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1 INTRODUCTION 1

1 INTRODUCTION

1.1 Role of lipid mediators in inflammation

Inflammation is a complex physiological mechanisnresponse to tissue
injury and/or infection and contemporaneously th&ation of the healing
process. The cardinal signs of inflammation are liswge pain, heat,
redness and loss of function (tumor, dolor, calobor and functio laesa)
[1].

Bioactive lipids play important roles as signalliagd regulatory mediators
in the body, sed-ig. 1.1 for overview. Various lipid mediators derived
from polyunsaturated fatty acids (PUFAs), arachidoacid (AA) or
lysophospholipids (LPC) and can be structurallyssifed into three
groups, sedable 1.1[2].

LOX pathway COX pathway
rd ¥
S-LOK 5-LOX COX-1
12.'15-LOX 8.LOX 12.‘15-LOK FLAP COX 2 L
12/15-LOX LPCAT2 ATX
LTA‘
/ \ / PGE\
LTC4S LTA4H H-PGDS  mPGES-2

1 1 L-PGDS cPGES PGFS PGIS TXAS

| VL
(Po1) RevEd LxA) LTD, «ETC) GB) Poo, €D  €Gry Pol, XA, BAD LrA)

S L AX) LN AN ) NN
~chemr23| AL X Cysird] Or-ui{jnm DP2 -EP1 EPZEPTEPA FP - 1P - TP JPAFR| LPAT LPMW

Fig. 1.1: Overview on lipid mediator pathways [2]
Phospholipases, mainly cPLAut also iPLA and sPLA, release polyunsaturated fatty
acids (AA, DHA and EPA) or lysophospholipids (LF&m the membrane. AA is
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converted through the COX or 5-LO pathway to prostds or leukotrienes. AA, DHA
and EPA are converted by 5-LO and 12/15-LO to tha&-iaflammatory mediators
lipoxin A, (LXAs), resolvin & (Revk) and protectin D1 (PB. LPC is converted to
PAF or LPA. Incurred lipid mediators act via thaiorresponding G protein-coupled
receptors (GPCR). Abbreviations: iPLAnhibitory phospholipase AsPLA, secretory
phospholipase A cPLA, cytosolic phospholipase,ADHA, docosahexaenoic acid;
EPA, eicosapentaenoic acid; LPC, lysophosphatidyiok; LO, lipoxygenase; COX,
cyclooxygenase; FLAP, 5-lipoxygenase-activating  tqim LPCAT2,
lysophosphatidylcholine acetyltransferase 2; ATXtotoxin; LTC4S, LTEsynthase;
LTA4H, LTA hydrolase; H-/L-PGDS, hematopoetic or lipocalipeyprostaglandin B
synthase; mMPGES-1/-2, microsomal prostaglandinsythase 1/2; cPGES, cytosolic
prostaglandin k synthase; PAF, platelet activating factor; LPAsdphosphatidic acid

Table 1.1: classification of lipid mediators [2]

1 arachidonic acid-derived e.g. prostaglandins (PGSs),
eicosanoids leukotrienes (LTs)
e.g. platelet-activating factor
5 lysophospholipids and (PAF), lysophosphatidic acid
endocannabinoids (LPA), sphingosine-1-
phosphate (S1P)
o-3-polyunsaturated fatty acids
3 | derived anti-inflammatory e.g. resolvins, protectins
mediators

1.1.1 Acute inflammation

Tissue damage provokes three types of acute sighBigeralgesia is
mediated by PGEand in response to pain. Cytokine production csiged

