical structure of immobilized BAs

For protein pull-down experiments x110’ A549 cells, 1x 10° human platelets or 8 10’ MM6
cells were lysed in 375 ul (A549 cells) or 1 mlagelets and MM6 cells) lysis buffer (50 mM
HEPES pH 7.4, 200 mM NaCl, 1 mM EDTA, 1% (v/v) ont X-100, 2 mM PMSF, 10 pg/mi
leupeptin, 120 pg/ml soybean trypsin inhibitor).tekf sonification (3x 8 s) on ice and
centrifugation (12,008 g, 10 min, 4 °C) 125 pl (500 ul for human platelabd MM6 cells) of
the sepharose slurries (50%, v/v) were added tdygwes and incubated at 4 °C over night
under continuous rotation.

For pull-down experiments using vitro-translated mPGES-1, the enzyme was resuspended in
50 mM potassium phosphate buffer pH 7.4, 1 mM GBMp glycerol and 2% (w/v) LysoFos12
choline (Anatrace, Maumee, OH, USA) for 2 h at 80 Then insoluble parts were removed by
centrifugation (10,008 g 10 min, 10 °C) and finally, 200 ng of the pwdienzyme was diluted
into 500 pl lysis buffer containing 1000-fold exsed E. coli (BL21 strain) protein [250] and
100 pl of the sepharose slurries (50%, v/v) weckedd

For pull-down of purified COX-1/2, 10 units of tiparrified enzyme were diluted into 500 pl of
lysis buffer containing 0.1 pg/ml BSA (as blockiagent), and 200 pl of sepharose slurry (50%,
v/v) was added. After incubation over night thelsapse beads were spun down and intensively
washed () with 10 volumes of binding buffer (HEPES pH 7200 mM NaCl, 1 mM EDTA)
and precipitated proteins were finally separated denatured by addition of sodium SDS
sample loading buffer (SDS-b; 20 mM Tris-HCI, pH28nM EDTA, 5% (m/v) SDS, 10% (v/v)
B-mercaptoethanol). After boiling (95°C, 6 min), deawere removed by centrifugation
(10,000x g, 10 min, RT) and the proteins in the supernatapte separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) (8e231) and visualized by silver or
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Coomassie staining3(2.32 and 3.2.33 respectively) or detected by WB analys8239.
Ponceau S staining of the membranes after blo@sgured comparable unspecific protein-
binding by Seph, KBA-Seph and b-BA-Seph, respebtive

3.2.23 In-gel digestion and nanoflow liquid chromatography tandem MS
(nano-LC-ESI-MS/MS)

Proteins of interest were in-gel digested overnigbing porcine trypsin (sequencing grade,
Modified; Promega, Mannheim, Germany) at 37 °C esnkrsed-phase nano-LC-MS/MS was
performed as described [11, 251]. Finally proteanese identified by correlating the data from
the MS/MS spectra with the NCBI nr-protein sequedatabase (version 20060511, taxonomy
Homo sapiens) applying the search engine MASCOTu{k&cience Ltd. London, UK). This

work was done in collaboration with the Proteom €efitibingen (Dr. A. Nordheim).

3.2.24 Surface plasmon resonance experiments

All experiments were carried out on a BIAcore® Xide (GE Healthcare Freiburg, Germany).
In vitro-translated mPGES-1 (100 pg/ml) in 10 mM Na-acefate 6.0 was coupled to a
carboxymethylated dextran surface (CM-5 chip, GEltheare) using standard amine coupling
chemistry according to the manufacturer’s dirediohhere are two flow cells on each chip,
whereas flow cell 1 wasn't altered and functionsdeference, mPGES-1 (236 fmol/fmvas
immobilized to flow cell 2 corresponding to 470Gwoeance units (RU). Equilibration of the
baseline was completed by passing a contintlousof assay buffer (10 mM HEPES, 150 mM
NaCl, 0.01% surfactant P20, ah%h DMSO, pH 7.4) through the chip for 2 h. Duritg tSPR
experiments the stock solution of test compoundss@ived in DMSO) was diluted into assay

buffer. All measurements were performed at 25 °@ aflow rate of 30 pl/min.

After recording association, the liquid phase waslaced by assay buffer and the dissociation
was monitored. The binding profiles were obtain@drasubtracting the response signal of the
untreated reference cell 1 and sensograms weregsed by using automatic correction for non-
specific bulk refractive index effects using BIAEVAATION Version 3.1 software (GE
Healthcare). All experiments were carried out iplciates.
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Analysis of binding data:

To obtain dissociation constants from the equilibribinding data two different fitting models
were adopted. First, the change in the equilibramount of compound bound as a function of
the concentration of compound was fit to the equatior a simple 1:1 binding model:
R = (Rnax*[cmpd]/(Kp + [cmpd]); where R is the responses ks the maximum response and
Kp is the dissociation constant. In our case a gdoads obtained by this model. A Scatchard
analysis was also used to estimate K global analysis using the BIAEVALUATION softwar
version 3.1 was used to determine the kinetic ddta.integrated rate equation describing a 1:1
Langmuir interaction was fit simultaneously to #mire concentration range for ox-KBA. This
fit yielded the association rate Ka, the dissocratiate Kd and the dissociation constap{2562,
253] The goodness of the fit was determinedtiiy x® values, as well as the magnitude and

distribution of the residuals.

3.2.25 Automated docking
Automated molecular docking of BAs into X-ray stuwes of COX-1 and COX-2 was

performed using GOLD 3.1.1, which relies on a genatgorithm for structure optimization
[254]. Crystal structure of COX-1, PDB-code 1Q4@4x A resolution, with bound inhibitor 2-
(1,1'-biphenyl-4-yl)propanoic acid (BFL), a deflumated flurbiprofen analog [255] was used.
For COX-2, the PDB entry 6COX at 2.8 A resoluti@omplexed with the selective inhibitor
SC-558 [256] was selected. Hydrogens were adddaetproteins, and energy minimized using
the AMBER99 force field, within the software MOE @08 (Chemical Computing Group,
Montreal, Canada). For the co-crystallized inhitstbydrogen atoms were added, and energy
minimization was performed using the MMFF94x fofmdd [257]. Starting conformations for
the 3D structures of the four BAs were calculatéth WIOE using the MMFF94x force field.
GOLD parameter settings for the genetic algorith@rexy number of operations = 10,000,
population size = 100, selection pressure = 1.iyber of islands = 1, niche size = 2, migrate =
0, mutate = 100, crossover = 100. A 10 A radiusiagothe bound inhibitor in the active site
defined the binding pocket. The Chemscore funcfs8] was used for scoring the predicted
binding poses. Greater positive score values itglicgore favorable protein-ligand complexes;
negative values indicate unfavorable binding moffesn-binding). Each docking run was
repeated ten times. The same method was used-tlwckeng of the co-crystallized inhibitors.
Root mean square deviation (RMSD) values betweerPDB X-ray structures and the docking
solutions were computed, and a mean value withdatandeviation was calculated. PyMOL was
used for visualization of docking poses [259].Thierk was entirely performed by Dr. Lutz
Franke and Bettina Hofman (University of Frankfurt)
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3.2.26 Albumin-binding of BAs

PG buffer (2.5 ml), supplemented with BSA (0, 116rmg/ml, as indicated) was incubated with
50 uM AKBA for 10 min at 37 °C. Separation of AKB#&nd albumin was carried out by gel
filtration using a Sephadex® G-25 (PD-10) columrE(Bealthcare, Freiburg, Germany). In
detail, the Sephadex® G-25 column was equilibravéti PG buffer and the sample (2.5 ml)
was applied. 500 ul aliquots of the eluate weréect#éd and immediately analysed for AKBA by
HPLC, and for BSA using Roti®-nanoquar.4.35) according to the instructions of the
manufacturer (Carl Roth, Karlsruhe, Germany). Qiiaation of AKBA by RP-HPLC was
performed on a Nova-Pak® C18 columnx(8300 mm, 4 um particle size, Waters (Eschborn,
Germany)) using 85% methanol aq. + 0.01% TFA (@s)mobile phase at a flow rate of 1.2
ml/min and UV detection at 250 nm. Calibration wesed on the external standard method,
with the peak area as assay parameter. The coattentof AKBA (without BSA) versus elution
volume was analysed by a non-linear fit (Gaussiestridution) providing u,0 and the area
under the curve (AUC) using the GraphPad Prism a§dPad software Inc., San Diego, CA,
USA) program. Based on this evaluation the amofinnbound AKBA was determined by the
AUC (p = D) for incubation with 1 or 10 mg/ml BSA.

3.2.27 Measurement of intracellular Ca®* levels

Washed human platelets ¥61*/m| PG buffer) were incubated with 2 uM Fura-2/ABA[@-(5-
carboxyoxazol-2-yl)-6-aminobenzofuran-5-oxy]-2-é2hino-5'-methyl-phenoxy) ethane-
N,N,N',N'-tetraacetic acid) for 30 min at 37 °C.té&fwashing platelets (¥onl in PG buffer)
were pre-incubated with the indicated agents formid at RT. Then, the samples were
transferred into a thermally controlled (37 °C)dilumeter cuvette in a spectrofluorometer
(Aminco-Bowman series 2, Thermo Spectronic, Ro@redY) with continuous stirring. Two
min prior stimulation with 0.5 U/ml thrombin, 8 gl collagen or 1 uM U-46619, 1 mM CacCl
was added. The fluorescence emission at 510 nnmeasured after excitation at 340 and 380

nm, respectively, and [G3; was calculated according to Grynkiewicz et al. OR6F, .,
(maximal fluorescence) was obtained by lysing thlscwith 1% Triton-X 100 and E. by

chelating C&* with 10 mM EDTA.
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3.2.28 Platelet aggregation (turbidimetric)

Aggregation of washed human platelets was detedniiseng a turbidimetric light-transmittance
device (two channel Chrono-Log aggregometer, HawverlPA). Washed human platelets were
prepared as described 3m2.4and adjusted to 2 10°/ml. The instrument was calibrated with a
platelet suspension for basal (0%) light transroissind with Tyrode's buffer alone for 100%
light transmission. Aliquots of 0.5 ml plateletsre@éncubated with the indicated BAs for 10 min
at RT. For aggregation, the response to 0.5 U/rohtbin, 0.6 pg/ml collagen or 1 uM U-46619
is given as % of the maximal light transmissiop.,ACaC} (1 mM) was added right before the
start of the measurement. Aggregation was recoudel@r continuous stirring (1000 rpm) at 37

°C for 5 min.

3.2.29 Measurement of thrombin generation

Thrombin generation was assessed by using a flustramassay, based on the cleavage of a
thrombin-specific  fluorogenic substrate, Z-Gly-Glyg-AMC (Bachem, Bubendorf,
Switzerland) resulting from stimulation of recaled PRP [261]. 8@l of PRP untreated or pre-
incubated as indicated and gDof buffer containing the thrombin generation ¢g&y (2 pg/mi
collagen, 5 uM U-46619, BAs or vehicle (DMSO), adicated) were added to each well of a
96-well microtiter plate. The reaction was stargdadding 20 pl of substrate solution (20 mM
Hepes, 150 mM NaCl, BSA 60 mg/ml, 0.1 M Ca@hd 5 mM fluorogenic substrate) leading to

the final concentration as follows: substrate: 388, CaCl: 16.7 mM and DMSO: 0.41 %. The

fluorometer Fluoroskan Ascent, type 374 with diggEn(ThermoFisher Scientific, Germany)
was used with excitation wavelength of 390 nm, ermis wavelength of 460 nm, and a
measurement integration time per well of 20 ms. eédperiments were standardized by using
Thrombin Calibrator (Thrombinoscope BV, Maastrichtletherlands) according to the
manufacturer's protocol which allow to calculate tholar concentration of thrombin regardless
of substrate consumption, inner filter effects onar-to-donor variability in the color of plasma.
The first derivative of the fluorescence—time curelects the course of thrombin activity in the
sample. The parameter of interest in the samplieg) wecalcified PRP was the velocity index.
The velocity index reflects the rate of thrombimgeation between lag phase and peak thrombin
concentration (max. (= peak) thrombin formationkpeme-lag time) in nM/min. All

experiments were performed in triplicates.
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3.2.30 Determination of tyrosine phosphorylation and activation of Src family

kinases and PLCy2 in human platelets

Human platelets were obtained as descril8#.4) and adjusted t& x 10°/ml in PG buffer.
Platelets were pre-incubated with AKBA, PP2 (orrisctive analogue PP3) or vehicle (DMSO)
for 10 min at RT. Samples were pre-warmed for 3 37 °C and subsequently stimulated with
collagen (10 pg/ml) o-BA (30 uM). After 3 min the reaction was termirctey adding a half-
volume of & SDS-b. Samples were sonificatedx(30 s) and finally subjected to SDS-PAGE
followed by WB using specific antibodie3.2.31and3.2.39.

3.2.31 SDS-PAGE

Cell suspensions or given sample preparations imetdated as specified and the reaction was
stopped by the addition of ice-coldx2SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
sample loading buffer (SDS-b; 20 mM Tris/HCI, pH28pM EDTA, 5% SDS (w/v), 10% (v/v)
B-mercaptoethanol), vortexed, sonificatedx(35 s) if required and heated for 6 min at 95 °C.
The protein samples (18 ul) were mixed with 4 pglyicerol/0.1% bromophenolblue (1:1, v/v)
and analyzed by SDS-PAGE using a Mini Protean sysiBio-Rad, Hercules, CA, USA)
according to Laemmli [262]. Depending on the molacweight of the proteins to be analyzed,
the polyacrylamid (PAA) concentration was adjust@d8% (p-Tyr screening, p-Ph@), 10%
(pull-down experiments using platelets lysates adepn source, isolated COX1/2 and p-Src
family kinases) or 14% (pull-down experiments usi49 lysates as protein source and
vitro-translated mPGES-1 experiments). Molecular weigihthe proteins was estimated by
comparison with either prestained or non-stainedadr range molecular weight markers
(peqGOLD IV and peqGOLD I, respectively; PEQLABoBihenology, Erlangen Germany).

3.2.32 Coomassie staining

Washed (in MQ water) gels from SDS-PAGE were firad stained 6 - 12 h on a shaking table
at RT in colloidal staining solution (0.08% CoomasBrilliant Blue G250 (w/v), 1.6% ortho-
phosphoric acid (v/v), 8% ammonium sulfate (WAN)%2 methanol (v/v)) and destained in MQ
until background was clear [263]. Proteins of iagtrwere excised and applied to MS-analytics
(3.2.23.
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3.2.33 Silver staining
After SDS-PAGE, proteins in the gels were fixecb acetic acid and 10% methanol (v/v 4
for 30 min), washed in MQ water and sensitized & mifreshly prepared 0.02% M&0, (w/v)
solution. After washing in MQ water and incubatiarD.1%, “silver solution” (AgNQ, w/v) for
30 min the gel was developed several minutes usltev shaking in 2.5% N&O;; 0.04%

formaline and fixed in 1% acetic acid (w/v) [268]oteins of interest were excised and applied
to MS-analytics 3.2.23

3.2.34 \Western Blot

After electroblot (tank blotting method) of gelsin SDS-PAGE to nitrocellulose membrane
(Amersham Pharmacia, Little Chalfont, UK), membsameere blocked with 5% (w/v) non-fat
dry milk or BSA blocking buffer (50 mM Tris/HCI, pH.4, and 100 mM NaCl (Tris-buffered
saline (TBS)) plus 0.1% Tween 20 (TBS-Tween)) fdr &t RT. Correct loading of the gel and
transfer of proteins to the nitrocellulose membrams confirmed by Ponceau S staining unless
stated otherwise. Membranes were washed (TBS-Twaah}jhen incubated with the respective
primary antibody (AB) overnight at 4 °T#ble 3.1).

Table 3.1: Primary antibodies used.

Primary antibody Isotype Dilution Company
Actin goat 1gG 1: 1000 Santa Cruz
Biotechnology
COX-1 mouse lgG2b 1:200 Cayman
Chemical
COX-2 rabbit 19G 1:1000 Biomol
mMPGES-1 mouse IgG 1.200 Cayman
Chemical
Phospho-Src family  rabbit IgG 1:500 Cell
(Tyrd16) Signaling
Phospho-Tyr (PY20) mouse lgG2b 1:2500 Santa Cruz
Biotechnology
Phospho-PL§2 rabbit 19G 1:1000 Cell
(Tyr759) Signaling

Antibodies were diluted in TBS Tween, 0.05% NaM/Vv), 5% milk or BSA as indicated. The
membranes were washed and incubated with 1:10Q@iadil of secondary AB (alkaline
peroxidase-conjugated IgGs) for 3 h at RT. Aftersiwag (4x with TBS-Tween and TBS),

proteins were visualized withitro blue tetrazolium and 5-bromo-4-chloro-3-ingdphosphate in
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detection buffe(100 mM Tris/HCI, pH 9.5; 100 mM NaCl, 5 mM MggIAll steps regarding the

incubation of the membrane were performed undetigagitation.

3.2.35 Determination of protein concentration

The RotP-Nanoquant approach based on a modification oBttaelford protein quantification
method [265, 266] was used for determination oftggroconcentration. Standard (BSA) and
protein of interest was diluted in appropriate butind pipetted in triplicates, p0per well in a
96-well plate. After addition of R&tiNanoquant (%) assay reagent (20@) the plate was
agitated for 5 min and measured in a microplateleeqVictor plate reader, PerkinElmer
Rodgau-Juegesheim, Germany) at 590 nm and 450 he.qUiotient ORy,,5, Was plotted

against the amount of standard.