as a consequence of broken cells that releaseititigicellular proteins to
the vicinity, and pathogens are sensed by the cammgait system and cell-
surface receptors, such as toll like receptors (TIHResponding to these
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signals, leukocytes are recruited from the bloadtatinine and eicosanoids
released from perivascular mast cells cause vadation (heat and
redness) and extravasation of fluid (swelling). dddition, platelet-
activating factor (PAF) is released to amplify leakte emigration.
Neutrophils, activated by tumor necrosis factor EyNand leukotrienes
degranulate and gear the inflammatory process. B\gae and tissue
macrophages are chemotactically attracted and lgoytes as well as
dendritic cells are recruited by prostaglandinsikégrienes, chemokines
and defensins to mature and activate macrophagesadute inflammatory
process requires ongoing signals in a positive daektloop from every
newly recruited cell after contact to pathogensbosken cells. If the
initiating factor is removed, the inflammatory reéan will resolve. During
resolution of inflammation PGRurns to anti-inflammatory properties, as
rising PGE levels inhibit the pro-inflammatory enzymes cyclggenase-2
(COX-2) and 5-lipoxygenase (5-LO) and additionallgduce 15-
lipoxygenase (15-LO) expression in neutrophils. tkeghil-derived
arachidonic acid (AA) is then metabolized to anflammatory lipoxins
via 12- and 15-LOs leading to resolution of inflaatran. Macrophages
and lymphocytes return to pre-inflammatory numkaard phentotypes and

tissue repair is accomplished [1, 3].

1.1.2 Chronic inflammation and cancer

If the initiating factors persist or inflammatorgsponses are dysregulated,
inflammation becomes chronic and leads to inflanamyatlisorders, such
as Alzheimer disease, asthma, atherosclerosis, nichrebstructive
pulmonary disease (COPD), multiple sclerosis (MSheumatoid arthritis
(RA).
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Moreover, a connection between chronic inflammatemd cancer is
evident [4, 5]. For example, several studies hdmve that inflammatory
cells and mediators are present in the tumour mcrioonment [6-8].
Triggers of chronic inflammation, such as microbaal viral infections,
autoimmune diseases or other inflammatory conditimhunknown origin,
are associated with different types of cancer dgreent [4]. In line,
treatment with non-steroidal anti-inflammatory dsuéNSAIDs) or coxibes
was shown to decrease the risk of cancer developf@etl]. However,
inflammatory processes in tumours do not have toswsally related to a

classical inflammation [12].

1.1.3 Eicosanoids

In 1982, the Nobel Prize in Physiology or Medicimas awarded to
Samuelsson, Bergstrom (Sweden) and Vane (U#) their discoveries
concerning prostaglandins and related biologicakytive substances"
[13]. Eicosanoids, including PGs, LTs and derivadivact as autocrine or
paracrine lipid mediators. They are derived fromca€bon unsaturated
fatty acids such as AA via the COX or LO pathwayl ame involved in
various physiological and pathological actionshe body (se@able 1.2
for overview) [2, 3, 14-16].
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Table 1.2: overview of biological actions of eicoeals [17]

Organ function eicosanoids
Vasodilatation PGE PGD, PG}
PGE, PGD, PGk,
vessels angdVasoconstriction TXA, LTCs LTDy,
sphincter LTE,
. LTB,;, LTC,, LTDy,
Permeabilityt
LTE,
Relaxation of smooth muscle P&GE
PGE, PGk, PG,
Stomach and Contraction of smooth muscleTXA,, LTC,, LTD,,
gastrointestinal LTE,
tract secretory volume, acidity and
_ PGE, PGL
pepsin]
mucus secretion PGE, PG
blood flow 1 PGB
Cardiac output PGE, PGk, PGb
heart : _
Cardiac contractilityt PGk,
Modulation of cardiac rhythm PGF
Diuresis, natriuresis and
. . PGE, PG}
_ kaliuresist
kidney : :
Renin secretion PGE, PGD, PG
Glomerular filtration] TXA,
Relaxation of smooth muscle P&GPG)
_ PGD,, PGk, LTC,,
Contraction of smooth muscle
lung and LTDy4, LTE,
bronchia Mucosal edema LTS LTD,, LTE,
Secretion of mucus and

LTCy, LTDy, LTE,

glycoproteins
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chemotaxis LTRB

Aggregation of neutrophils LTB

Recruitment, migration,
_ LTB4
adhesion of leukocytes

immune system | Degranulation of leukocytes LTB
Cytokine productiort LTB4

Proliferation, activation and
immunoglobulin production gfLTB4
B lymphocytes

Hyperalgesia PGEPGL, LTB,
Nociceptive modulation PGD

nervous system

Relaxation of smooth muscle P&E
uterus

Contraction of smooth muscle P&GFTXA,

_ ACTH, growth hormone,
Endocrine system _ _ PGE
prolactin, gonadotropimn

1.2 PGE; as prominent bioactive lipid mediator

1.2.1 Prostanoids

Five endogenously produced bioactive prostanoids kemown to date:
prostaglandin E (PGE), prostaglandin B (PGD,), prostaglandin £
(PGRy), prostacyclin (PG) and thromboxane A (TXA,). They are
generated via the COX pathway, 48g. 1.2 As prostanoids cannot be
stored, they are synthesizel® novoin most cells of the body either
constitutively or after certain stimuli. Here, ppbslipases, mainly
cytosolic phospholipase ,AcPLAy), release arachidonic acid (AA) from
membrane glycerophospholipids. AA is further oxyafed via the activity
of either COX-1 or -2 to PG{andsubsequently reduced to the instable
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intermediate PGEH Terminal synthases isomerize PGhito different

prostanoids, depending on the cellular constitutbrthe respective cell.
Then, prostanoids are released from the cell andia¢heir corresponding
G protein-coupled receptors (GPCR). These recept@highly selective

for the individual prostanoids [2, 14].

HO O e == COH ou
6-keto-PGF,, o = CoM
Y Al Ho"™Y OH TXB
OH OH \Cox 1/2 z
nonenzymatic nonenzymatic

S

TX synthase

/

PGI
synthase ™

OH PGF synthasé |

H y
= COH 7 N\
P PGE synthase PGD synthase
Y -PGDS

cPGES L
O o " /nPGEs \"-PGDS
- o OH
= COH . = COH

S Y

OH  OH PGE, o L B PGD,

Fig. 1.2: Biosynthesis of PgIPGF,,, PGE, PGD, and TXA via the cyclooxygenase
pathway [18], modified.

Inhibition of PGE biosynthesis has been an effective pharmacological
strategy in the therapy of inflammation for morartiL00 years [19]. Due

to the fact that inhibition of COX-1 and -2 by NI or selective COX-2
inhibition by coxibs is associated with severe sffects such as
gastrointestinal toxicity and cardiovascular comgiions, there is still a
strongly need for further development of anti-inflaatory drugs.
Gastrointestinal toxicity is predominantly attribdtto the suppression of

constitutively COX-1-derived prostandiormation. Based on the fact that



1 INTRODUCTION 8

constitutive COX-2 expression is essentially restd to the brain and
kidney and pathogenic PGEevels are generated via the inducible COX-2
isoform, selective COX-2 inhibitors (coxibs) haveeb developed. COX-2
Is inducible and expressed in response to profmflatory stimuli,
whereas COX-1 is constitutively active and rathesponsible for
physiological housekeeping functions. Coxibs passes improved
gastrointestinal tolerance, but studies reveal aoreased risk for
cardiovascular complications due to an imbalanc€©KX-1 derived pro-
thrombotic TXA and COX-2 derived anti-thrombotic PGITherefore,
several coxibs have been withdrawn from the mggket4].

Since long-term application is required for theramf chronic
inflammation, there is still a strong need for thievelopment of anti-
inflammatory drugs with an improved safety profilédus, suppression of
selective microsomal prostaglandin, Eynthase-1 (mMPGES-1)-derived
PGE has been considered as an alternative strategthéotreatment of

inflammation [20].

1.2.2 PGE,

PGE is among the most powerful lipid mediators and resxerarious
physiological and pathological effects depending qih the amount of
PGE and (ll) the subtype of receptor (EP1-4) availaméhin the
respective tissue [15]. Several basic homeostatictions are known for
PGE like gastrointestinal mucosa protection and mgtil21], blood
pressure control, airway homeostasis, female rejteaxh and kidney
function [22]. On the other hand, P&Es also involved in pathological

actions, basically inflammation, fever and pain.
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COX-1 pathway
constitutive expression of
COX-1/cPGES

COX-2 pathway
induced expression of
COX-2/mPGES-1

2+
glucocomcmds @glucocomcmds
arachldomc acid ‘.\ / arachldomc acid

aspirin aspirin
NSAIDs NSAIDs

nucleus

h
L

mPGES-1

cytoplasm

mPGES-2

el

.
as®”
ae?
....
ast®
....
pes

Fig. 1.3: PGE biosynthesis (from [15], modified)
Abbreviations: cPLA cytosolic phospholiase,ACOX, cyclooxygenase; mPGES-1/-2,
microsomal prostaglandin £ synthase-1/-2; cPGES, cytosolic prostaglandia E

synthase; MRP4, multidrug resistance protein 4

Three terminal synthases that catalyze Pf®Enation from COX-derived
PGH, are known, namely the cytosolic P&dynthase (cPGES) and the two
membrane-bound PGEBynthases mPGES-1 and mPGES-#.(1.3 [23-
25].