3.2.36 Statistics

Data are expressed as mean + S.E¢ #0d EGo values, obtained from measurements at 4 - 5
different concentrations of the compounds, wereutated by GraphPad Prism 4 (GraphPad
Software Inc., San Diego, CA) and data were fitisthg the sigmoidal-concentration response
equation (variable slope) or are approximationsemeined by graphical analysis (linear

interpolation between the points between 50% dygjivStatistical evaluation of the data was

performed by one-way ANOVAs for independent or elated samples followed by Tukey HSD

post-hoc tests (GraphPad Software Inc.). Where ogpate, Student’s t test for paired and

correlated samples was applied.PAvalue of < 0.05 (*); < 0.01 (**) and < 0.001 (***vas

considered significant.

All experiments using DMSO, ethanol or methanolsatvent never exceed 1% (v/v) final

solvent concentration unless stated otherwise.
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4 RESULTS

4.1 Interaction of boswellic acids with cyclooxygen ases

4.1.1 BAs suppress COX-1 product formation in washed human platelets

Previous experiments revealed that various BAs dadelease of AA in human platelets but
further transformation to 12-H(P)ETE was only calbg 11-methylene-BAs [8]. Accordingly,
the effects of 11-methylene-BA (i.B-BA) and 11-keto-BA (i.e. AKBA) on 12-HHT formation
in platelets from endogenous AAdble 4.1) were determined. Botl-BA and AKBA (30 uM,
each) caused AA release comparable to thrombin /(1)U Accordingly, B-BA as well as
thrombin induced formation of 12-HHT, but AKBA whardly effective Table 4.1), despite its
ability to release AA as substrate for COX-1. Thisrk was done in collaboration with Dr.

Daniel Pdckel (University of Tubingen, Germany).

Table 4.1 Induction of AA release and 12-HHT formaibn in washed human platelets.

For determination of AA release, platelets¥(fr0 PGC buffer) were incubated with the indicategmats for 5 min
at 37 °C, DMSO was used as vehicftl]AA released into the medium was measured as ithestrData are given
as counts per minute (cpm), mean * S.E., n = 5.deétermination of 12-HHT formation, platelets {6l PGC
buffer) were incubated with the indicated agentsSanin at 37 °C and 12-HHT formation was deterrdinBata
are given as mean = S.E., n = 4.

Compound AA release 12-HHT formation
(cpm) (ng per 10 cells)
Vehicle 445+ 173 3.5+1.3
Thrombin (2 U/ml) 1255+ 180 165.4£ 39.4
B-BA (30 pM) 921+ 101 141.2¢5.1
AKBA (30 uM) 1045+ 117 5.4+ 1.9

In order to determine if BAs (in particular AKBA)ay inhibit agonist-induced COX-1 product
formation, human washed platelets were pre-incubaith BAs and stimulated with thrombin,
collagen, and Ca-ionophore A23187 (circumventing receptor signalingkBA and KBA
concentration-dependently inhibited COX-1 produghtBesis in platelets stimulated with
A23187 Figure 4.1A) or thrombin Figure 4.1B).
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For AKBA, the 1G values were determined at approx. 6 uM (stimutatiith A23187) and 17
MM (stimulation with thrombin) and for KBA at approl4 and 55 pM, respectively. Also
collagen-induced COX-1 product formation was sigaifiitly reduced by AKBA (Ig = 10
uM), whereas for KBA only modest inhibition at coangbly high concentration became
apparent igure 4.1C). In contrast, the 11-methylene-BAs are less go@@X-1 inhibitors
with 1Cso values >100 pM, and for thrombin- and collagenvated platelets, 11-methylene-
BAs even slightly enhanced 12-HHT formatioRigure 4.1B and C). The structural BA
analoguea-amyrin, lacking the C4-carboxylic moiety (100 plgave no significant inhibition
(88.4+ 4.6 % of control), whereas the reference druggiasfi00 pM) and ibuprofen (30 uM)
efficiently blocked thrombin-induced 12-HTT formai (3.1t 0.5% and 5.% 1.8% of control,
respectively). To confirm that BAs inhibit COX-1dto exclude suppressive effects of BAs on
agonist-induced AA supply the effects of BAs onHET formation in platelets that received
exogenous added AA (5 uM) were assessed As showrigure 4.1D, a concentration-
dependent inhibition of 12-HHT formation was obsehfor all BAs with AKBA being most
potent (IGo value approx. 23 uM), whereas thegd®@alues for other BAs were > 50 uM. The
negative controti-amyrin was not active up to 100 pMigure 4.1D), and aspirin (100 uM) or
ibuprofen (30 pM) inhibited 12-HTT formation as exped (18+ 9% and 23.8t 6.4% of

control, respectively).
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Figure 4.1: Inhibition of COX-1 activity by BAs in intact human platelets.

Washed human platelets il PGC buffer) were incubated with the indicatetha@entrations of the BAs ar-
amyrin. After 5 min at RT,4) 2.5 puM A23187,8) 2 U/ml thrombin, C) 10 pg/ml collagen oY) 5 uM AA was
added to induce COX-1 product formation. After giddial 5 min at 37 °C the reaction was terminated 82-HHT
was determined by HPLC. Data are given as meankt, 8.= 4-6. 12-HHT formation in the absence ot tes
compounds (100%, control) was 1048.9 (A23187), 165.4 39.4 (thrombin), 102.& 11.3 (collagen) and 186.4

+17.6 (AA) ng per 1dplatelets.

4.1.2 BAs suppress the activity of isolated COX-1

To determine if BAs directly interfere with COX-ttavity, isolated ovine COX-1 was incubated
with 5 uM AA in the presence of GSH, leading to g&tion of 12-HHT as the major COX-1
product [244]. As shown ifrigure 4.2A all BAs reduced the activity of COX-1. Thesiralue
for AKBA was determined at approx. 32 uM being astnequipotent with ibuprofen (k= 25
MM, data not shown), angkamyrin (up to 100 uM) failed to suppress 12-HHhthgsis. To
investigate if AKBA blocks COX-1 in a reversible nrer, wash-out experiments were
performed. As shown ifigure 4.2B, dilution of COX-1 incubations with 50 pM aspirin to a
final concentration of 5 UM caused no change imtlagnitude of COX-1 inhibition, but dilution
of incubations containing AKBA or ibuprofen resultén a significant loss of inhibition. To
determine whether COX-1 inhibition by AKBA is affed by the AA substrate concentration,
assays were performed at increasing amounts of Athe absence or the presence of 30 UM
AKBA or 20 uM ibuprofen. Potent inhibition of COXadias obvious for AKBA and ibuprofen
at low (3 or 5 uM) substrate concentrations but @sdihhibition was observed at high (60 uM)
amounts of AA Figure 4.2C).
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Figure 4.2: Inhibition of COX-1 activity by BAs in cell-free assays.

(A) Concentration-response studies. Isolated COX& ypits) was diluted in 1 ml reaction mixture anck-p
incubated with BAs oo-amyrin for 5 min at 4 °C, as specified. Samplesentben pre-warmed for 60 s at 37 °C
and 5 uM AA was added to start the reaction. Akenin at 37 °C, 12-HHT was analyzed as describéaX-Q
product formation in the absence of test compounds (100% control) was 3.46 + 0.73 ng/U COX-B) (
Reversibility of COX-1 inhibition. Isolated COX-5Q units) was incubated with or without 30 uM AKB3Q uM
aspirin, 30 uM ibuprofen, or vehicle (DMSO) for 5mat RT, each. One aliquot of the samples wagadilwvith
assay buffer ten-fold whereas the other one waslterted, and 5 pM AA was added to start the COédlction.
For comparison, COX-1 was pre-incubated with 3 pKBA, 5 pM aspirin or 3 uM ibuprofen and then 5 pM\A
was added (no dilution). All samples were incubdtedd min at 37 °C and formed 12-HHT was analyzedP <
0.01, one-way ANOVA and Tukey HSD post hoc tedBy. Effects of variation of the AA concentration. listed
COX-1 (50 units) in 1 ml reaction mixture was pnetibated with 30 uM AKBA or 20 uM ibuprofen and the
indicated concentrations of AA were added. All data given as mean + S.E., n = 4-5.
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4.1.3 COX-1 binds to immobilized BAs
In order to assess the binding of COX-1 proteirdlig strategy using immobilized BAs was
applied. Fishing experiments revealed a proteiin & apparent mass of 72 kDa in samples of
-BA-Seph and KBA-Seph, but not in controls wherplsgose beads without ligand (Seph)
were utilized Figure 4.3A). In-gel trypsin digestion and subsequent nanoHSI-MS/MS
analysis (data not shown) identified this protegnhmman COX-1, confirmed by WB using
specific AB against COX-1Rigure 4.3B). To exclude an indirect precipitation of COX-lavi
any possible linker molecule present in platelsatgs (that could actually be the binding partner
of BAS), isolated ovine COX-1 (50 ng) was incubateth Seph, KBA-Seph, an@BA-Seph in
the presence of BSA (0.1 mg/ml, as blocking ageApain, KBA-Seph, and3-BA-Seph
precipitated COX-1 but not Seph without ligafdgire 4.30).

250=

150=

100- &

<4—COX-1

Seph KBA
-Seph

Figure 4.3: Pull-down of COX-1 by immobilized BAs.

Supernatants of platelet lysates were incubated mgat at 4 °C with eitheB-BA-Seph, KBA-Seph or with crude
Seph, as indicated. Precipitates were intensivelghed, solubilized by addition of SDS-b and sepdraly SDS-
PAGE. @) Proteins were visualized by silver-staining, b&nflinterest at 72 kDa were excised, in-gel diegesind
analyzed by LC-ESI-MS/MS (data not shownB) (Proteins were visualized by WB using specificilzodies
against COX-1. An aliquot of platelet supernataaswsed as a positive contrdl) (Isolated COX-1 (50 ng) was
incubated with3-BA-Seph, KBA-Seph, or Seph, in the presence of ESA mg/ml). D) Isolated COX-1 (50 ng)
was incubated as above in the presence of AA (59, ibdprofen (ibu, 50 uM) or AKBA (100 pM), as imdited.
COX-1 was visualized by WB. Similar results wergaified in three independent experiments.

Using the pull-down strategy described above, theraction between COX-1 and KBA-Seph
was further characterized. Co-incubation with A2 (EM) or ibuprofen (50 uM) strongly
reduced the amounts of COX-1 that bound to KBA-S@pbure 4.3D). Furthermore, AKBA
(200 pM) competed with KBA-Seph for binding to CQX-
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4.1.4 BAs moderately interfere with COX-2
Next, the effects of BAs on COX-2 were determinElderefore, LPS-stimulated MM6 cells that
had been differentiated with calcitriol were usedaacellular model [241]. 6-keto-P&Fwas
analyzed as COX-2-derived product after incubatibkiM6 cells with 30 UM AA. As shown in
Figure 4.4A, BAs caused only marginal inhibition of COX-2 puatl synthesis in MM6 cells
(IC50 > 100 uM), whereas celecoxib (10 uM) or diclofel(a@ nM), used as positive controls)
clearly suppressed the formation of 6-keto-RGFo0 assess direct inhibition of COX-2 in cell-
free assays, isolated human recombinant COX-2 magated with AA in the presence of BAs.
All BAs, suppressed COX-2 product synthes$igy(re 4.4B), although the potencies @& 100
MM) were modest as compared to celecoxildKC5 uM). Note that alsa-amyrin (100 puM)
slightly affected COX-2 product synthesis (8221.6 % of control). Incubation of isolated
COX-2 with BA- or KBA-Seph yielded only traces ofO&X-2 protein Figure 4.4C) and
attempts to precipitate COX-2 from lysates of LRiSwslated MM6 cells (in analogy to the pull-
down experiments for COX-1) failgéFigure 4.4D)
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Figure 4.4: Interference of BAs with COX-2.

(A) Inhibition of COX-2 in intact MM6 cells. Cells (8 1¢° /ml PGC) were first pre-incubated with BAs (100 uM
each), celecoxib (10 uM), diclofenac (10 nM), ohieke (DMSO) and then AA (30 uM) was added to sthe
COX-2 product formation. After 15 min at 37 °C tleemed amounts of 6-keto-PGFwere determined by ELISA.
Results are given as mean + S.E., n = 3. Formafi@iketo PGIg, in the presence of DMSO (100%, control) was
2.1+ 0.2 ng per 1DMM6 cells. One-way ANOVA and Tukey HSD post hostgewere performed* P < 0.01 vs
vehicle control (DMSO)B) Inhibition of COX-2 in cell-free assays. Isolatedman recombinant COX-2 (20 units)
was used and experiments were performed in anagolated COX-1. Results are given as mean + 8.E.4.
(C) Isolated COX-2 (82 ng) was incubated wgtBA-Seph, KBA-Seph, and Seph, in the presence oA BB1
mg/ml). @) Supernatants of MM6 lysates were incubated oighitrat 4 °C with eithef-BA-Seph, KBA-Seph or
with crude Seph, as indicated. Precipitates weratdéd as described and COX-2 was visualized by Wéysis.
Similar results were obtained in three independ&periments.
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4.1.5 Docking of BAs into X-ray structures of COX enzymes

Automated molecular docking of the BAs was perfatne find potential binding modes for
each BA within the active sites of the COX enzym#s.control, the known co-crystallized
inhibitors BFL (COX-1) and SC-558 (COX-2) were sessfully re-docked. Regarding COX-1,
the RMSD for the inhibitor BFL was 0.340.02. The acquired binding mode was identical to
the X-ray structure, yielding an average Chemsodrgd7.3+ 0.9. Docking of AKBA into the
same docking box resulted in an average score .6f112.0. AB-BA achieved a Chemscore of
18.5+ 2.0, KBA 10.9+ 1.3 andB-BA 15.9+ 1.1. All four BAs showed the same orientation in
the binding pocketRigure 4.5A andB). For COX-2, the RMSD for the inhibitor SC-558 was
0.49 £ 0.04. The acquired binding mode was identical ® Xaray structure and yielded a
Chemscore of 30.5 + 1.0. Docking of BAs into thwscking box resulted in comparably low
docking scores. Thus, the average docking scoekKd&dA was 2.0 + 5.0, B-BA achieved a
Chemscore of 6.6 £ 4.5, KBA 8.6 £ 1.9, glBA 8.7 + 2.4 Figure 4.5C).

Figure 4.5: Automated molecular docking of BAs intaX-ray structures of COX-1 and COX-2. .

(A, B) Scheme of the active site of COX-1 (1Q4G) witle #o-crystallized inhibitor BFL displayed in grey.
Possible hydrogen bonds of the BAs formed with 2®@and Tyr355 are indicatedA) B-BA (orange) and B-BA
(lila) are shown. (B) KBA (green) and AKBA (yellowgre shown in the same orientation as BFL (gre®). (
Scheme of the active site of COX-2 (6COX) with egstallized inhibitor SC-558, displayed in orangatential
hydrogen bonds from GIn192 to the carboxyl- andykagoups are highlighted, as well as possiblerattions of
the keto-groups with Tyr358-BA: blue, A3-BA: light blue, KBA: yellow, AKBA: purple. This wik was entirely
performed by Dr. Lutz Franke and Bettina Hofmanigérsity of Frankfurt, Germany).
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4.1.6 Effects of BAs on COX-1 product formation in whole blood

Finally, BAs (50 uM, each) were analyzed for thaility to suppress COX-1 product formation
in whole blood which is regarded to adequatelyefthe efficacyn vivo. Human whole blood
was pre-incubated with the test compounds (10 el stimulated with A23187 (30 uM). As
shown inFigure 4.6, despite the potent inhibition of COX-1 activity cell-free assays or in
intact platelets, none of the BAs (50 uM) testeppsassed 12-HHT formation in human whole
blood. Control inhibitors aspirin (30 uM) and indetnacin (20 puM) efficiently blocked COX-1

activity in this whole blood assay, as expected.
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Figure 4.6: Inhibition of COX-1 product formation i n human whole blood.

Freshly withdrawn blood was pre-incubated with BAsamyrin (50 uM, each), aspirin (30 uM), indomethaci
(indo, 20uM) or vehicle (DMSO) at 37 °C, and thaation was started by addition of A23187 (@d). COX-1
product (12-HHT) synthesis in the absence of testmounds (100%, control) was 74.85.8 ng/ml blood. Data
are given as mean + S.E.; n = 3, duplicates. OneANOVA and Tukey HSD post hoc tests were perforptetiP

< 0.001 vs vehicle control (DMSO).

Together, these results demonstrate that BAs dirécterfere with COX-1 and preferably
AKBA, concentration-dependently suppress cellutad aell-free COX-1 activity in a reversible
and substrate-dependent manner. In contrast, BAyhiahibit COX-2 activity and are not able

to reduce COX-1 product formation in human wholzobl.
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4.2 Interference of boswellic acids with 5-lipoxyge nase

4.2.1 Inhibition of 5-LO activity by BAs in cell-free assays and influence of

assay parameters on the potency

The efficacy of 5-LO inhibitors largely depends the assay conditions (for review see [267,
268]). Previous studies demonstrated that partliyfied 5-LO from human PMNL is inhibited
by AKBA with an 1G5 value of 16 uM [54]. Other BAs were not testedefgfore, the potency
of natural occurring BAs to inhibit partially puefl human recombinant 5-LO frob coli in a
well-established and defined cell-free assay u@dgiM AA as substrate and 1 mM Cas
supplement [269] was analyzed. The mdgjaronfigurated BAs AKBA, KBA,3-BA, and A3-
BA inhibited 5-LO product synthesis in a concentradependent manner, with JCvalues of
2.9, 6.3, 23.9, and 30 uM, respectiveigure 4.7).
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Figure 4.7: Inhibition of human 5-LO by BAs.