cPGES and mPGES-2 are structurally and biologicdilstinct from
MPGES-1. They are constitutively expressed andetbwr more likely
involved in homeostatic processes in the body [@6-21PGES-2 can use
PGH, as a substrate from both COX-1 and -2, wherea=E&1G mainly
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coupled to COX-1. However, mPGES-1 is inducible daodctionally
coupled to COX-2 [25].

MPGES-1 (16kDa) was discovered by Jakobsson et 8099 and belongs
to the MAPEG (membrane-associated proteins involmegicosanoid and
glutathione metabolism) family. This superfamilg@lcontains leukotriene
C; (LTC4) synthase, 5-lipoxygenase-activating protein (FLARd three
different glutathione-transferases 1-3 (MGST1-3)e Tstructure forms a
homotrimer consisting of twelve transmembrane ksli¢four for each
monomer) with a large cone-shaped cavity in théezenf the trimer [29],
which is similar to other MAPEG members. Glutatl@diGSH) is required
as cofactor for the activity [30]. It is coordindtdy hydrogen bonds
involving the side chains of helices I, Il and IWdar-stacking interactions
of Tyrl30 in a horseshoe conformation. The catalg§iPGH to PGE has
not yet been fully determined, but it is likely thidutathione, Asp49 and
Serl27 are involved to initiate the catalytic cyidé]. Its regulation is still

under investigation.

The human gene for mPGES-1 (18.3 kb) contains tleems and is
localized to chromosome 9q34.3 [32]. Although théseno obvious
similarity of the mPGES-1 and COX-2 promoters, thexpression is
generally co-regulated [25, 33]. Constitutive esgsren levels of mMPGES-1
are low and as mPGES-1 is primarily linked to COX-2an be strongly
upregulated by pro-inflammatory stimuli, such ateileukin-33 (IL-11R3),
tumor necrosis factai- (TNFa), or LPS. Studies reveal the concomitant
induction of COX-2 and mPGES-1 in various cultuills, i.e. human
lung carcinoma A549 cells [30], macrophages [34¢maothelial cells [35]
in response to pro-inflammatory stimuli and its vamion by
glucocorticoids [32-34, 36, 37]. PGEformation was significantly
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increased in HEK293 cells, cotransfected with mPGESd COX-2, in
response to A23187 (induces acute inflammatory oresg) or IL-113
(mediator of the delayed response) [34]. Thesergagsens could not be
shown for HEK293 cells cotransfected with COX-1 amdGES-1.
Increased mMPGES-1 expression was found in varimesases related to
inflammation, i.e. synovial tissue of patients wikieumatoid arthritis [38],
in the cartilage and chondrocytes of osteoarthniatients [39-42] in
inflamed intestinal mucosa from patients with inflaatory bowel disease
[43], in atherosclerotic carotid plaques [44-4G), Alzheimer disease
tissues [47], in muscle tissue of patients withopdithic inflammatory
mypathies [48], in endothelial cells, smooth musa#ts and immune cells
from patients with periodontitis [49], in chronicteve lesions localized to
microglia/macrophages from patients with multipleesosis [50], and
various cancer types including gastrointestinalglistomach, brain, breast,
pancreas, prostate, cervix, papillary thyroid, heamdl neck squamous
carcinoma [51].

In vivo experiments with wild-type rats and mice suppomt tiole of
MPGES-1 in inflammationin vivo [52]. Constitutive expression of
MPGES-1 resulted in small amounts of BG&vels, whereas addition of
LPS could significantly increase the PGlgroduction [36, 53, 54].
Moreover, mMPGES-1 RNA and protein was observed drrageenan-
induced and adjuvant-induced paw edema in rats5Gp,

MPGES-1 knockout mice exhibit normal phenotype, piériod and fertility
compared to their littermates. They show signiftsareduced PGElevels
in response to pro-inflammatory stimuli, such a$S|LPNFu or interleukin-
6/-12 compared to wild type mice in different madef inflammation [57,
58]. Several studies demonstrate a pathogenic oblenPGES-1 In
collagen-induced arthritis [57], atherosclerosi9][3.PS—induced pyresis

[60], pain  hypersensitivity [54], experimental auotmune
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encephalomyelitis [50], infection-induced neonatdlypoxia [61],

Alzheimer’s disease [62] and several types of adi68g 64].

PGE is secreted by the ATP-dependent multidrug rasistaprotein-4

(MRP4) or by diffusion and acts nearby through bigdo one or more of
the PGE receptor (EP) subtypes EP1 to EP4 [23, 65]. Eleptecs are
GPCR receptors and for signal transduction cAMP? Gand inositol

phosphates act as second messenger, dependinge csultkype of EP
receptor. EP1 regulates Cainflux without relevant levels of a
phosphatidylinositide response, suggesting thatisitcoupled to an
unidentified G protein. The EP2 and EP4 receptbtyfes are coupled to
Gs and mediate increase in cCAMP concentrations. Imrast, EP3 is G

coupled and reduces cAMP concentrations [65].

EP1 has been reported to be involved in mediatiggetalgesia on
peripheral sensory neurones [66] and acute paponsg in acetic acid-
induced writhing test [67]. EP2 and EP3 are desdribb participate in
inflammatory exudation [68]. In addition developrhesf paw swelling

associated with collagen induced arthritis [698lso contributed to EP2.
EP4 is known to have a pro-inflammatory role in hogenesis of
rheumatoid arthritis [70] and in the development dw swelling

associated with collagen induced arthritis [69].

Besides its pro-inflammatory properties, EP2-4 péwmes can also

contribute to the resolution of inflammation [71}75

1.2.3 Drug discovery of mPGES-1 inhibitors

The story of coxibs has taught us what might hapibethe sensitive
balance of prostanoids (here BRGInd TXA) is affected by drugs.
Concerns about cardiotoxicity of potential mPGE®Hibitors could not
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be confirmed, since deletion of MPGES-1 did notiltes any impact on
blood pressure when mice were crossed with lowitlerngoprotein
receptor (LDLR) knockout mice [59]. Moreover, reddc levels of
myocardial damage after coronary occlusion andltesadion of PGJ and
TXA, after myocardial infarct were observed in mPGE&ackout mice
[76, 77].

By now, multiple diverse structures of mPGES-1 lntiors are described in
literature, but no selective mPGES-1 inhibitor vai&ble for clinical use.
Chang and Meuillet [78] characterized them into rfogroups: (I)
endogenous lipids, fatty acids and PGhhalogues (II) known anti-
inflammatory drugs and/or inhibitors of LT biosya#iis (lll) natural

compounds and (IV) further development.

Endogenous lipids, fatty acids and PGtalogues

LTC4 (IG5 = 5 uM) [33], identified as inhibitor of mMPGES-Was first
shown to inhibit MGST-1 [79]. Since MGST- 1 and nfP&1 are
structural homologues that both belong to the MAP&@erfamily, the
mode of inhibition might be similar by competingtviGSH. Also other
lipids could be identified as mMPGES-1 inhibitor®. i15-deoxyA12,14-
PGJ (ICso = 0.3uM) and a number of fatty acids, including AA, DHA,
EPA (IGo = 0.3 uM each) and palmitic acid ¢c= 2 uM) [80]. As 15-
deoxyAl12,14-PGg DHA and EPA have anti-inflammatory properties,
MPGES-1 inhibition might contribute to their amtflammatory effects.
Among stable PGHanalogues, U-51605 was shown to inhibit mPGES-1
activity [33, 80].
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Table 1.3: structures of endogenous lipids, fatige and PGH analogues identified as