Partially purified, human recombinant 5-LO was predbated with the indicated concentrations of BAvehicle
(DMSO) in the presence of 1 mM €and 1 mM ATP. 5-LO product formation was startgdaddition of 20 uM
AA and analyzed by HPLC. Values are given as me8&rEt; n = 3-4

Of interest, also the-boswellic acid ¢-BA) inhibited 5-LO activity with an 16 = 15.3 uM,
whereas the pentacyclic triterpereesamyrin (lacking the essential C4-carboxylic mojdbiled

in this respect (16 >> 30 uM) [Table 4.2.
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Table 4.2: Efficacy of various BAs for inhibition d 5-LO in different test systems.

ICso values (uM) of BAs were determined regarding 5-4@vity of human purified 5-LO enzyme, crude 5-L©
supernatants of E. coli and in isolated human PN\hiulated with either 2.5 uM A23187 with or with&®0 uM
AA in the presence of G4 (1 mM). The synthetic 5-LO inhibitor BWA4C was dsas control.

Compound  5-LO purified E. coli PMNL PMNL
enzyme supernatant (A23187) (A23187 + AA)

AKBA 2.9 23.5 3.2 3.3

KBA 6.3 27.1 8.8 2.8

AB-BA >30 >30 >30 >30
B-BA 23.9 >30 >30 28.1

a-BA 15.3 18.5 231 16
a-amyrin >>30 >>30 >>30 >>30
BWA4C 0.1 0.15 0.03 0.05

Subsequent studies under selected assay conditieres carried out with the most efficient
derivatives, i.e. AKBA and KBA. As observed bef¢269], removal of C& from the standard
activity assay increased 5-LO activity under thesebations conditions about two-fold, but the
efficacies of KBA and AKBA were not markedly chadg@igure 4.8A). The efficacy of
AKBA at higher concentrations (10 and 30 puM) waghtly increased in the absence of’Ca
The presence of 25 pg/ml PC in the standard agtagsay, often included as stimulatory factor
in 5-LO activity assays [189, 270], impaired th&B-inhibitory potential of AKBA (1Go = 19.8
KM), whereas the potency of KBA was essentiallyfieeted Figure 4.8B).
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Figure 4.8: Modulation of inhibition of human 5-LO by BAs in cell-free assays.

(A) Effect of C&". Partially purified, human recombinant 5-LO was-prcubated in 1 ml PBS containing 1 mM
EDTA and 1 mM ATP with the indicated concentratiamfsAKBA (left panel) or KBA (right panel) or vehie
(DMSO) at 4 °C. After 10 min, samples were pre-wadnat 37 °C for 30 s, 2 mM Ca(hs indicated) and 20 uM
AA were added and after another 10 min, 5-LO prodammation was determinedB) Effect of PC. Partially
purified 5-LO was pre-incubated as in the stan@eshy together with or w/o 25 pg/ml PC) (nhibition of 5-LO
by boswellic acids at 2 and 20 pM AA. Partially ified 5-LO was pre-incubated with the test compaiske
(A)). In the presence of €a(l mM) 5-LO product formation was initiated by A@® or 20 puM, as indicated).
Values are given as mean + S.E.; n = 3-4,
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Of interest, switching from 20 to 2 uM AA as 5-L@bstrate in the standard activity assay
significantly reduced the potency of both 11-ketdsBand the Ig values were determined at

21.5 uM for AKBA and > 30 uM for KBAKigure 4.8C). A weak loss of potency was observed
also for BWA4C, a well-recognized iron ligand-typ¢.O inhibitor (Table 4.3.

Table 4.3: Influence of assay parameters on the paricies of AKBA and KBA to inhibit 5-LO.

ICso values (M) for AKBA and KBA assessing the activitf partially purified 5-LO in the presence or ahse of
1 mM free C&". PC (25 pg/ml) and AA (2 or 20 pM) were added radicated. The synthetic 5-LO inhibitor
BWA4C was used as control.

Compound AA (20 uM) AA(20puM) AA(2uM)  AA (20 pM)

+ Cca’t + Ca?t + Ca’t + PC
AKBA 2.8 2.9 115 19.8
KBA 7.6 6.3 >30 11.4
BWA4C 0.14 0.1 0.24 0.11

Finally, when 40,000xg supernatants oE. coli lysates were used as source of crude 5-LO
enzyme in the standard activity ass&ig(re 4.9, the potency of all foup-configurated BAs
was strongly impaired. Note thaBA hardly lost its potency and was the most potintvative
with ICso = 18.5 uM Table 4.2.
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Figure 4.9: Effects of BAs on crude 5-LO in supern@nts from E. coli lysates.

Supernatants (40,000 x g) frdncoli lysates in PBS containing 1 mM EDTA, 1 mM PMSKIdnmM ATP were
pre-incubated with the test compounds at 4 °C.rAl& min samples were pre-warmed at 37 °C for 30 s\M
CaCl and 20 uM AA were added and after 10 min 5-LO pmvdormation was determined. Values are given as

mean + S.E.; n = 3-4.
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4.2.2 Inhibition of 5-LO activity by BAs in cell-based assays using isolated
human PMNL

PMNL stimulated with A23187 are the classical ®gtem for screening and evaluation of LT
synthesis inhibitors. AKBA and KBA potently inhibd 5-LO product synthesis in human
isolated PMNL challenged by A23187 in a concentratiependent manner withg6= 3.2 and
8.8 uM, respectivelyRigure 4.10, and also the frankincense extract H15® blockddO5
product synthesis by 78 + 9% at a concentratioBOofig/ml. A3-BA, B-BA, anda-amyrin were
hardly active (IGy >> 50 uM), buin-BA suppressed 5-LO product synthesis with ag KE23.1
KM). Upon stimulation of PMNL with A23187 plus exagpus AA (20 uM), estimating FLAP
interference, the efficacy of AKBA was not alteredereas the potency of KBA increaseds(C

= 2.8) and alsa-BA was more active under these conditions{16 uM) Table 4.2.
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Figure 4.10: Inhibition of 5-LO product formation i n intact human PMNL.

Isolated PMNL (5x 107/ml PGC) were pre-incubated with the test compowtdgehicle (DMSO) at the indicated
concentrations. After 10 min at 37 °C, cells weimglated with 2.5 pyM A23187A) or with 2.5 pM A23187 plus
20 pM AA (B) and 5-LO products were extracted and determinged®LC. 5-LO product synthesis in the absence
of test compounds (100 %, control) was 688 (A23187) and 276.8 40 (A23187 + AA) ng per FlPMNL. Data
are given as mean + S.E.; n= 3.
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4.2.3 Inhibition of 5-LO activity by BAs in human whole blood

The ability of a given compound to suppress LT fation in the whole blood assay is assumed
to reflect its efficacyin vivo. Human whole blood was pre-incubated with the teshpounds
and stimulated either with A23187 or primed with 3.Rnd then challenged with fMLP.
Stimulation of blood with fMLP following LPS-primmis considered a physiologically relevant
stimulus, thus, reflecting pathophysiological cdimdis in vivo. As shown inFigure 4.11,
despite the potent inhibition of 5-LO activity ieltfree assays or in intact PMNL, neither the
BAs (50 uM) nor the frankincense extract (30 pg/suppressed 5-LO product formation. The
control inhibitor BWAA4C efficiently inhibited 5-LCactivity in the whole blood assay, as

expected.
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Figure 4.11 Inhibition of 5-LO product formation in human whol e blood.

Blood was pre-incubated with BAs (50 uM, each), ®lxtract (30 pg/ml), BWA4C (3 uM) or vehicle (DM$O
and formation of 5-LO products was started by adidiof (A) A23187 (30uM; 10 min, 37 °C) or byB) fMLP (1
uM; 15 min, 37 °C) after 30 min priming with LPS jg/ml). The formation of 5-LO products were detered as
described. 5-LO product synthesis in the absent¢esbfcompounds (100%, control) was 19696 (A23187) and
34.3+ 0.5 (LPS and fMLP) ng/ml blood. Data are means.E.;Sh = 3-4 (fMLP and LPS), duplicates; n = 3
(A23187). One way ANOVA + Tukey HSD post-hoc weefprmed;***P < 0.001 vs vehicle (DMSO) control.
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4.2.4 Inhibition of 5-LO activity by BAs in human isolated PMNL is abolished
by albumin

Since AKBA and KBA are inactive in whole blood wibeing efficient in isolated PMNL, and
because BAs represent lipophilic acids, it appeagedonable to speculate that plasma protein
(i.e. albumin)-binding of BAs is responsible foetlack of efficacy in whole blood. Thus, the
albumin-binding ability of AKBA using a gel filtratn method was investigated. As shown in
Figure 4.12 AKBA (50 uM) extensively bound to 10 mg/ml BSAdto a minor extent when 1
mg/ml BSA was present. The unbound free AKBA was & 30.9% for 10 and 1 mg/ml

albumin, respectively.
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Figure 4.12 Binding of AKBA to albumin.

BSA (0, 1 or 10 mg/ml, as indicated) was incubatéth 50 puM AKBA for 10 min at 37 °C. Separation AKBA

and albumin was carried out by gel filtration usa¢D-10 column and AKBA was quantified by HPLC lggis.
The concentration of AKBA (without BSA) vs elutimelume was analyzed. Based on this evaluation iti@uat of
unbound AKBA was determined by the AUC (1 & 3or incubation with 1 or 10 mg/ml albumin. Resugthown
are representative for at least 3 independent m@tations.

Next, the effects of BSA on inhibition of 5-LO pnact synthesis by AKBA and KBA in isolated
PMNL was analyzed. This work was done in coopenatdth Dr. Carlo Pergola (University
Tldbingen, Germany). The presence of 1 mg/ml BSénatited the potency of AKBA and KBA
about 2- to 7-fold in PMNL challenged by A23187 hatt Figure 4.13 and with 20 uM
exogenous AA Kigure 4.13. When 10 mg/ml BSA was included, neither KBA naiKBA
significantly inhibited 5-LO product formation up B0 pM. Similarly, also the suppressive
effect of H15® extract (30 ug/ml) was completelyaesed by 10 mg/ml BSA (not shown).
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Figure 4.13: Influence of BSA on the efficacy of Bé&to inhibit 5-LO product formation in human PMNL.
Freshly isolated PMNL (% 10°/ml PGC) were supplemented with or w/o 1 or 10 md#®A. AKBA (left panel)
or KBA (right panel), or vehicle (DMSO) were addatthe indicated concentrations. After 10 min at’G7 cells
were stimulated with 2.5 uM A2318A) or with 2.5 uM A23187 plus 20 uM AA( and 5-LO product formation
was determined. 5-LO product synthesis in the ateser test compounds (100%, control) was G686 (A23187),
40.8+ 3 (A23187 + 1 mg/ml BSA), 22.2 4 (A23187 + 10 mg/ml BSA), 2768 40 (A23187 + AA), 78.3& 7
(A23187 + AA + 1 mg/ml BSA), and 328 6 (A23187 + AA + 10 mg/ml BSA) ng per 1@MNL. Values are
given as mean + S.E., n = 3, duplicates.
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4.25 LTB4levels in human subjects treated with frankincense extracts

In a phase 1 clinical trial the safety, toleragiland pharmacokinetics of a single oral dose
application ofB. serrata resin extract (PS0201Bo) in healthy male volurge@r = 12) was
investigated. Two capsules of PS0201Bo, each auntpi400 mg of nativeB. serrata resin
extract (total 800 mg PS0201Bo), were administacethealthy volunteers. Then, blood was
collected as indicated iRigure 4.14 plasma was prepared, and LyI\Bas analyzed by ELISA.
The plasma levels of LTBwvere not impaired within 24 h of frankincense aaistration, instead

a weak but statistically not significant increasgsvobserved 2 to 8 h after intake of the extracts,
correlating with the plasma concentrations of AKBAd KBA that peaked after approx. 3 h, and
half maximal concentrations of KBA were determinafter 6-8 h (not shown). These
experiments were carried out at Frankfurt Univgrsitospital under the supervision of Dr.
Carsten Skarke.
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Figure 4.14: Effects of single dose orally administed frankincense preparation on LTB, plasma levels.
Healthy male volunteers received two capsules @uint frankincense extract (PS 0201Bo) as singlsed@00
mg) application. Venous blood was taken at theciagid time points, plasma was prepared and,lifi Bhe plasma
was determined by ELISA. Data are shown as meait+ = 12 volunteers.

Taken together, boté- andp-configurated BAs (preferentially 11-keto-BAs) ast direct 5-LO
inhibitors in cell-free and cellular-based expenmse but the potencies strongly depend on the
defined assay conditions. Furthermore, none ofBtAs tested is able to prevent 5-LO product
synthesis in whole blood assays and also single dad administration of frankincense extracts

to healthy human volunteers causes no reductigtasfna LTR levels.
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4.3 Interference of boswellic acids with the induci ble microsomal

prostaglandin E , synthase-1

4.3.1 Identification of mPGES-1 as a BA-binding protein by pull-down

experiments and surface plasmon resonance spectroscopy

The target fishing approach using immobilized BAsswised in order to investigate whether or
not BAs interact with mPGES-1. Lysates of fI-tteated A549 cells, expressing mPGES-1 and
COX-2 [142], were incubated with the respectivangsnd precipitates were analyzed by WB
using specific antibody against mMPGES-1 and COX£shown inFigure 4.15A, substantial
amounts of mMPGES-1 bound to BA-Seph beads bubreeph beads without ligand. In contrast,
attempts to identify COX-2 in the BA-Seph beadscimitates by WB failed. Furthermore)
vitro-translated mPGES-1 (200 ng purified protein) im pinesence of 1000-fold excesgotoli
protein was precipitated by both KBA-Seph gh@8A-Seph, but not by Seph without ligand
(Figure 4.15B).
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Figure 4.15: BAs selectively bind mPGES-1.

(A) Supernatants of A549 cell lysates were incubatest night at 4 °C with eithgi-BA-Seph, KBA-Seph, or with
crude Seph, as indicated. Precipitated proteins wisualized by WB using specific antibodies agamBGES-1 or
COX-2. An aliquot of the supernatant was used astige control. B) Purified mPGES-1 (200 ng) was incubated
with B-BA-Seph, KBA-Seph or with Seph in the presenca@d0-fold excess of E. coli protein. Similar result
were obtained in three additional experiments.

To confirm the direct interaction of BAs with mPGESSPR spectroscopy studies were carried
out. SPR spectroscopy is a label-free optical dieteanethod which allows to analyze the
binding of soluble analyte to immobilized biomol&si(ligands) in real-time [261, 271]. The
progress of interaction, binding of analyte (asst@n), and dissociation of analyte from the
immobilized ligand is monitored as a sensogram/fesging changes in binding responses as
resonance units (RU). Unfortunately, no consistantling patterns were obtained by using
naturally occurring BAs as analyte (data not showgither the addition of BSA as a carrier
protein nor variation of commercial assay buffetsdgtergent) or changes in temperature
improved the quality of the recorded sensogramscklethe more hydrophilic synthetic derivate
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3-O-oxaloyl-KBA (0x-KBA) was used. Indeed, more vallealand reproducible sensograms
were obtained, which indicate specific reversibleding to mPGES-1Kigure 4.16A) whereas
a-amyrin (negative control) up to 30 uM failed inistirespect Kigure 4.16A). In order to
determine equilibrium binding constants, ox-KBAd#ferent concentrations were sequentially
injected over the two surfaces and the equilibrresponse (R) was calculated, and fitting the
data to the 1:1 binding model (Eqn. 1) and Scattiptot yielded I values = 13 and 5.2 uM,
respectively Figure 4.16B. Kinetic data were estimated using BIAEVALUATION.1
software, a general analysis in which the assaciatind dissociation phases are fitted
simultaneously [261]. The fit and the distributiohthe residuals are presented-igure 4.16C
Assuming the simple relationship/ky = Kp for ox-KBA, a Kp-value of 23 uM was calculated
that essentially matches theg Kbtained from the equilibrium binding data.
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Figure 4.16: Analysis of the binding of BAs to mPGBE-1 by SPR spectroscopy.