MPGES-1 inhibitors
— COOH
NG N

15-deoxyA12,14-PGg

— — — — — COOH

DHA EPA
— — COOH
AA

P e e Ve Ve U U W LRV = SN——""""Co0oH

palmitic acid U-51605

Known anti-inflammatory drugs and/or inhibitorsloff biosynthesis
Several NSAIDs and coxibs were identified as mPGE®ibitors,
including sulindac sulfide (I§ = 80 uM), NS-398 (I6p = 20 uM) [33],
celecoxib (IGy, = 22 uM), dimethylcelecoxib (l§g = 16 uM), lumiracoxib
(ICs0 = 33 uM) and valdecoxib (kg = 75 uM) [81]. The well-known
FLAP inhibitor MK-886 also inhibits mPGES-1 ({¢= 2.4 uM) [56]. As
FLAP also belongs to the MAPEG superfamily, inhdoitmight be due to
similarities in the structure. Furthermore, licoleé, a proposed dual
COX/5-LO inhibitor, was identified as inhibitor shPGES-1 (IG = 6
uM) [82].
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Table 1.4: structures of anti-inflammatory drugsemtified and/or inhibitors of LT

biosynthesis identified as mMPGES-1 inhibitors

7 o, 0 H,C CH,
F oH HNTT
O e
\ [:::j/ MW e N cF
O "Ns HN 3
HSC\S N02 O/ \\O O//S\\O
sulindac sulfide NS-398 celecoxib dinyétklecoxib

H,C
\[::]:f\COOH
NH
cl F
H,N - S
25¢ >(
HOOC

lumiracoxib valdecoxib MK-886 cdifelone

Natural compounds

A series of anti-inflammatory natural mPGES-1/5-i@ibitors from our
group have been described in literature, such asuoun from turmeric
(ICso = 0.3 uM) [83], epi-gallocatechin gallate (EGCGdrh green tea
(ICs0 = 1.8 uM) [84], garcinol from the fruit rind @uttiferaespecies (16
= 0.3uM) [85], myrtucommulone from myrtle (&g = 1 uM) [86], several
boswellic acids from frankincense €= 3-10 uM) [87], and the
acylphloroglucinol hyperforin from St. John’s w@l€so = 1 uM) [88].

Table 1.5: structures of natural compounds idestifas MPGES-1 inhibitors

curcumin EGCG gaati
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myrtucommulone boswellic acids hyperforin

Further development of MPGES-1 inhibitors [89]

Based on the structure and cellular activities soamapounds were further
improved, resulting in a heterologue field of syettb MPGES-1 inhibitors.
These scaffolds include carboxylic acids from MKeg80], phenanthrene
imidazoles from the JAK inhibitor azaphenanthrenon@®1],
biarylimidazoles from MF63 [92], pirinixic acid deatives [93], 2-
mercaptohexanoic acids from 2-mercaptohexanoic, [84]lpyrrolizines
from licofelone [95], benzo[g]indol-3-carboxylat§¥6], oxicames from a
screening series of benzo-thiopy!&dioxides [97, 98], trisubstituted ureas
from high-throughput screening campaign [99] anth&zole benzamide

from a series of carbazole benzamides [100].

1.3 The dual inhibition concept

In 1996, the group of Nickerson-Nutter demonstrdtesl effects of 5-LO
and/or COX inhibitor administration in a mouse mlaafecollagen-induced
arthitis (CIA) [101]. Surprisingly, a significaneduction of CIA was only
observed in the dual approach of 5-LO and COX imdiib and no effect
could be observed when administered alone.

COX inhibition might redirect available AA towardsLO, leading to an
increased formation of pro-inflammatory leukotrisn@4] and therefore
increase the risk of gastric damage. ComedicatfoNSAIDs with 5-LO

inhibitors or leukotriene receptor antagonists waswn to be superior
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over single NSAID administration not only in theedtment of
inflammation and pain as they have an improved-sféect profile [102].
COX-1 is constitutively expressed in nearly alstiss and considered to
mediate physiological responses, such as cytoprateof the stomach,
platelet aggregation and renal function. COX-2 lwa @ather hand is known
to be inducible and highly upregulated in inflamargt cells during
pathological processes [103]. Classical NSAIDs haweselectivity for
COX-1 or -2 and mostly inhibit both enzymes witlsimilar potency. As
the anti-inflammatory action results from COX-2 iimition, unwanted
side-effects, mainly gastrointestinal and renalidibx are ascribed to
COX-1 inhibition [104]. Consequently, selective C2Xnhibitors, known
as coxibs, were developed in order to improve taketg profile and
potency. To this knowledge dual COX-2/5-LO inhibiti seems to be
favored in the development of safer anti-inflammatalrugs. Several
studies demonstrate that selective COX-2 inhibitioeed causes
significantly less ulceration, but renal and cavdscular toxicity were
observed [105]. Since synthesis or end actionsTf &re unaffected by
NSAIDs, “targeting of these enzyme systems sugdestepromising
pharmacological approach in the post-COX-2 era tmuce the
cardiovascular events of selective COX-2 inhibitswithout gastric side
effects of non-specific inhibition of COX” [103].

Because mainly PGEamong the COX products is responsible for
inflammatory events, current research outcomesga®phe dual inhibition
of MPGES-1/5-LO as a promising strategy to avodinary side effects of
NSAIDs or coxibs and to improve the safety of amtiammatory drugs
[93].
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1.4  5-LO products and their role in inflammation

1.4.1 Leukotrienes

Besides the COX pathway, released AA can be coevevta the LO
pathway into leukotrienes and other hydroxylatedvdéves, sed-ig. 1.4
Five human LOs are known by now, i.e., 5-(S)-LOat@let-type 12-(S)-
LO, epidermis-type 12(R)-LO, reticulocyte type 1HHO (15-LO-1) and
epidermis-type 15(R)-LO (15-LO-2) [106]. Of thes®4, 5-LO seems to
play a critical role in inflammatory events.

5-LO is the key enzyme in the LO pathway and catdythe incorporation
of molecular oxygen into AA yielding LTA LTA; can be either
hydrolysed to LTB by LTAs;-hydrolase (LTA4H) or conjugated with
glutathione to LTG by LTC, synthase (LTC4S), depending on the cellular
facilities. LTB, and LTG are secreted from the cell. Extracellular
metabolism can form the cysteinyl leukotrienes (0yy LTD, and LTE
out of LTG,[107], seeFig. 1.4 Leukotrienes exert their biological actions
via their corresponding GPCR receptors. They havagtipte biologic
actions and are involved in several pathologies|utling allergic and
inflammatory diseases [108]. At least, combinedbactdf 5-LO and 12-LO
or 15-LO can form anti-inflammatory bioactive lipog, which act through
the ALX receptor and are involved in resolutionioflammation [107].
The CysLT1 receptor antagonist montelukast is uaeddrug for the
therapy of asthma. No other “leukotriene pharmacalst’ are available on
the European market by now [14]. Zafirlukast, Puniakt as leukotriene
receptor antagonists and Zileuton, a FLAP inhibieme available on the

Japanese and/or US market.
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Fig. 1.4: Biosynthesis of leukotrienes via the La@hgvay (from [18], modified)
Abbreviations: AA, arachidonic acid; 5-HpETE, 5{8)droperoxy-6-trans-8,11,14-cis-
eicosatetraenoic acid; 5-HETE, 5(S)-hydroxy-6-tr@n%1,14-cis-eicosatetraenoic

acid; LO, lipoxygenase

1.4.25-LO

5-LO (78 kDa) is a nonheme iron dioxygenase aridaated in the soluble
compartment of the cell. It is expressed primarilyeukocytes. The 5-LO
enzyme possesses a large catalytic domain, whiatishihe iron and a
regulatory C2-like domain, which binds TEL4].

cPLA; and 5-LO are activated by immune complexes, biattpeptides
and other certain stimuli, whereupon they trangkceo the nuclear

envelope. There, AA is released from phospholijpiadg metabolized by 5-
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LO aided by FLAP, which facilitates the transferAA to 5-LO. Cellular
activation of 5-LO is known to be predominantly riseed by C&’, ATP
and phosphorylation. Ga either stimulates 5-LO activation and the
association to the nuclear membrane [109]. Theytatactivity of 5-LO
Is stimulated by ATP, which binds to 5-LO and se¢mbave a stabilizing
effect [110]. Phosphorylation by p38 mitogen-adiea protein kinase
(MAPK)-regulated MAPK-activated protein kinase (ME)3 [111] or
extracellular signal-regulated kinase (ERK) 1/&at271 and Ser663 [112]
activates 5-LO, promoted by unsaturated fatty a¢ids3]. In contrast,
phosphorylation of Ser523 by protein kinase A (PK&gults in inhibition
of 5-LO activity. Essential for activation is thegtee of oxidation of the
nonheme iron in the catalytic centre of 5-LO. Taedus state (F8 is the
inactive iron conformation. Oxidation by lipid hygfreroxides forms the
active ferric state (B8 [114].