In vitro translated mPGES-1 (ligand) and ox-KBAdhe) were used. Specific binding profiles weréagied after
subtracting the signal (response units, RU) froentthtreated control cellAj The binding of ox-KBA (10 pM) and
amyrin (30 uM) to mMPGES-1Bj Binding curves for ox-KBA. The equilibrium respes for ox-KBA at different
concentrations were plotted vs. the concentratidche@compound. The nonlinear fit to Eqn (1) arsicatchard plot
yield the dissociation constantpK (C) Kinetic analysis of ox-KBA-binding to mPGES-1. [Rtesentative
sensograms for the injection of 0.5 uM up to 25 pMKBA are shown. A general analysis was applieittthe
data to a 1:1 binding model (solid lines), anddhbality of the fit is displayed by the plots of tresiduals.
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4.3.2 BAs inhibit the catalytic activity of mPGES-1 in a cell-free assay

Next, it was investigated whether the direct irerhce of BAs with mPGES-1 affects the
catalytic activity of the enzyme. Isolated microgsmof IL-13 treated A549 cells (source of
MPGES-1) were pre-incubated with BAs and R@&iEmation was induced by addition of 20 uM
PGH,. The mPGES-1 inhibitor MK-886 was used as refezexdcug and concentration-
dependently blocked PGEormation with an 1G = 2 uM (not shown) in agreement with the
literature [272]. All BAs concentration-dependerglyppressed PGHEormation with IGg values
of 3, 5 and 10 pM for AKBA,3-BA and KBA, respectively, comparable to MK-886. As
observed for other mPGES-1 inhibitors in previotisdies [169], about 20% activity still
remained even at high concentrations of BAs (10Q gigure 4.17A) or of MK-886 (30 uM,
not shown). The synthetic derivative ox-KBA alsgpgressed PGEormation (IGo = 5 uM).
AB-BA was somewhat less potent and failed to supdP€ds formation by more than 50% up
to 100 uM. Furthermore, the pentacyclic triterpemamyrin (lacking the 4-COOH-group) was
entirely inactive up to 100 uM (not shown). To assehether inhibition of MPGES-1 by BAs
occurs in a reversible fashion, wash-out experisi@rdre performed. Microsomal preparations
of A549 cells were pre-incubated with AKBA ffBA at 1 and 10 puM for 15 min. MK-886 at
0.3 and 3 uM served as a control for a reversidRGEs-1 inhibitor [169]. Whereas BAs at 1
MM or MK-886 at 0.3 uM caused only minor inhibitiohmPGES-1, incubations with MK-886
at 3 uM or with BAs at 10 uM efficiently blocked Bgformation Figure 4.178. Upon 10-
fold dilution of the latter samples, a significaloiss of potency was obvious. In order to
determine if mPGEs-1 inhibition by BAs depends dre tsubstrate concentration the
concentration of PGHwas varied from 20 uM to 1 uM in the assay. THeaty of AKBA was
not affected by variation of the substrate conegiutn Figure 4.170. Of interest, fo3-BA a

slight loss of potency was evident at lower B@&bBincentrations.
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Figure 4.17: Effects of BAs on the activity of mPGE-1 in cell-free assays.

(A) Concentration-response analysis of BAs. Microdopmaparations of IL-f-stimulated A549 cells were pre-
incubated with BAs or vehicle (DMSO)and PGtermation was induced by the addition of 20 uM BG{B)
Reversibility of mPGES-1 inhibition by AKBA3-BA and MK-886 using wash out experiments. One WaOVA

+ Tukey HSD post-hoc tests were performigtiP < 0.001. The 100% value corresponds to 944 + 18| PGE.
(C) The efficacy of AKBA and3-BA for mPGES-1 inhibition was compared at 1 andy@®® PGH as substrate.
PGE was quantified for 1 uM PGHby use of a PGEHigh Sensitivity EIA Kit. PGE production at 10 uM MK-
886 was set 0% of vehicle (DMSO) control in ordecémpare both data sets. Data are given as m&al.;+n = 3-
4,
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4.3.3 Effect of BAs on PGE; synthesis in intact cells

The capacity of BAs to inhibit PGEormation also in intact cells was determined c8i€OX-2
activity in cell-free or cellular experiments wast significantly inhibited by BAs stimulation of
IL-1p-pretreated A549 cells with 2.5 uM A23187 plus 1 A and *[H]AA (18.4 kBq) were
used as model to selectively assess modulatiorO{-2-derived PGH transformation to PGE
via. mPGES-1 by BAs. Again AKBAB-BA and KBA suppressed PGEsynthesis in
concentration-dependent manner s(lG 20uM) whereas BBA and a-amyrin were hardly
effective Figure 4.18. Nevertheless, suppression of RGamation by BAs was not complete,
and also MK-886 (30 uM) caused only 47% inhibitiemder these assay conditions. On the
other hand, the COX-1/2 inhibitor indomethacin (@) and the COX-2 selective celecoxib (5

KM), almost completely suppressed B&imation as expected.
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Figure 4.18: Effects of BAs on PGEformation in intact A549 cells.

IL-1B-stimulated A549 cells (8 10°/ml) were pre-incubated with BAsi-amyrin (30 uM), indomethacin (indo, 20
uM), celecoxib (cele, 5 uM), MK-886 (30 uM) or velaei (DMSO) for 10 min, and then 2.5 uM A23187 plugM
AA and PH]AA (18.4 kBq) were added. After 15 min at 37 96tmed fH]PGE, was analyzed by RP-HPLC and
liquid scintillation counting as described in thethod section. Data are given as mean + S.E., f6=Che way
ANOVA + Tukey HSD post-hoc tests were performe®*® 0.01 ***P < 0.001 vs vehicle (DMSO) control.
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4.3.4 Effects of BAs on the formation of PGE, and 6-keto-PGF., in human
whole blood

In order to estimate the efficacy of BAs to integfewith (COX-2/mPGES-1-derived) PGE
formationin vivo, human whole blood assays were performed. Aligobtisuman heparinized
blood were pre-incubated with BAs, prior stimulatawith LPS (10 pg/ml). As shown ifigure
4.19A B-BA significantly reduced PGEsynthesis (46.2% inhibition) at 10 uM comparalge t
MK-886 at 30 uM (45.4% inhibition) whereas the otB&s and the negative contratamyrin
failed in this respect. Concentration-response ex@ats revealed an kgvalue of 20 uM foiB-
BA (Figure 4.19B), buteven at high concentrations (100 uM) about 40% P&t remained.
In contrast, formation of 6-keto-P@Fwas not affected bp-BA and also not by AKBA (10
MM, each) Figure 4.190Q. Indomethacin (50 uM) anckelecoxib (20 uM) efficiently inhibited
PGE and 6-keto-PGf5 synthesis as expected.
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Figure 4.19: Effects of BAs on PGEand 6-keto-PGR, biosynthesis in human whole blood.

Heparinized human whole blood was pre-incubatetl (W) BAs and amyrin (10 uM, each) or vehicle (DMSQO) fo
10 min at RT and then, PGEormation was induced by addition of 10 pg/ml L”&er 5 h at 37 °C, PGEwas
extracted from plasma, separated by RP-HPLC anditified by ELISA as described. MK-886 (30 uM),
indomethacin (indo, 50 uM), and celecoxib (cele u) were used as control8)(Concentration-response pf
BA. (C) Assessment of 6-keto-PGFormation. 6-keto-PGfz was directly determined in blood plasma derived
from samples from above incubated with 10 |BMBA or AKBA, respectively, by ELISA. The 100% valie
correspond to 221.81 + 19.69 pg/ml PGHd 382.5 + 22.25 pg/ml 6-keto-P{gFrespectively. Data are given as
mean + S.E., n = 4-5. One way ANOVA + Tukey HSDtgusc tests were performedP* 0.05; ***P < 0.001 vs
vehicle (DMSO) control.
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Notably, expression pattern of COX-2 and mPGES-tewmt essentially altered [§¢/BA in
isolated monocytes (major source of mMPGES-1) duarg h incubation phas&igure 4.20

used to induce PGEormation in whole blood.

+LPS 1 pg/ml
w/o DMSO R-BA
s “j"-e"»i*f e e <4 MPGES-1

4= COX-2

<= actin

Figure 4.20:; Expression of MPGES-1 and COX-2 in matytes.

Human monocytes (8 1¢P/exp. in RPMI 1640 medium containing 2% FCS, P/8 ammM glutamine) were pre-
incubated with3-BA or vehicle (DMSO) for 10 min at RT prior stination with LPS (1 pg/ml) for 5 h at 37 °C or
left untreated. After washing x3PBS), cells were lysed ¥2SDS-b.) and samples were subjected to SDS-PAGE and
WB using specific antibodies against mMPGES-1 anc&K20OResults shown are representative of two inddpat
experiments.



4 RESULTS 83

4.3.5 Effects of B-BA on carrageenan-induced mouse paw edema and rat
pleurisy

The carrageenan-induced paw edema is consideredsuéable model to assess a
pathophysiological role of MPGES-1 in inflammatiarvivo [273]. In mice treated (i.p.) with-
BA (0.25 mg/kg) the response to carrageenan awas already reduced by almost 20% and
pretreatment with 1 mg/k@-BA, respectively resulted in 50% suppression. mdthacin (5
mg/kg) caused 56% inhibition of the carrageenapaese Table 4.4. The animal experiments
were carried out at University of Naples by Drs dméetta Rossi and Lidia Sautebin.

Table 4.4: Effects off-BA on carrageenan-induced mouse paw edema.

Percentages of inhibition caused by the treatmehs.25, 1 mg/kg3-BA and 5mg/kg indomethacin or vehicle
DMSO 2%); n = 10 mice. One-way ANOVA and Tukey pbset test were performed; *F* < 0.001 vs vehicle
(DMSO).

Treatment mg/kg Inhibition (%)
B-BA 0.25 19.58 +9.2
B-BA 1 49.48 + 8.2+

indomethacin 5 56.70 + 9.3***

Injection of carrageenan into the pleural cavityrats elicited, at 4 h, an acute inflammatory
response characterized by the accumulation of flthdt contained large numbers of
inflammatory cells Table 4.5. As observed in the paw edema mo@eBA (1 mg/kg i.p., 30
min prior to carrageenan) significantly inhibitdeetinflammatory response, as demonstrated by
the significant attenuation of exudate formatiob%j and cell infiltration (64%). Moreover,
PGE level in the exudate were reduced by almost 50%ereas the amounts of 6-keto-RGF
and LTB, in the exudate were not significantly altered.dmethacin (5 mg/kg) reduced exudate
formation and cell infiltration as well (77 and 65féspectively) without significant higher
potency thaf3-BA (Table 4.5 but reduced almost completely P& DPf interest, pretreatment of
AKBA (1 mg/kg i.p., 30 min prior to carrageenanysad no significant decrease in exudate

formation, cell-infiltration or PGElevels in this model.
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Table 4.5: Effect of3-BA on carrageenan-induced pleurisy in rats.

Thirty min before intrapleural injection of carragen, rats (n=10 for each experimental group) rerated i.p.
with 1 mg/kgB-BA, 5 mg/kg indomethacin, 1 mg/kg AKBA or vehigBMSO 4%). Exudate volume, PGE5-
keto-PGk, and LTB, levels as well as inflammatory cell accumulatianpieural cavity were assessed 4 h after
carrageenan injection. Data are expressed as meak.:n = 10. ANOVA + Tukey HSD post-hotests were
performed, *P < 0.01; ***P < 0.01 vs vehicle (DMSO 4%), n.d. = not determined.

Treatment Exudate Inflammatory PGE, 6-keto-PGF4 LTB4
volume (ml) cellsx 10° (ng/rat) (ng/rat) (ng/rat)
Vehicle 0.52+0.03 49 +1.38 1.67 £0.11 5.4665%0. 0.67 +0.16
B-BA 0.13 +0.04 17.80+4.200 0.82+0.18  3.46x0.87 0.33+0.1
(1 mg/kg)
AKBA 0.42 +0.06 42.6 £2.75 1.30+0.15 n.d. n.d.
(1 mg/kg)
Indomethacin  0.12 +0.03" 17.15+3.25  0.17+0.03  0.033+0.0T n.d.
(5 mg/kg)

Together, this data show that BAs bind to mPGES$kerfere with the catalytic activity of
MPGES-1 and in particul@d-BA selectively inhibits PGEbiosynthesis (without affecting 6-

keto-PGH, formation) in human whole blood and in rat plewalidates, accompanied by potent

anti-inflammatory effectiveness.
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4.4 Boswellic acids differentially modulate platele t physiology

4.41 Modulation of agonist-evoked Ca®" mobilization in washed human

platelets by BAs.
Previous studies showed that 11-methylene-BAs [(tBA and AB3-BA) induced a rapid and

pronounced elevation of [¢3; in human washed platelets at concentratioBg1M, comparable
to thrombin (0.5 U/ml, optimized concentration), emas 11-keto-BAs (i.e. AKBA or KBA)
were hardly effective [64]. This study investigatahether BAs may have detrimental actions
on agonist-evoked mobilization of €a Concentration-response studies in Fura-2-loaded
washed human platelets revealed consistent eféectimcentrations of platelet agonists fof'Ca
mobilization as follows: 0.5 U/ml thrombin, 8 pg/mbllagen, and 1 uM U-46619 (data not
shown). These concentrations were used for subseqralysis of BA effects on [€5;
mobilization. In agreement with previous studied][@t a concentration of 10 uM, AKBA and
KBA caused only a slight and delayed (and tranjietgvation of [C&]i, whereag3-BA and
AB-BA (10 uM, each) led to substantial anobilization Figure 4.21A). Of interest, pre-
incubation of platelets for 15 min with AKBA (10 pPMeduced the subsequentOaobilization
induced by U-46619 and collagen, but not so wheontbin was used as agonistiqure
4.21B).

A

300 1
250 1
200 1
150 1

100 1

intracellular free Ca 2% [nM]

0 20 40 60 80 100



4 RESULTS 86

collagen U-46619 thrombin

= 801 200 - 300

A=)

+
o~ . 250 + AKBA
8 60 4 + vehicle 150 - +vehicle

o 200 1

o

I 40 4 + AKBA 100 A 150 1

% + vehicle

3 +AKBA 100 A

2 201 50 1

o 50 1
A/ A i
0 T T T T " 0 T T T 1 0 T T T "
0 30 60 90 120 150 0 20 40 60 80 0 20 40 60 80
time (s) time (s) time (s)

Figure 4.21: Differential effects of BAs on [C4T; in human washed platelets.

To Fura-2 loaded platelets &®l PG buffer), CaGl(1 mM) was added 2 min prior determination of {Qia(A)
BAs (10 puM, each) were added after 30B). Fura-2 loaded platelets were pre-incubated withuM AKBA or
with vehicle (DMSO) as indicated. After 15 min CaGL mM) was added, the measurement of [[Cavas started
and after additional 30 s, 0.5 U/ml thrombin, 8 migfcollagen, or 1 pM U-46619 were added. Curves are
representative for at least 4 independent expetsnen

Next, the efficacy of all four BAs (10 pM, each) peevent agonist-induced €anobilization
was compared. As shown in Figure 4.22, for plagegimulated with collagen or U-46619,
AKBA was most efficient, followed bf3-BA and A3-BA (the latter was somewhat less potent)
whereas KBA even enhanced?Cmobilization. Notably, all BAs essentially failed prevent

C&* mobilization induced by thromhin

collagen U-46619 thrombin

intracellular free Ca 2
(% of control)

0 04
AKBA KBA AB-BA B-BA AKBA KBA AB-BA B-BA AKBA KBA AB-BA B-BA

Figure 4.22: BAs selectively suppress agonist-inded C&* mobilization in human washed platelets.

Fura-2 loaded platelets (&l PG buffer) were pre-incubated with the indichBAs (10 uM, each) or with vehicle
(DMSO, negative control) for 15 min at RT as indézh CaC] (1mM) was added 2 min prior the measurement of
[C&*]; was started and 0.5 U/ml thrombin, 8 pg/ml coltager 1 M U-46619 were added after 30 s. The makim
increase in [C4]; determined within 100 s of measurement is expteasepercentage of control (DMSO). Values
are given as mean + S.E., n = 4-6. One-way ANOWWswWed by Tukey HSD tests were applied to datatesl to
unstimulated controls (DMSO¥*< 0.05 **P < 0.01.
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Concentration-response studies for the most pdB&ntanalogues revealed 4g values for
AKBA and B-BA at 6 and 23 pM for collagen-induced“anobilization, respectively, and at 8
and 18 pM for U-46619-induced €amobilization, respectivelyFigure 4.23. When thrombin
was used as agonist, thesdGralues for AKBA andB-BA were > 30 uM. Pre-treatment of
platelets with AKBA (10 pM) also partially prevedtéhe elevation of [Gd]; induced byB-BA

(43% = 6.5) similar as observed for collagen or&649.
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Figure 4.23: Concentration-response curves for AKBAand 3-BA.

Fura-2 loaded platelets &Ml PG buffer), were pre-incubated with the indézhtoncentrations of AKBA ¢3-BA
and after 15 min Cagl(lmM) was added and the measurement of|Cavas started. After 30 s, 0.5 U/ml
thrombin, 8 pg/ml collagen, or 1 pM U-46619 weraled and the maximal increase in fGawas determined
within 100 s, expressed as percentage of contrbtSD). Values are given as mean + S.E., n = 4-5. @Gage
ANOVA followed by Tukey HSD tests were applied tata related to unstimulated controR;% 0.05 or *P <
0.01.
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Sincep-BA (> 3 pM), and to a minor degree also AKBA10 uM), caused a transient elevation
of [C&]; returning to baseline after about 5 to 7 minppeared possible that such an unspecific
increase in [CH]; leading to desensitized platelets could be thgoredor the subsequent failure
in C&* mobilization upon addition of other agonists. Aatingly, U-46619 which causes a
transient C& mobilization similar as observed for 11-methyl@s, was first added to
platelets and after 15 min, platelets were stinealavith either collagen or thrombin. In contrast
to 11-methylene-BAs, preincubation with U-46619 miat substantially suppress elevation of

[Ca®™]i evoked by either collagen or thrombin, althougslight and significant reduction of the
signals were detectablEigure 4.24).
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Figure 4.24: Effect of U-46619 on collagen- and tombin-induced [C&’*]; mobilization.

Fura-2 loaded platelets (Ml PG buffer) were pre-incubated with 1 pM U-466%%ehicle (DMSO) for 15 min at

RT. CaC} was added and after 30 s platelets were stimulatédeither 0.5 U/ml thrombin or 8 pg/ml collagen.
The maximal increase in [€% was determined within 100 s, expressed as pegemtacontrol (DMSO). Values

are given as mean + S.E., n = 3. Directed t-tastcdrrelated samples were applied to data reletachaltered
control,*P < 0.05.
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4.4.2 Suppression of agonist-evoked platelet aggregation by 11-keto-BAs

Rapid and pronounced elevation of fain platelets is a determinant for platelet aggtiegan
response to various stimuli [204, 205]. Since AKBdtently prevented the elevation of‘Cin
platelets stimulated by collagen and U-46619 dtenatow effective concentrations @ puM) it
seemed reasonable that BAs could inhibit aggregatduced by these agonists. First, the
capacity of selected agonists and BAs themselvae® @Balyzed for their ability to induce
aggregation of washed platelets. As showirigure 4.25A collagen, thrombin, and U-46619
caused marked aggregation of platelets within sgca@m few minutes. Differential effects for
the BAs were observed: whereas both 11-methyleng-&A30 uM efficiently induced platelet
aggregation, the 11-keto-BAs AKBA as well as KBAO(RM, each) failed in this respect
(Figure 4.25B).
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Figure 4.25: Platelet aggregation induced by diffent agonists and by BAs.

(A) Human washed platelets ©10%/ml) were resuspended in Tyrode’s buffer. Platagjregation was recorded
for 5 min using a turbidimetric light-transmittandevice. CaGl (1 mM) was added right before the start of the
measurement. Cells were stimulated with 0.5 U/marttbin, 1 uM U-46619 or 0.6 pg/ml collageB) (Aggregation

of platelets was determined under the same conditie described above using AKBA, KBABBA or 3-BA (30
MM, each) as agonists. The aggregation respongvés as percentage of the maximal light transmis#,,.
Curves are representative for at least 5 indepénbtarminations.

Next, platelets were pre-incubated with BAs (3 uMBO UM, each) for 15 min and subsequently
stimulated with collagen, thrombin, and U46619 agdregation was analyzed. Among the four
BAs, only AKBA (3 uM) efficiently prevented collaganduced aggregatiorrigure 4.26A) In
contrast, thrombin-evoked aggregation was not priexkby AKBA (up to 30 uM) or any other
BA (not shown). Of interest, for U-46619-inducedgeagation AKBA (30 uM) was only
moderate and KBA (30 pM) hardly efficieritigure 4.26A).
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Detailed concentration-response studies showed AKBA prevented platelet aggregation

induced by collagen with an dgvalue< 1 uM, whereas for U-46619 the siCvalue was

approximated at 25 puMF{gure 4.26B. Despite the robust inhibition of collagen-inddce
aggregation by AKBA, only a moderate effect was soeed with KBA (IGy = 23 uM) and

thrombin-evoked aggregation was not impaired.
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Figure 4.26: AKBA selectively and potently preventgollagen-induced platelet aggregation.

(A) Human washed platelets ¥216°//ml in Tyrode’s buffer) were pre-incubated with AKBind KBA (3 pM, each)
prior activation by collagen. Platelets treatechwifirombin or U-46619 were pre-incubated with AKBAd KBA
(30 uM, each). After 15 min at RT CaGlL mM) was added, cells were stimulated with Oggml collagen, 0.5
U/ml thrombin or 1 uM U46619 and aggregation wasorded. Curves are representative for at least 4-5
independent determination®)(Concentration-response curves for AKBA and KBA&IlI€were pre-incubated with
the indicated concentrations of AKBA and KBA or igé (DMSO) for 15 min at RT and aggregation wasiteld

in response to the agonists as indicated. The ggtioe response is displayed as percentage of thémmal light
transmission Aa. Values are given as mean + S.E., n = 3. ANOVAs\ieed by Tukey HSD tests were applied to
data related to untreated controlB;< 0.05 **P < 0.01.
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Activation of platelets with collagen, via the GPMceptor, involves phosphorylation of several
non-receptor tyrosine including Src family kinag8sc, Fyn, Lyn Hck and Yes), Syk, Fak and
Jak family kinases and finally leads to the actorabf PLCy2 [221]. To determine the effect of
AKBA in the collagen signaling pathway, human pletie were pre-incubated with AKBA for
10 min at RT prior activation by collagen. As shoinrfFigure 4.27A pretreatment with AKBA
resulted in a marked reduction of collagen-indutyedsine phosphorylation of a protein with an
approx. molecular mass of 150 kDa comparable tcetfext of the selective Src family kinase
inhibitor PP2 [274]. Accordingly, experiments tauebate a direct effect of AKBA on the
collagen-related activation of P& (phosphorylation at Tyr759) [222] and the upstredrc
family kinases (phosphorylation at Tyr416) [275] revgperformed. Preincubation with PP2
essentially decreased phosphorylation of 2.@nd Src family tyrosine kinases, whereas the
effect obtained by AKBA was moderat&idure 4.27B).
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Figure 4.27: Effect of AKBA on collagen-induced preein tyrosine phosphorylation.

(A) Washed human platelets ¥510%/ml in Tyrodes buffer) were pre-incubated with AKE80 puM), PP2 (3 uM)
or vehicle (DMSO) for 10 min at RT. Then, plateleisre supplemented with CaGllmM) and treated with or w/o
collagen (10 pg/ml) at 37 °C for 3 min. WB analysis whole platelet lysates were performed usingoaaulonal
anti-phosphotyrosine antibody (PY20B)(Samples were treated as described above excépttide by WB
analysis, which was performed utilizing phosphoesfiie antibodies against the Tyr759 phosphoryla®dy2 or
Tyr416 phosphorylated Src family kinases.
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4.4.3 Platelet aggregation induced by 11-methylene-BAs is Src family kinase
and PLC dependent.
As already shown i.4.2 3-BA and A3-BA (30 pM, each) provoke aggregation of human
washed platelets. Concentration-response studiesaled EGy values< 10 uM for both 11-

methylene-BAsKigure 4.28.
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Figure 4.28: Concentration-response studies for B-BA and B-BA.

Aggregation of platelets was determined under #mesconditions as described above. The aggregatsponse is
given as percentage of the maximal light transmis#,., and data are given as mean + S.E., n = 4. ANOVAs
followed by Tukey HSD tests were applied to datatesl to untreated controls; P*< 0.01.

Previously a partial involvement of Src family kees and PLC was described for elevation of
[C&®"]; by 11-methylen BAs [64]. To examine the involvemehPLC and Src family kinases in

BA-induced platelet aggregation, U-73122 as anbidi of PLC-dependent processes [276] and
the selective Src family kinase inhibitors PP2 (@ednactive analogue PP3) and SU6656 [277]

were usedKigure 4.29.
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Figure 4.29: Modulation of B-BA-induced platelet aggregation by PLC-and Src fanty kinases inhibitors.
Platelets (2x 10%/ml) were pre-incubated with U-73122, PP2 (andritsctive analogue PP3), SU6656 or vehicle
(DMSO) for 15 min at RT. Cagl1 mM) was added and cells were stimulated wituBDB-BA. The aggregation
response is displayed as percentage of the maligthakransmission A.. Values are given as mean + S.E., n = 3.
ANOVA:s followed by Tukey HSD tests were applieddmta related to untreated controls, P 0.001.
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Preincubation with U-73122 (3 pM) strongly suppessg-BA-induced platelet aggregation
comparable to experiments using thrombin or colage stimuli (not shown). SU5565 (5 uM)
almost completely abolished aggregation responsiated byp-BA being equipotent with PP2
(3uM), whereas its inactive analogue PP3 (3uM) masactive.

Upon platelets stimulation multiple proteins becopm®sphorylated at tyrosine residues [278].
Treatment of platelets bf-BA (30 uM) induced marked protein tyrosine phospltation
(Figure 4.30A) being equipotent with collagen (10 mg/ml) andhbphosphorylation pattern
were essentially reduced by preincubation with RR&hce, the capacity @BA to evoke PP2-
sensitive phosphorylation processes such as dotivat Src family kinases and downstream
PLCy2 was investigatedF{gure 4.30B. Both Src family kinases and PLZ were slightly
phosphorylated in response BA and a weak suppression by PP2 preincubation was
observed. The substantial tyrosine phosphorylagieoked byp-BA of proteins with approx.
molecular weights of 120 and 60 kOr&dure 4.30B remains to be elucidated.
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Figure 4.30:B-BA induces tyrosine phosphorylation in washed humaplatelets.

(A) Washed human platelets (5 X2l in Tyrodes buffer) were supplemented with Ga@mM) and activated by
B-BA, collagen (10 pg/ml) or vehicle (DMSO) at 37 f&@ 3 min, as indicated. PP2 preincubation at RiE W0 min
prior stimulation with the respective activatorsBVénalysis on whole platelet lysates were performasithg a
monoclonal anti-phosphotyrosine antibody (PY28) $amples were treated as described above excegatida
by WB, which was performed utilizing phospho-spiecintibodies against Tyr759 phosphorylated #2.@r
Tyr416 phosphorylated Src family kinases.
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4.4.4 BAs differentially modulate thrombin generation

Besides aggregation, formation of thrombin is cdesed an essential functional platelet
response [202]. Recalcified PRP supplemented B4BA, ABR-BA, AKBA, KBA or vehicle
(DMSO/HEPES) was analyzed for generation of thraxnand as shown iRigure 4.31A both
11-methylene-BAs (i.3-BA, AB-BA) significantly evoked thrombin formation. In mivast, the
effectiveness of AKBA and KBA up to 30 uM was omhoderate compared to 11-methylene-
BAs and thrombin generation was in the range oficke(DMSO/HEPES) response. Further
concentration-response studies revealed an eféeatoncentration of 3 uM for both 11-

methylene-BAs to induce thrombin generatiéig(re 4.31B and Q.
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Figure 4.31: Effects of BAs on thrombin generation.

Thrombin generation was assessed in recalcified. BRPRepresentative original traces of thrombin geti@na
(given as [nM] thrombin). PRP and buffer containB@s or vehicle (DMSO/HEPES) were tested for tredility

to induce thrombin generatiorB,(C) Concentration-response studies of BAs. Data speessed as mean velocity
index (increase over unstimulated cells) + S.E.4n©ne way ANOVA and Tukey HSD were performel,<0.05
or *P < 0.01.
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To determine if BAs may exert detrimental effects agonist-induced thrombin generation,
recalcified PRP was pre-incubated with the indidaBAs for 15 min at RT and thrombin
generation was initiated by collagen (2 pg/ml) o#4&619 (5 uM). Both agonists led to a
substantial formation of thrombirFigure 4.32A) as described in literature [279]. However,
thrombin generation evoked by collagen or U-466d8ained unaffected by preincubation with
AKBA or KBA (Figure 4.32B. In contrast, preincubation wif+BA or AB-BA substantially
potentiated generation of thrombin induced by gafaor U-46619.
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Figure 4.32: Effects of BAs on agonist-induced thnmbin generation

(A) Recalcified PRP was treated with collagen (2 {p/on U-46619 (5 pM) to induce thrombin generation
(representative original curves) PRP was pre-intbavith AKBA, KBA (B); BA, AB-BA (C) or vehicle
(DMSO/HEPES) as indicated and thrombin generativeq as velocity index) was elicited by collag@nu@g/ml)

or U-46619 (5 pM). Data are expressed as mean # 5-E3. One way ANOVA and Tukey HSD were applied t
data related to unstimulated controlB,< 0.05 or *P < 0.01.
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4.45 Effects of B. serrata extracts on Ca®* mobilization, platelet aggregation

and thrombin generation.

Extracts ofB. serrata contain both 11-keto-BAs and 11-methylene-BAstHa H1% extract,
AKBA and KBA are sparsely present (approx. 3.7% &rido), whereas the contents(BBA

and AB-BA (approx. 18.1% and 10.5%) are much higher [1®]contrast, the extract VBSE
(Pharmasan GmbH, Freiburg, Germany) is prepareeldbas a special manufacturing technique
where 11-keto-BAs are enriched over 11-methylene.B3ue to the opposing effects of isolated
11-keto-BAs and 11-methylene-BAs, the overall d@feof the twoB. serrata extracts on
C& 'mobilization, platelet aggregation and thrombineyation were assessed. In analogy to the
results observed with isolated 11-methylene-BAs, H15® extract rapidly (approx. 25 s after
exposure) and significantly evoked release of{fzim washed human platelets at concentrations
> 3 pug/ml Figure 4.33, whereas the VBSE extract caused only weak atieéralow (70-85 s
after exposure) Gémobilization at significantly higher concentratio@s30 pg/ml).
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Figure 4.33: Effects ofB. serrata extracts on [C&']; mobilization in human washed platelets.

To Fura-2 loaded platelets 1@l PG buffer), CaGl(1 mM) was added 2 min prior determination of {aand
H15® and VBSE extracts as indicated were added &fles the measurement was started. Data are equfes
mean + S.E., n= 4. One way ANOVA and Tukey HSD wagrplied to data related to unstimulated controfs<

0.05 or *P < 0.01.
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To assess if the extracts may exhibit inhibitorfees on agonist-induced intracellular
C& mobilization, as observed for isolated BAs (deé.1) Fura-2 loaded platelets were pre-
incubated with H15® and VBSE extracts or vehicle6 min at RT and G&mobilization was
initiated by collagen (8 pug/ml). Interestingly ret H15® extract nor VBSE extract up to 10
pa/ml altered the effect of collagen significantlyhereas both extracts at 30 pg/ml slightly
enhanced [C4]; mobilization elicited by collagerF{gure 4.34).
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Figure 4.34: Effects of B. serrata extracts on collagen-induced [C&]; mobilization in human platelets.
Fura-2 loaded platelets (Ml PG buffer) were pre-incubated with VBSE extréeft panel) or H15® extract (right
panel) for 15 min at RT. Cag{1 mM) was added 2 min prior determination of {q;aand collagen (8 pg/ml) were
added 30 s after the measurement was started. Careagepresentative for at least 3 independerdrarpnts.

Next, the capacity of the extracts to evoke platatgregation was assessed. In agreement with
the results obtained by isolated BAs ($egure 4.29, the H15® extract rapidly and potently
induced aggregation of washed human platelets witactive concentrations 10 pg/ml,
comparable to 11-methylene-BAs. In contrast, theS#Bextract (up to 30 pg/ml) caused no
aggregation Figure 4.35A). Pre-treatment of platelets with H15® (up to 1@'ml) failed to
inhibit aggregation induced by collagen but ondtiger hand, the VBSE potently suppressed the
collagen-induced response £C= 10 pg/ml). Again, in spite of the prominent peation of
collagen-induced aggregation by VBSE, only moderatebition at higher concentration of
VBSE (30 pg/ml) was detectable for U-46619-evokgdragation, and no effect was observed
when thrombin was used as agonisg(ire 4.35B).
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Figure 4.35: Differential effects ofB. serrata extracts on platelet aggregation.

(A) Human washed platelets ¥217/ml in Tyrode’s buffer) were supplemented with GA@ImM) right before the
start of the measurement and cells were stimulatgd H15® extract or VBSE extract as indicated. ithe
aggregation was recorded for 5 min using a turhédiim light-transmittance deviceB) Concentration-response
curves for extracts oB. serrata extracts on agonist-induced aggregation. Cellsewgne-incubated with the
indicated concentrations of H15®, VBSE extract ehicle (DMSO) for 15 min at RT and aggregation whsited

in response to the agonists as indicated. The ggtiom response is displayed as percentage of thémal light
transmission A. Values are given as mean + S.E., n = 3-4. ANOYoAswed by Tukey HSD tests were applied
to data related to untreated controB,< 0.05 or *P < 0.01.
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Finally, the effect of theB. serrata extracts on thrombin generation was investigatetb@
extract at concentratiornss 1 pg/ml potently induced thrombin formation in akxfied PRP
(Figure 4.36A) and thus, acted in analogy to previous resultseoked for isolated 11-
methylene-BAsFigure 4.3J). In contrast, the VBSE extract (up to 30 pg/mdélswot active and
also no effect was observed on collagen-induceshtbin generation which is in line with the
previous findings for 11-keto-BAs (se€e4.4) Notably, that H15® extract showed cumulative

effects on collagen-induced formation of thrombtig(re 4.36B).
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Figure 4.36: Effects ofB. serrata extracts on thrombin generation

Thrombin generation was assessed in recalcified. BRPPRP and buffer containing H15®, VBSE extract or
vehicle (DMSO/HEPES) as indicated were added th @adl of a 96-well microtiter plate and were tesfer their
ability to induce thrombin generationB) Effects of H15® and VBSE extract on collagen-icéd thrombin
generation. PRP was pre-incubated with H15® extMdBISE extract or vehicle for 15 min at RT and thion
generation was induced by collagen (2 pg/ml).Dataeapressed as mean (increase over unstimulaiiell €&.E.,

n= 3-4. One way ANOVA and Tukey HSD were perfornmdel< 0.05 or * < 0.01.

In summary, this data show that BAs depending enstinucture (e.g. the presence of the 11-
keto- and 39-acetyl moiety) differentially modulate platelet ysiology which is further
influenced by the nature of the platelet agonist #re relative content of 11-methylene- and 11-
keto-BAs inB. serrata extracts seemingly determines the overall effectptatelet functions.
Nevertheless, there are additional experiments etketb define responsible molecular
mechanisms in detail and to carefully evaluate ft@rmacological relevance of these

interactions.
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5 DISCUSSION

5.1 Identification and evaluation of molecular targ ets of boswellic acids

within the arachidonic acid cascade

5.1.1 Interaction of BAs with cyclooxygenases

Initial attempts to elucidate the molecular mechars underlying the anti-inflammatory
properties ofB. spec. extracts proposed 5-LO as a target of BAs becadséotmation was
blocked in cellular as well as in cell free assfg&-55]. Together with the fact that LTs play
pivotal roles in some inflammatory and allergicateans, it was generally accepted at that time
that inhibition of LT formation by interference Wwits-LO is the molecular basis of the anti-
inflammatory effects of BAs. On the other hand,ilion of the related enzymes COX-1 and
p12-LO by BAs has been excluded for a long timg.[BBorder to demonstrate the selectivity of
BAs for 5-LO, the authors addressed the effect8A$ on COX-1 and pl2-LO. However,
instead of using AKBA, the B-BA analogue lacking the 11-oxo moiety was utiliZed this
purpose [53, 280]. In fact, [ABA is a poor inhibitor of COX-1 (this study) antsa failed to
inhibit p12-LO [8]. Additionally, previous studieeported BA-induced release of AA from
human platelets but only 11-methylene-BAs (§d3A) caused further transformation to 12-
H(P)ETE [8] whereas 11-keto-BAs (AKBA) were hardiyfective. Indeed, AA-metabolism
forming the COX-1 product 12-HHT was neglected b¢BR. Hence, it is demonstrated that
AKBA is a potent blocker of COX-1 in intact humalagelets as well as of the isolated COX-1
enzyme. Interestingly, the effects of BAs on celtuCOX-2 product synthesis and isolated
COX-2 activity were only modest (k> 100 uM).At least in intact platelets, the 11leketoiety
plays a critical role for the interference with CQXproduct synthesis, but also thé@3acetyl
group seemingly governs the potency, since KBA segged COX-1 activity less efficiently.
Similar structure-activity relationships were ohssl before for other targets and biochemical
actions [8-10, 56]designating AKBA as the most potent BA-analogueonl these lines,
Poeckel et al. showed that p12-LO is potently inatbby AKBA, whereas the 11-methylene-
BAs rather stimulated this enzyme [8]. Interestngéhen the potencies of AKBA for inhibition
of p12-LO (IGo = 17 pM [8]), COX-1 (IGo = 32 uM) and 5-LO (I = 16 [54]) in cell-free

assays are compared, there are actually only slifi@iences apparent.
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For COX-1 inhibition, the efficacy of AKBA in intacells (IGo = 6 to 23 uM) was somewhat
higher than in cell free assays £{C= 32 uM). It is possible that AKBA, due to its hig
hydrophobicity accumulates in subcellular membrem@partments of platelets where activated
COX-1 resides. Moreover, in intact platelets, tiffecacy of AKBA depended on the stimulus
(e.g. thrombin vs. A23187), and AKBA was most eéfit to inhibit COX-1 when platelets were
activated by A23187 (I = 6 puM). It is not clear why BAs lacking the 11t&amoiety 3-BA
and A3-BA) fail to potently block COX-1 activity under ¢se conditions. Also for inhibition of
5-LO, AKBA was most potent in cells challenged b23487, whereaB-BA and A3-BA were
hardly efficient [53, 63] and this thesis. Possjlitye prominent increase in [€h evoked by
A23187 or A23187-induced alterations of membranaratteristics may govern the cellular
uptake and/or the interference of 11-keto-BAs W@thX-1 (5-LO).

Besides the inhibition of product synthesis, a diiaterference of BAs with COX-1 (but not
COX-2) could be visualized by the protein pull-dowpproach using immobilize@-BA or
KBA. Since the binding was reversed by AA or ibupmg it is assumed that BAs bind to the
active site of COX-1. In addition to COX-1, it walsown that p12-LO is efficiently precipitated
by KBA-Seph [8]. Therefore, AKBA can not be regatdes a selective inhibitor of 5-LO, since
it also almost equally well inhibits COX-1 and pll@, implying rather pleiotropic effects of
BAs on enzymes within the AA cascade. Moreover, Bé&se shown to inhibit the activity of
various CYP450 enzymes [19] that can also metabofid, leading to EETs [281]. Since
inhibition of COX-1 by AKBA was reduced by increagithe amount of AA, and since binding
of COX-1 to immobilized KBA is prevented by AA, AKB might be considered as a
competitive COX-1 inhibitor. Regarding the chemisaiucture, AKBA represents a lipophilic
(fatty) acid that may fit into AA-binding sites okspective enzymes. The docking results
confirm the interaction of BAs with COX-1 (withirhé AA-binding pocket). All four BAs
docked into the active site of COX-1, which miglet &chieved via van der Waals interactions
complemented with hydrogen bonds formed by the dwgror the acetyl-group with Tyr355
and Argl120. The interference with Arg120 is regdrds a common feature of NSAIDs [127].
The positive Chemscore values for the BAs indi¢aterable binding to the active site of COX-
1, even though they fail to explain the differé@, values measured. Noteworthy, the obtained
Chemscore values are smaller than for the co-dligstd structures BFL (and SC-558).
Relatively higher Chemscores were obtained for ingpabf the BAs to COX-1 over COX-2,
correlating with the rather poor inhibition of CQX-activity by BAs (IG, > 100 uM).
Collectively, the docking study suggests favordbialing of BAs to COX-1.

Finally, to estimate the pharmacological relevantehe interference of BAs with COX-1 a
whole blood experiment reflecting vitro conditions was applied. None of the BAs tested (50

HM) essentially suppressed COX-1 product formatiorhuman whole blood. It is widely
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accepted that the potency of NSAIDs for COX inhdritis influenced by their plasma protein
(mainly albumin) binding [282]. Since the amountfde drug is important for its inhibitory
activity the impaired efficacy of BAs may be duehigh albumin binding (also séel.2. While
AKBA is regarded as a competitive and reversiblelitor of COX-1, competition between free
drug (AKBA) and substrate (AA) for COX-1-binding ghit be influenced by unspecific protein
binding. In contrast, irreversible (aspirin) andvglreversible (indomethacin) inhibition seems to
be less affected by protein binding.

In conclusion, despite the long appreciated opirabout AKBA and its selectivity for 5-LO,
AKBA also interferes with COX-1, and as shown befdior other AA-metabolizing enzymes
(i.,e. p12-LO [8] and CYPs [19]. Comparative studiash well-recognized COX-1 inhibitors
revealed that AKBA is about equipotent to ibuproéem aspirin in COX-1 inhibition, at least in
cell-free assays and isolated intact cells. Theabitdry effect of AKBA is reversible, and
increased levels of AA as substrate for COX-1 impghe efficacy. Moreover, pull-down
experiments using purified or COX-1 of cellulargini and docking studies indicate a favourable
binding of AKBA into COX-1 active site. In contrastOX-2 activity was less affected by BAs
as compared to COX-1, and pull-down experiments@s as docking studies exclude strong
affinities of BAs towards COX-2. However, the faduof AKBA to essentially inhibit COX-1
activity under physiological mimicking conditionswitfole blood assay) questions the
pharmacological relevance of this interference ndigg the anti-inflammatory potential of

AKBA-containing preparations (i.e. frankincense).
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5.1.2 Interference of BAs with 5-lipoxygenase

As mentioned above, inhibition of 5-LO activity afatmation of LTs was long proposed to be
the major mechanism of BAs accounting for the aritammatory properties of frankincense
preparations [5, 53, 54]. The suppression of LTnfation by BAs or frankincense extracts was
analyzed so far only in cell-free assays or inasal leukocytes from rats or guinea pigs but
never in a physiological context (e.g. human whied assays or in humaimsvivo) or under
experimental conditions that consider pharmacobldiaelevant factors (i.e. plasma albumin-
binding). Therefore, the pharmacological relevaatéhe inhibition of 5-LO by BASn vivo is
unclear. This study provides a detailed analysithefinterference of the major natural occurring
BAs with 5-LO regarding mechanistic aspects of 5-li@ibition, and pharmacological
relevance of 5-LO as molecular target applying piggically relevant test systems. 5-LO
activity is modulated by several co-factors (liigdroperoxides, substrate concentration’*Ca
and phospholipids [268]) that often affect the poteof pharmacological 5-LO inhibitors [232,
283]. 5-LO inhibitors are categorized as redox-tymabitors, iron ligand-type inhibitors, and
nonredox-type 5-LO inhibitors [268]. AKBA lacks @midant and iron-chelating properties [54]
and was proposed to act directly on 5-LO at a adguwy and selective site for pentacyclic
triterpenes that is different from the AA-bindingtes Thus, binding of 4-azido-5odo-
salicyloylB-alanyl-11-keto-boswellic acid to 5-LO was suppdriey C&" (> 500 nM) but
reduced by AA (10 - 50 uM), suggesting that AKBAds 5-LO in an AA-competitive and
Cd*-depending manner [55]. However, attempts to Selgt precipitate 5-LO from PMNL
lysates using immobilized BAs failed [8].

This study revealed that AKBA and KBA were the mpstentp-configurated BA analogues
(ICs0 = 2.9 and 6.3, respectively) suppressing actiofthuman recombinant 5-LO but also the
a-configurated aBA significantly reduced 5-LO catalysis @€ = 15.3 uM). Concerning
essential factors regulating 5-LO activity, AKBAd&iKBA were more efficient at high AA
concentrations (20 uM), and also in intact PMNLp@ementation of excess of AA (20 uM)
rather improved the efficacy, excluding an AA-cortmpee mode of action and interference with
FLAP. Moreover, C& did not enhance the potency against 5-LO actibity even slightly
impaired it. Possibly, binding to 5-LO and inhibiti of 5-LO catalytic activity is conferred by
BAs at different sites of the enzyme. In fact, at$assical nonredox-type 5-LO inhibitors (e.qg.
ZM230487) may act at two different (AA-binding) ftkeon 5-LO with distinct affinities [283].
Finally, AKBA was less active in the presence of B@d when crude 5-LO irfE. coli
supernatants was analyzed, which is not readilyerstdod but at least indicates an interference
with the regulatory PC-binding C2-like domain ohet putative regulatory sites [189]. When

BAs were applied to cellular assays, using*@anophore stimulated human PMNLgvalues
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(3.2 and 8.8 uM for AKBA and KBA, respectively) veeslightly higher as observed in previous
studies (IGo = 1.5 and 2.8 uM) using PMNL from rats [53, 54jpeSies-related differences in
the susceptibility of 5-LO towards BAs are likelgsponsible, supported by the finding that
AKBA was even less potent in PMNL from guinea di88]. Also by using the human cell lines
MM6 and HL-60 higher 1g values for AKBA (12 and 15 uM, respectively, [SAere
determined. Parameters that influence the bio&gtofi test compound vivo (i.e. albumin-
binding) or stimuli like LPS plus fMLP mimicking g@ophysiological conditions in the body
[284], were applied to estimate the efficacy of Ba#s5-LO inhibitoran vivo. In assays using
human activated PMNL in the presence of albuminsBAd frankincense extracts were hardly
effective or completely failed to inhibit 5-LO agty. This property might account also for the
failure of BAs (i.e. AKBA and KBA) to inhibit 5-LOactivity in whole blood. Albumin is
abundant in plasma (30-40 mg/ml), and lipophiliedac(e.g. acidic drugs such as NSAIDs,
warfarin, tolbutamide) are known to be substantiddbund to serum albumin [282]. Such
(unspecific) protein-binding often impairs the pharcological activity of the respective drug in
whole blood assay as already shown for some LThegn inhibitors (e.g. MK-886) [186]. Also
BAs are lipophilic acids explaining the tight bindiof AKBA to albumin (> 95%) and the loss
of potency in the presence of albumin. Conclusivedbumin-binding might be mainly
responsible for the failure of AKBA and KBA to irii 5-LO product synthesis in whole blood,
congruent with the lack of suppression for COX-bduct formation in this assay. Moreover,
upon single administration of 800 mg frankincensteaet to human volunteers the LT Blasma
levels were not reduced [285]. Similarly, Wildfewsral. failed to demonstrate suppression of
LTB4 and LTG ex-vivo in A23187-challenged PMNL from guinea pigs treafep.) with 20
mg/kg acetyl-BAs [30] which might be related alspothe poor bioavailability of KBA and
AKBA [186].

It is unequivocal that BAs are direct inhibitors 1.0 with a mechanistically uniqgue mode of
action, influenced by 5-LO-modulating co-factorsdany experimental assay settings. 5-LO
products play pivotal roles in certain inflammatatigeases but the benefits of frankincense
preparations are unlikely based on the interfereicEl-keto-BAs with 5-LO. The role of LTs
in asthma and allergic rhinitis is well establishaad anti-LTs are successfully applied in
therapy. However, accumulating evidence excludepivatal role of LT in arthritis and
inflammatory bowel diseases [198, 286]. As higleetiveness of frankincense has been reported
for the treatment of Crohn's disease, colitis astbaarthritis [5], it is rather unlikely that the
interference with LT synthesis represents a resplansode of action.
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In particular, the fairly low plasma levels of 1#&tk-BAs € 0.3 pM) obtained after oral
administration of frankincense accompanied by #t& bf reduction of LTBplasma levels, and
the failure of 11-keto BAs to inhibit 5-LO produfirmation in whole blood raises serious
doubts about the pharmacological relevance of Grltbition by BAs as underlying molecular

mechanism of the anti-inflammatory properties ahkincense.

5.1.3 Interference of BAs with the microsomal Prostaglandin E; synthase-1

PGE is a key player in inflammation and pain, and itiducible, COX-2-coupled mPGES-1 is
regarded as a potential target for the developraganti-inflammatory therapeutics [172]. The
identification of MPGES-1 as a molecular targeBéis in this study provides evidence for a
functional interaction off-BA with mPGES-1in vivo which may contribute to the potent anti-
inflammatory effectiveness of administered frankimge preparations.

First of all, mMPGES-1 selectively bound to immatell BAs in a pull-down assay, and SPR
spectroscopy data confirm such direct interactidme pull-down approach using immobilized
BAs selectively precipitate mPGES-1 from A549 lgsaas well as captured purified mPGES-1
from an incubation mixture containing. coli proteins. Thisconfirms the suitability of this
experimental strategy for target identification BAs as previously demonstrated. SPR-based
biosensors such as BlAcore® are widely used tarohte biomolecular interactions in real time
without labeling requirements [287], including dirdinding of small molecules (e.g. BAS) to
macromolecular targets (e.g. mPGES-1) [252]. Unfaately, inconsistent binding patterns were
obtained by using naturally occurring BAs as aralpresumably due to their high lipophilicity
and thus, concentration-dependent aggregation marsioichiometric binding behavior [288].
Even extensive changes of assay conditions fadeonprove the quality. Hence, BlAcore®
experiments were conducted using the more hydrigpsyinthetic BA analogue ox-KBA. The
SPR-based ligand-analyte studies revealgdvflues of 5.2 to 13 uM for ox-KBA, which fit
well with the IGo value (5 uM) of ox-KBA in the mPGES-1 cell-freesag, suggesting a direct
relation between binding (measured by SPR) andfamence with the catalytic activity of
MPGES-1. It was demonstrated that natural occuBifg (i.e. AKBA, KBA, andp-BA) at low
micromolar concentrations inhibit mPGES-1-medid®&E, formation in cell-free assays. BAs
concentration-dependently block P&Riosynthesis in intact cells as well but were sohme
less potent under these conditions. It should echthat BAs (up to 100 uM) failed to reduce
the formation of the COX-2-derived product 6-ketGHr, in a cellular assay and hardly
inhibited the activity of isolated COX-2. Conclusly, suppression of cellular P@B&iosynthesis

is the result of the interference with mPGES-1heathen with COX-2. In particul@-BA, the
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major BA present in frankincense reaching the hsgiptasma levels (up to 10 uM) among the
BAs in frankincense-treated humans [7], suppre$¥@& formation in human whole blood at
physiological relevant concentrations. Importanggneration of the COX-2 derived metabolite
6-keto-PGhy, was not affected under the same conditions anthuital effects on COX-2 or
MPGES-1 expression patterns were also excludethidnrespect, the failure of 11-keto-BAs
might be related to strong albumin-binding as olegbefore. Notably, complete suppression of
PGE formation could not be achieved ByBA up to 100 uM. Similar results were obtained for
the mPGES-1 inhibitor MK-886. In contrast, the stlee COX-2 blocker celecoxib was more
efficient but also basal PGHevels remain detectable which is probably dutgheéocontribution

of COX-1 and other PGES [289].

Moreover, at a dose of 1 mg/kg (i.pB}BA reduced the inflammatory reaction in twovivo
models of inflammation, carrageenan-induced mouaw gdema and rat pleurisy being
equipotent to 5 mg/kg indomethacin. During carrageeinduced edema formation, PQ&vels
are significantly elevated [273, 290], and COX-bitors prevented the inflammatory response
[291]. Results from previous studies using theageenan-induced paw edema (rat or mouse)
and i.p. application of undefined mixtures of BAsncur with data obtained in this study,
although much higher doses (e.g. 125 mg/kg) weed us the studies performed by Singh et al.
[4, 292]. Also in the early phase of carrageenauoed pleurisy PGRplays a central role [293,
294]. Intriguingly, in the pleurisy model, exudafesm -BA-treated animals showed significant
lower PGE levels whereas the formation of 6-keto-RgRnd LTB, was not significantly
altered. Moreover, eicosanoid formation in exuddtesn AKBA-treated animals remained
unaffected reflecting the inability of AKBA to redet PGE in human whole blood. Because
suppression of PGEformation is the major anti-inflammatory mechanigiNSAIDs (like
indomethacin), lowering PGEDby inhibition of mPGES-1 may contribute to the iant
inflammatory properties op-BA. As observed in whole blood experimenfsBA was less
potent compared to indomethacin to reduce PIB#els, but still efficiently suppressed exudate
formation and infiltration of inflammatory cellsygporting the idea that other anti-inflammatory
features of-BA invivo such as inhibition of cat G [227] may still coogter.

In contrast to others, this study propofeBA as the most relevant anti-inflammatory BA that
may act via inhibition of PGE formation. Clinical studies with pilot charactemndicate
therapeutic efficacy of frankincense mainly in OAdaRA [5, 41]. As mentioned above,
extensive studies using 5-LO inhibitors or FLAPideht mice exclude a role of LTs in OA or
RA [198, 286]. On the other hand, in the pathoptiggly of both OA and RA, PGHs a key
mediator, accounting for typical symptoms of th@stammatory diseases [295], which also
rationalizes the frequent therapeutic use of NSABGES-1 is a crucial enzyme in massive
PGE formation from COX-2-derived PGHand both COX-2 and mPGES-1 are co-ordinately
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unregulated at sites of inflammation [296]. In pats suffering from RA or OA, a pivotal role
for mMPGES-1 was demonstrated [148, 297, 298] ama flam animal arthritis models support
the functionality of mPGES-1 in inflammatory joindiseases [165, 272, 273]. The
pharmacological intervention with mPGES-1 in ther#py of PGEmediated disorders is
proposed to be a potential alternative for NSAIDg &oxibs [172, 299] supported by results
from recent studies on mPGES-1 KO mice where aaradge of the gastric and cardiovascular
safety versus mice lacking COX-1 or COX-2 (or miceated with unselective NSAIDs or
coxibs, respectively) was evident [166, 300]. Ietfahe selective mPGES-1 inhibitor MF63
(ICs0 = 1 nM) [162] relieved fever and inflammatory pamanimal models but did not cause
NSAID-like gastrointestinal toxic effects [301]. témestingly, BAs showed gastric ulcer
protective effects in different experimental mod@&s], and a 90-day double blind, randomized,
placebo-controlled study supports evidence forstiety of aB. serrata extract in OA patients
accompanied by significant improvement of the disdd1].

Hence, one may speculate that the beneficial affetfrankincense preparations observed in
clinical studies and animal models of OA and RA @alated to the intervention @tBA with
PGE synthesis due to direct inhibition of mMPGES-1. ISapeculations are favored by the close
correlation between steady-state plasma levelsBA (6.35 to 10.1 pM) in humans obtained
after oral administration of frankincense preparati and the effective concentrationspeBA

(> 3 uM) to suppress PGEsynthesis in human whole bload vitro accompanied by its

substantial anti-inflammatory potentialvivo.
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5.2 Boswellic acids differentially modulate platele t physiology

The functional properties and the potencies ofAs depend on their structure, in particular on
the absence or presence of the 11-keto group,naleed, AKBA is frequently the most effective
analogue [8-10, 56], although in some instances Xheanethylene-BAs possess superior
efficacy, depending on the target/effect and ogiet[8, 64, 77, 80]. Previously, it was shown
that 11-methylene-BAs augmented fain human platelets depending on IP3/PLC and Src
kinase signaling pathways and initial analysis reiga functional platelet responses (platelet
aggregation and thrombin generation) were undemtakgpporting rather agonistic properties of
11-methylene-BAs [64]. In this respect, 11-keto-B#sere hardly effective. Because of the
cardiovascular and inflammatory risk evoked by Haration in the character and function of
platelets [302], the present study addressed feetsfof 11-keto- and 11-methylene-BAs as well
as two differenB. serrata extracts on agonist-induced platelet physiology.

First of all, experiments using the typical platelgonists collagen, U-46619 and thrombin [205]
revealed that BAs, depending on their structure-kigitb group and/or 8-acetyl group),
differentially modulate [C&]; which is further influenced by the nature of aganiKBA
suppressed Gamobilization induced by collagen or U-46619 witmast equal potencies (4&

= 6 and 8 uM), but not when thrombin was used asnaulus. Since both agonists use rather
distinct signaling pathways to elicit €anobilization (see below) it is not immediately pots

to relate the effects of AKBA towards one commomyéh Besides AKBA, als@-BA reduced
U-46619- and collagen-induced Tanobilization, though less efficient €= 18 and 23 pM,
respectively). This result was actually quite sisipg, since 11-methylene-BAs themselves
cause a transient increase of {Qian platelets (this study and [64]). Such a tramisiecrease of
[Ca™]i could probably desensitize platelets by unspeeifitons (e.g. depletion of intracellular
Cd" stores) and thus, be the reason for the subsetpileme of C&" release evoked by a second
agonist. In fact, elicitation of G& mobilization by U-46619 and subsequent stimulatisn
platelets with collagen or thrombin partially preted the effects of these agonists but were
slightly less pronounced as in the case of BAs. ®aeld expect that KBA, containing an 11-
keto moiety or B-BA, possessing a @-acetyl-group should be more potent thaBA.
However, KBA caused no suppression at all but rahhanced the signals induced by all
agonists and B-BA was less effective than AKBA @-BA. Thus, it is conceivable that AKBA
and B-BA act at different targets which both leading soppression of Ga mobilization.
Together, BA-modulated shomeostasis in platelets seems to be rather conapigso far the
puzzling effects could not be related to a discnetdecular basis.

Since elevation of [Gd]; is a determinant for aggregation of washed pled204, 205] the
prominent antagonistic properties of AKBA were sdbgd to their impact on agonist-evoked
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platelet aggregation. Effective concentrations &€BA (< 1 pM) significantly antagonized
collagen-induced platelet aggregation. AKBA wasslestent to suppress platelet aggregation
induced by U-46619, and when thrombin was useddokesthese responses, AKBA failed at all.
KBA (30 uM) only marginally affected platelet aggegion elicited by collagen. Apparently, the
3-O-acetly group and the 11-oxo moiety present in AKEAder this BA a potent inhibitor of
collagen-evoked platelet aggregation implying ttefined structure-activity relationships exist
excluding unspecific effects of AKBA in this cagdong these lines, the effects of two separate
B. serrata extracts, considered to contain distinct amouhtsleketo- and 11-methylene-BAs on
platelet activation were determined. The relatieenposition and content of 11-keto- and 11-
methylene-BAs in these extracts determine theirrallvdeneficial (platelet suppressing) or
detrimental (platelet activating) effectivenessweo concentrations of AKBA were sufficient to
suppress collagen-evoked aggregations{lk€1 uM) as compared to those required to inhibit
C&* mobilization (IGo = 6 pM). Moreover, AKBA was about equipotent farppression of
Cd" release in response to U-46619 as compared tagewl] but U-46619-evoked aggregation
was hardly affected by AKBA (l§s = 25 puM). Therefore, the inhibitory effects of ABKon
agonist-induced G4 mobilization and on aggregation also might be s&pd. It is possible that
already a minimal impairment of [E% as in the case of collagen is sufficient to sultiify
affect aggregation. Presumably, AKBA targets a congnt(s) pivotal in the signal transduction
of collagen (and U-46619), which apparently is disgable for thrombin-induced pathways
leading to C& mobilization and platelet aggregation. It should boted that the signal
transduction pathways of collagen and U-46619 anee gistinct and, at least in part, utilize
different types of signaling molecules. U-46619dsirGPCRs and signals vig{®roteins and
PLCB to rapidly release of Gafrom IPs-sensitive stores and platelet aggregation depend3
stimulation by ADP an other released granule cdstef218]. Collagen mainly binds
glycoprotein VI and slowly allows G&entry via Src family kinase/Ply2-mediated pathway
[223] and evokes full platelet activation. Prelimuip analysis of the phosphorylation status of
collagen-activated platelets showed that AKBA ewagrigher concentrations (30 pM) slightly
suppressed collagen-induced phosphorylation off&miliy kinase and PL{Z2 and was less
active compared to the selective Src family kinedebitor PP2. Note that collagen-induced
platelet activation through GPVI and subsequentattdon of PLG/2 is considered to depend
also on bruton’s tyrosine kinase-mediated phosdttoy [303]. This might be one explanation
for the rather moderate effect on collagen-indueé€y2-phosphorylation by AKBA in these
experiments.

In addition, the previously reported dependenc€af mobilization of 11-methylene-BAs on
Src-family kinase-/PLC-mediated pathways [64] wateeded to platelet aggregation. Bofh,
BA and A3-BA significantly (EGo < 10 uM) evoked platelet aggregation which was seesio
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unselective PLC blockade (U-73121) as well as tectige Src family kinase inhibitors SU6656
and PP2. In parallel to platelet activation an éase of tyrosine phosphorylation is apparent
[278] and such effects were observedaBA, being equipotent to collagen. Preincubatiothwi
PP2 partially underlined the role of Src-family &se for 3-BA signaling but additional
experiments remains to identify the accurate madedasis.

Because thrombin is the major trigger for stablgggbrmation and functions as a potent platelet
activator it was challenging to examine the impaifcplatelet-modulating agents on thrombin
formation [304]. 11-methylene-BAs themselves stigragnd concentration-dependently induced
thrombin generation which concurs with previoudiings [64]. Moreover, they potentiate the
effect of collagen- and U-46619-induced thrombimegation, accounting for a rather pro-
thrombotic potential [305]. In contrast, thrombiangration itself or agonist-induced thrombin
formation was not essentially altered by 11-ketosBBespite the prominent role of [Epas an
important signaling step modulating various platedsponses (aggregation, thrombin formation,
granule secretion), also €dndependent mechanisms in platelets exist. Th4< Pathways
[306, 307] or PI3K transduction have been demoteiréao participate in platelet activation
while [C&"]; was absence [308]. It is feasible that such mesh@nimay account for the
puzzling effects in BA platelet signaling.

In summary, depending on their structurally vari@ys differentially modulate platelet
physiology. While 11-metylene BAs (in particul@rBA) mainly mediated platelet activation
reflected by pronounced Ga mobilization, platelet aggregation and thrombimeyation, 11-
keto-BAs showed rather alleviative effects. In tregard, the efficient and selective inhibition
on collagen-induced platelet aggregation by AKBAfigarticular interest. At least some of the
effects observed, were evoked by concentratio®Aaf which could be physiologically relevant
after oral intake of substantial amounts of adegjfrainkincense preparations. In this respect, the
versatile properties of isolated BAs could be tfamed to two distinctB. serrata extracts
differing in their total amount of 11-methylene-datl-keto-BAs. Conclusively, the overall
pharmacological actions on platelets evoked bytedl BAs or frankincense preparations should

be taken into account when administering them tepés.
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6 SUMMARY

Extracts ofBoswellia species (B. spec.) gum resin have been traditionally used for ceesun
the folk medicine of India and China to treat inflmatory disorders, and also immunmodulatory
and anti-cancer properties were reported. Sinae tlsea growing demand in the western society
for natural- and especially plant-derived remediks,scientific community initially focused on
frankincense in the early seventies and expandeid skudies in the late eighties until today.
Promising beneficial results were obtained in pittihical trials, demonstrating efficacy of
diverse frankincense preparations in asthma, odkeds and inflammatory bowel diseases.
Today, only one approved medicine derived fidnserrata gum resin is available on the market
(H15® Gufic), and its distribution is restricted hadia and a part of Switzerland. Based on the
assumption that boswellic acids (BAs) are the nmiarmacological principles of frankincense
extracts, numerous studies were carried out toddtee molecular and cellular mechanisms of
BAs responsible for the anti-inflammatory potentidlfrankincenseapplied in humans. Most
studies focused on AKBA or KBA as pharmacologiaah@ples and several targets including 5-
lipoxygenase (5-LO), platelet-type 12-LO, humankimyte elastasexB kinases, cytochrome
P450 enzymes and topoisomerases have been profmaetheir interactionn vivo has been
largely neglected. Thus, the pharmacological relegaof the interference of BAs with these

targets is still unclear.

Following this line, the present work describes idhentification of novel molecular targets of
BAs and evaluates the interference with importaey kplayers involved in inflammatory
processes. The protein fishing technique, usinghaaBinity matrix, identified cyclooxygenase
(COX)-1 as a molecular target of BAs. Subsequenttional analysis revealed AKBA as a
potent inhibitor of COX-1 product formation in humalatelets (IGo 6 - 17 uM) as well as of
the isolated enzyme. In contrast, 11-methylene-Biis. 3-BA and A3-BA) and related
pentacyclic triterpenes such asamyrin were virtually inactive. The mode of intibn by
AKBA was reversible and most likely competitive. réer characterizations favored direct
binding of AKBA to the active side of COX-1 and é&xded strong interference with COX-2.
Interestingly, switching from cellular assays tormphysiological conditions (i.e. whole blood
experiments) strongly impaired COX-1 inhibition bQAKBA, indicating a limited

pharmacological relevance of this interaction.
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The knowledge about the proposed interaction ofDbwith BAs was incomplete and therefore
suppression of leukotriene (LT) biosynthesis as @enular basis for the anti-inflammatory
potential of BA-containing preparations was re-aaédd. So far, studies analyzed suppression
of LTs only in cell-free assays or in neutrophiisn rats (but not human cells) and these studies
partially ignored the complex regulation of 5-LO thee inclusion of important physiological
parameters (i.e. albumin binding or whole bloodagss Among the natural occurring BAs
tested, AKBA and KBA were most potent to suppresisOb product formation in human
neutrophils as well as the activity of isolated 6-lith ICso values of 2.8 - 8.8 uM. Again, 11-
methylene-BAs were hardly effective g 30 uM) but for the first time an inhibition ofTL
formation fora-BA (ICso = 15.3 -23.1 uM) was demonstrated. Factors infliuren5-LO activity
(i.e., C&", phospholipids, substrate concentration) were shmwmodulate the potency of 11-
keto-BAs to inhibit 5-LO. High substrate concentras improved the efficacy of AKBA and
KBA towards 5-LO, while the presence of®aeems to be negligible. An impaired potency of
11-keto-BAs was observed when phospholipids (hesphatidylcholine) were present or crude
5-LO in supernatants &. coli was analyzed. The most interesting observatighigstudy was
the failure of 11-keto-BAs to suppress 5-LO prodtmtmation in test systems that reflect
physiological conditionsn vivo such as inclusion of albumin in neutrophil incudas or in
human whole blood assays, presumably caused bysixéebinding of AKBA to albumin (>
95%). Moreover, oral administration of frankincems#racts to human healthy volunteers failed
to reduce LTRB plasma levels. Together, this data show that BA\pdrticular 11-keto-BAs) are
direct 5-LO inhibitors that efficiently suppresd.& product synthesis in comman vitro test

models but the pharmacological relevance of sutarfarencen vivo seems questionable.

Turning the focus again to prostanoids, it was destrated that BAs concentration-dependently
blocked prostaglandin (PGyEsynthesisin vitro and in vivo. PGE is a key player in the
pathophysiology of many inflammatory disorders (etlgeumatoid arthritis, osteoarthritis, pain,
fever) and the beneficial effects of NSAIDs areeesslly due to suppression of P&GE
formation. First of all, the suitable applicatiohtbe fishing construct indicated an interaction of
BAs with mPGES-1 derived from crude A549 cell lgsatDirect interference was confirmed by
additional fishing experiments, using isolated mBGEin surface plasmon resonance (SPR)
analysis. The SPR-based ligand-analyte studies twéhsynthetic derivative @-oxaloyl-KBA
revealed a K in the low micromolar range which fairly well cetates with the Ig (5 uM) in

the mPGES-1 cell-free assay. Potent concentraipesntent suppression of conversion of
PGH, to PGE in the cell-free assay was demonstrated for AKBZs{= 3 uM),[3-BA (IC50=5
uM) and KBA (IGo= 10 pM). A3-BA was less active and-amyrin completely failed in this

respect. BAs also reduced formation of BGE cellular-based assays, although higher
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concentration were needed as in cell-free expetsng@so = 20 puM). In human whole bloo@;

BA remarkably prevented lipopolysaccharide-induP&kE, formation at 10 uM by almost 50%,
whereas all other BAs tested were virtually inaetidotably, the required concentration for
BA to provoke this effect is in the range of aclaikle steady-state plasma levels in humans (6.4
to 10.1 uM) after oral administration of medicaarfkincense preparations, thus implying a
physiological relevance of these findings. A deemntal effect on the formation of the COX-2-
derived metabolite 6-keto-P@Fin human whole blood experiments ByBA was excluded,
underlying the selectivity of the interference withPGES-1. Finally, intraperitoneal (i.p.)
administration of low-dos@-BA (1 mg/kg, compared to 5 mg/kg indomethacin)ueztl the
development of carrageenan-induced paw edema & asievell as pleurisy in rats, accompanied
by substantially reduced PGEevels but without significant effects on 6-ketGR, and LTB,
formation. In this regard, no significant effecty BKBA (i.p. 1 mg/kg) were observed.
Conclusively, the selective interference BBA, as a major ingredient of frankincense, with
MPGES-1 is very likely to contribute to the anflammatory effectiveness and provides a solid

biochemical basis for the beneficial effects ohkimcense in the treatment of inflammation.

Since previous studies indicated that 11-methyAs-stimulate platelets, the effect on platelet
physiology by all3-configurated BAs from frankincense was investidate more detail. BAs
lacking the 11-keto moiety (i.§3-BA and AB3-BA) were found to be platelet activators in a
concentration-dependent manner, displayed by raba&mobilization, platelet aggregation and
thrombin generation. The effective concentratiorsrenvdetermined at 3-10 puM. Here, it is
shown, that3-BA induces platelet aggregation which partiallyotves Src kinase familiy as
putative signaling transducers towards phosphadipd@®.)C and potentiates agonist-evoked
thrombin formation. SurprisinglyB-BA was also able to impair &amobilization when U-
46619 was used as agonist and to a minor extert pla¢elets were challenged with collagen.
In contrast, 11-keto analogues (i.e. AKBA and KB#)owed rather “silencing” effects on
platelet physiology. They are poor inducers of ‘Gaobilization and essentially failed to evoke
platelet aggregation and thrombin formation. Int,fachen collagen was used as a stimulus for
platelet activation pronounced antagonistic propertof AKBA were demonstrated.
Remarkably, AKBA exerted a prominent detrimentafeef on collagen-induced platelet
aggregation (I < 1 uM). Attempts to elucidate putative interactipartners or signaling
pathways point to the Src kinase family/RPCoute. In addition, the effects of tvi® serrata
extracts containing different amounts of BAs ortgiit functions were investigated.

Together, one may conclude that 11-methylene-Bisusite platelet biochemistry and induce

select platelet functions whereas 11-keto-BAs pnewaetivation of human platelets. In view of
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the low effective BA concentrations necessary talotate platelet physiology, these findings

might be of pharmacological relevance for patieqglying frankincense preparations.

In summary, the data presented in this work prowddbstantial additional information about
BAs and their effects on molecular and cellularea$p of inflammatory processes. Therefore,
the object of research was focused on enzymesniti@ arachidonic acid cascade and platelet
physiology. Detailed investigations yielded newighss on the influence of BAs on intracellular
signaling and functional characteristics of platléApplication of the BA-fishing construct
discovered two novel molecular targets of BAs, ngn@OX-1 and mPGES-1. Moreover,
extensive functional analysis considering imporgamgsiological parameters critically examined
the interference of BAs with COX enzymes, 5-LO an®GES-1 in view of theifn vivo
relevance and the findings rather exclude suppmessi COX and 5-LO product formation as
responsible anti-inflammatory mechanisms. In féog interference of-BA with mPGES-1,
lowering pathophysiological PGHevels in vitro and in vivo represents a more reasonable
molecular basis contributing to the anti-inflamnrgtpotential of BA-containing frankincense

preparations in humans.
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7 ZUSAMMENFASSUNG

Die traditionelle Phytomedizin in Indien und Chin@rwendet bereits seit Jahrhunderten
Extrakte verschiedener WeihrauchspezieB. (spec.) zur Behandlung entzindlicher
Erkrankungen. Daruber hinaus finden sich Berichdée eine immunmodulierende und
anticancerogene Wirkung vdh spec. beschreiben. Nicht zuletzt wegen der stetig waulese
Nachfrage und Akzeptanz hinsichtlich pflanzlicher rzAeimittel beschéftigen sich
Wissenschaftler bereits seit Uber 30 Jahren mithvdach. Neben den empirischen Daten
lieferten initiale klinische Studien aussichtsre@ichErgebnisse, die eine Wirksamkeit
verschiedener Weihrauchextrakte zur BehandlungAgihma, Osteoarthritis und entziindlichen
Darmerkrankungen indizieren. Bis heute ist jedoalr ein ausB. serrata gewonnenes
Weihrauchpraparat (H15® Gufic) als Arzneimittel @thch, dessen Zulassung sich allerdings
auf Indien und einen Kanton in der Schweiz besdtiran

Auf der Annahme basierend, dass Boswelliasaurens)B#ie pharmakologisch relevanten
Wirkstoffe von Weihrauchextrakten darstellen, wueiiee Vielzahl pharmakologischer Studien
zur Klarung molekularer bzw. zellularer Wirkmechamen von BAs durchgefuhrt. Mit Hilfe
dieser Daten sollte eine rationale Basis fur digsGmen Effekte von Weihrauchextrakten im
Menschen geschaffen werden, die eine effektivesicitere Therapie mit Weihrauchpraparaten
oder einzelnen definierten BAs in Aussicht stélie Mehrzahl der Untersuchungen fokussierte
sich nahezu ausschlief3lich auf die Effekte von AKBder KBA und es wurden molekulare
Wechselwirkungen mit 5-Lipoxygenase (5-LO), PlagciTyp 12-LO, humaner Leukozyten
Elastase, 4B Kinasen, Topoisomerasen und Cytochrom P450 Enaymestuliert. Eine
Beurteilung dieser Interaktionen unter physioloiselevanten Versuchsbedingungen ist bisher
stark vernachlassigt worden und im Hinblick auf die T. sehr hohen benétigten
Hemmkonzentrationem vitro und den relativ niedrigen Plasmaspiegel von BAshamit eine
pharmakologische Relevanzvivo fraglich.

Vor diesem Hintergrund beschreibt die vorliegendbek die Identifizierung neuer molekularer
Targets von BAs und untersucht die Beeinflussungitraker Komponenten innerhalb
entzundlicher Prozesse. Durch den Einsatz einddd®ui-Verfahrens, welches sich eine BA-
Affinitatsmatrix zu Nutze macht, gelang die Ideizigrung der Cyclooxygenase (COX)-1 als
molekularem Bindungspartner von BAs. Die sich aheBlende funktionelle Charakterisierung
dieser Interaktion bestatigt AKBA als einen potenttnhibitor der zellularen COX-1
Produktbildung (IGy 6-17 uM) sowie der katalytischen Aktivitat deslisden Enzyms. 11-
Methylen-BAs und strukturverwandte pentazyklischréefpene wie z.Ba-Amyrin hingegen

weisen keine oder eine nur auferst geringe Aktiai# (IGo >> 50 uM). Mechanistische
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Studien zeigen fir AKBA eine reversible und von deubstratkonzentration abhangige
Hemmung, die sich mit dem Profil des bekannten CGMemmers Ibuprofen vergleichen lasst.
Zusatzliche Untersuchungen belegen eine direkteuBig von AKBA im aktiven Zentrum der
COX-1 und schlieRen eine maf3gebliche Interfererizder COX-2 aus (1§ >> 50 uM). Eine
Variation der experimentellen Bedingungen von #&tkn zu mehr physiologischen Systemen
(wie .z.B. Vollblutassays) hat eine drastische Madarung der COX-1 Inhibition durch AKBA

zur Folge, was die pharmakologische Relevanz dreséekularen Wechselwirkung limitiert.

Die postulierte Interaktion der 5-LO mit BAs istilteeise unvollstandig untersucht worden.
Deshalb wurde in dieser Arbeit die Hemmung der LlidsBnthese als molekularer
Wirkmechanismus BA-haltiger Praparationen re-eeatuiDie bislang durchgefiihrten Studien
analysierten die Suppression der LT-Bildung nurzeillfreien Systemen oder in isolierten
Neutrophilen von Ratten (kaum jedoch in menschhchellen). Weiterhin wurde die komplexe
Regulation der 5-LO sowie die Berucksichtigung pblpgischer Versuchsparameter
(Proteinbindung oder Vollbluttestsysteme) in diesgtudien stark vernachlassigt. In der
aktuellen Untersuchung wurde gezeigt, dass vonnadgiirlich vorkommendef-konfigurierten
BAs vor allem AKBA und KBA (11-Keto-BAs) die 5-LO rBduktbildung in menschlichen
Neutrophilen sowie die Aktivitdt humaner rekombiteans-LO mit I1Gy, Werten von 2,8 - 8,8
KM hemmen. BAs ohne 11-Keto-Funktion zeigen deuttichwéachere Wirksamkeit (6> 30
pUM). Darliber hinaus konnte zum ersten Mal eine Hangrder zellularen und zellfreien 5-LO
Aktivitat fur eine a-konfigurierte BA, a-BA (ICso = 15,3 - 23,1 uM) gezeigt werden. Des
Weiteren wurde fiir Faktoren, welche die 5-LO Ak#ti modulieren (Cd, Phospholipide,
Substratkonzentrationen) eine Beeinflussung aufldiketo-BA-vermittelte 5-LO Inhibition
demonstriert. Hohe Substratkonzentrationen verbessie Wirkstarke von AKBA und KBA,
wobei die Anwesenheit von &anur einen marginalen Einfluss ausiibt. Eine deutlic
verminderte Potenz fir AKBA und KBA wurde in der geawart von Phospholipiden
(Phosphatidylcholin) und bei AktivitatsbestimmungerE. coli Uberstanden hinsichtlich der 5-
LO Produktbildung festgestellt. Die wohl auffaliglBeobachtung in dieser Studie war, dass 11-
Keto-BAs nicht in der Lage sind, die 5-LO Produldbing unter physiologisch relevanten
Testbedingungen (wie z.B. in der Anwesenheit vobualin im zellularen System oder in
Vollblutassays) zu vermindern. Eine hinreichendkl&ung fur dieses Phanomen wurde in der
starken Bindung von AKBA an Albumin (> 95%) gefundéufRerdem konnte gezeigt werden,
dass die orale Applikation eines definierten Waikteextraktes (800 mg/Tag) bei gesunden
Probanden nicht zu einer Reduktion von LLABasmaspiegeln fuhrt.

Zusammenfassend liefern diese Ergebnisse klare éfsendarauf, dass es sich bei BAs (im
Besonderen 11-Keto-BAs) um direkte Inhibitoren 8drO handelt, die in standardisierteam
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vitro Testmodellen eine effiziente Hemmung der 5-LO Bktloildung hervorrufen. Allerdings,

ist eine pharmakologische Relevanz dieser Intevakt vivo sehr fragwurdig.

Interessanterweise konnte eine BA-vermittelte kotraéionsabhdngige Hemmung der
Prostaglandin (PG)E Synthesein vitro und in vivo ermittelt werden. PGEnimmt eine
Schlusselrolle in der Pathophysiologie vieler enttither Zustande (wie z.B. rheumatoider
Arthritis, Osteoarthritis, Schmerz und Fieber) eumd die nutzbringenden Effekte
nichtsteroidaler Antiphlogistika in der Therapie lcb®@r Krankheitszustande kommt im
Wesentlichen durch eine Reduktion der BGHldung zustande. Zunachst indizierte die
Anwendung der Pulldown-Methode in A549 Zelllysatdie mikrosomale PGE Synthase
(mPGES)-1 als molekularen Bindungspartner von Bé&s] die Bestatigung einer direkten
Interaktion zwischen BAs und isolierter mPGES-1aggl anschlielRend mittels Oberflachen-
Plasmon-Resonanz Spektroskopie (SPR). Die SPR-Bgsdtudien mit dem synthetischen
Derivat 30-oxaloyl-KBA ergaben I Werte im unteren mikromolaren Bereich (5-13 pMylun
korrelieren mit dem Ig Wert (5 uM) der in einem zellfreien mPGES-1 AKiisassay ermittelt
wurde. Eine potente konzentrationsabhangige Sugipresler katalytischen mPGES-1 Aktivitat
in einem zellfreien Testsystem wurde fur AKBA 4G 3 uM),3-BA (ICs0=5 pM) und KBA
(ICs0= 10 uM) nachgewiesen, wohingegefi-BA (ICso> 30 uM) deutlich schwacher aktiv und
das strukturverwandte pentazyklische TriterpeAmyrin (IC5o> 100 puM) praktisch unwirksam
war. Die zellulare PGEBIildung wird ebenfalls von BAs (AKBAB-BA und KBA) reduziert
(ICs0 = 20 uM), obwohl héhere Konzentrationen zur Intmini benétigt werden als im zellfreien
System. In Vollblutexperimenten zei@tBA (10 uM) ein erhebliches inhibitorisches Potahti
und supprimiert die Lipopolysaccharid-vermitteltéSE2 Bildung um 50%. Alle anderen
getesteten BAs waren praktisch unwirksam. Beacihterisist, dass die zur PGEemmung
bendtigte Konzentration vo-BA im Rahmen erreichbarer steady-state Plasmasipiegivo
(6,4 — 10 pM) liegt und der Befund der PGEemmung physiologische Relevanz aufweist. Wie
bereits in zellfreien und zellularen Experiment@zaigt, konnte auch im Vollblut ein Einfluss
auf die COX-2-vermittelte 6-Keto-PGfSynthese durcB-BA ausgeschlossen und dadurch die
Selektivitat der Wechselwirkung mit mPGES-1 untezken werden. Schlussendlich reduziert
die intraperitoneale (i.p.) Applikation vditBA (1 mg/kg) die Entwicklung eines Carragenin-
induzierten Pfotchentédems in der Maus sowie eingstBrllentzindung in der Ratte. Dabei
wurden signifikant verminderte PGEevel im Brustfell-Exsudat der Ratte festgesteliihrend
eine wesentliche Veranderung der gebildeten 6-k&&H,- sowie LTB,-Mengen ausblieb.
AKBA (i.p., Img/kg) war in diesem Zusammenhang higktiv.

Zusammenfassend implizieren diese Daten, dassetigktive Interaktion vorf3-BA mit der

MPGES-1 eine signifikante entzindungshemmende Potamweist und somit einen
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molekularen und pharmakologisch relevanten Wirkraa@mus darstellt, der unter anderem
einen wesentlichen Beitrag zur Klarung der Mechaeis der anti-inflammatorischen Effizienz

von Weihrauchextrakten liefern kann.

Da initiale Studien in Thrombozyten auf stimuliederEffekte von 11-Methylen-BAs hinwiesen,
wurden in der vorliegenden Arbeit die Einflisse dar Weihrauch vorkommendef-
konfigurierten BAs auf physiologische Prozesse mend@hrombozyten im Detail analysiert. In
diesen Experimenten konnte gezeigt werden, dassdBAs 11-Keto Funktion3¢(BA und AB-
BA) grundsatzlich als Aktivatoren einzelner zelhgld Funktionen aufzufassen sind und
konzentrationsabhangig eine  “Galobilisierung, Thrombozytenaggregation und
Thrombinbildung induzieren (Eg> 3 uM). Mit Hilfe pharmakologischer Inhibitoren kate bei
der B-BA-vermittelten Aggregation humaner Thrombozyteimee partielle Beteiligung der
intrazellularen Signaltransduktionskette Src Kim#B&C festgestellt werden. Interessanterweise
war B-BA ebenfalls in der Lage, die U-46619- und Kollageduzierte C&-Mobilisierung zu
verringern. Im Gegensatz zu 11-Methylen-BAs verchisa 11-Keto-BAs (AKBA und KABA)
eine auRerst schwache’Gobilisierung und induzieren weder Thrombozytenmagation noch
Thrombingenerierung. Vielmehr lasst sich bei eierbehandlung von Thrombozyten mit 11-
Keto-BAs eine hemmende Wirkung auf Agonist-stimiéeZellen beobachten. So bewirkt die
Vorinkubation mit AKBA eine potente Inhibition deKollagen-induzierten Aggregation
humaner Thrombozyten ((¢< 1 pM), wohingegen der Thrombin-vermittelte Effakicht
moduliert wurde. Versuche, diesen markanten aniagechen Effekt maoglichen
Interaktionspartnern bzw. Signaltransduktionswegerzuordnen, deuten auf eine Beteiligung
der Src Kinasen-/PLY2-Route hin. Zusétzlich wurden die Einfliisse zweieterschiedlicheB.
serrata Extrakte hinsichtlich ihrer modulativen Eigensdbaf auf Thrombozytenfunktionen
getestet.

Aufgrund dieser Resultate kann man schlussfolggass 11-Methylen-BAs eine aktivierende
Wirkung auf die Physiologie sowie auf einzelne fimkelle Eigenschaften humaner
Thrombozyten austiben, wahrend 11-Keto-BAs diesbhehiiggher antagonistische Effekte
vermitteln. Im Hinblick auf die zur Modulation bergien effektiven Konzentration von BAs
kann eine pharmakologische Relevanz dieser Interst wahrend einer Einnahme der

Standarddosis von Weihrauchpraparaten nicht ausigssen werden.

Zusammenfassend liefert diese Arbeit wesentlichesiiirtnisse tber BAs und ihre Effekte auf
molekulare und zellulare Aspekte entziindlicher Bsse, erstmals auch unter dem Aspekt der
pharmakologischen Relevanz. Der Forschungsschwiktrpiurde diesbeziglich auf Enzyme der
Arachidonsaurekaskade und Plattchenphysiologieggel@ie Untersuchungen ergaben neue

Einblicke in die durch BAs beeinflussten intrazilhen Signalwege und funktionelle
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Eigenschaften humaner Thrombozyten. Die Anwendurgglemer Identifizierungsstrategien
(Pulldown-Methode und SPR-Studien) fihrte zur Ecikdag von COX-1 und mPGES-1 als
neue molekulare Targets von BAs. Durch detailliidektionelle Charakterisierung unter
Berucksichtigung wesentlicher physiologischer Patamwurde die Wechselwirkung von BAs
mit COX-1/2, 5-LO und mPGES-1 hinsichtlich einer ghiéhen biologischen Relevana vivo
Uberpruft. Bedingt durch diese Ergebnisse sinddexhselwirkungen von BAs (im speziellen
AKBA) mit COX-1 und 5-LO als verantwortliche antrzindliche Wirkprinzipien
auszuschlie3en. Vielmehr reprasentiert die Hemndergpathophysiologischen P&Bildung

in vitro und in vivo Uber die 3-BA-vermittelte Inhibition der mPGES-1 einen adégua
molekularen Mechanismus der mit grof3er Sicherheitanti-inflammatorischen Effektivitat von

BAs und Weihrauchpraparationen im Menschen beitragt
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