Activated 5-LO catalyzes the oxygenation of AA #&SBhydroperoxy-6-
trans-8,11,14eis-eicosatetraenoic acid (5-HpETE) and further deftydin

to the epoxide LTA Besides the formation of LTA5-HpETE can be
reduced to its corresponding alcohol 5-HETE andh@ir oxidized to 5-
0x0-ETE by 5-HEDH in eosinophils. After synthesis| O products are
released from the cell. LTRfflux is facilitated through a LTBransporter
and LTG, is secreted by MRP1 [107].

LTB,4 acts through its specific BLT1 or non-specific BLTeceptor and is
involved in the regulation of the immune resporeejt is known to be a
chemotactic mediator and enhances phagocycticitgcind secretion of
immunoglobulins [14, 107]. CysLTs that act throughk receptors CysLT1
or CysLT2, are involved in asthma as they induceoam muscle

contraction, mucus secretion and vasoconstrictib#, [107]. Also 5-
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H(p)ETE and 5-oxo-ETE exert pharmacological effetitsough their
GPCR receptors, termed OXE, which may be involwedasthma and

allergic diseases [115].

Studies with 5-LO knockout mice confirmed the pap@tion of 5-LO in

inflammatory events, including AA-induced ear imflanation, zymosan- or
immune-complex-induced peritonitis, allergic airwaylammation and
PAF-induced shock [116].

1.4.3 5-LO inhibitors

Suppression of 5-LO product biosynthesis can bdemented by direct
inhibition of 5-LO or antagonism of FLAP or cPLA107]. Different
categories of inhibitors according to the mode ofiom are classified.
FLAP inhibitors interfere with the transfer of tisebstrate AA and thus
reduce AA availability for 5-LO. Redox-active inititrs keep the active
site iron in the ferrous state and thereby uncotipdecatalytic cycle of 5-
LO. Many of this inhibitor class comprise lipophilantioxidants from
plant origin, such as flavonoids or polyphenols. #&slox type 5-LO
inhibitors often interfere with other redox systerneading to severe side
effects such as methemoglobin formation and possesstly poor
selectivity; no substance has entered the marketirgm ligand inhibitors
chelate the active site iron with hydroxamic acid N-hydroxyurea
derivative structures. Zileuton (Zyflp is approved in the US for the
prophylaxis and chronic treatment of asthma. Nooxetype inhibitors
compete with AA or hydroperoxides for binding toL&-. Note that
phosphorylation of 5-LO and/or elevated hydropetexievels (present in
inflammatory reactions) were shown to strongly xluhe efficacy of

nonredox type inhibitors [107].
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zileuton

1.5 Compounds from plant origin with historical use inthe

treatment of inflammatory diseases

1.5.1 Helichrysum italicum

Helichrysum italicumis a widespread Mediterranean plant that has been
traditionally used in folk medicine to treat inflamtory diseases [117,
118]. It is a member of the Asteracaeae family sndomestic along the
east coast and on the islands of the Adriatic 348][ Extracts ofH.
italicum are known to exhibit anti-inflammatory, antioxidafll17],
antibacterial [120], antifungal [121] and antivifaP2] properties.

Several constituents &f. italicumhave been reported by now, including
amyrin, uvaol [123], R-diketones [124], kaempfe3edducoside,
naringenin-glycoside [125], gnaphaliin, pinocembritiliroside [126],
eudesm-5-en-11-ol [127]jso-italicene epoxide, R-costol,Z)fa-trans
bergamotol [128], and the phloroglucingipyrone arzanol [118]. Among
these, the acylphloroglucinol arzanéid. 1.5, which was first identified
in 2007, was recently suggested as the active ibogist responsible for the

anti-inflammatory effects dfl. italicum[118].
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Fig. 1.5: chemical structure of arzanol from thamt Helichrysum italicum

Arzanol was already shown to inhibit the releasepdad-inflammatory
mediators, such as interleukin (IL)-113, IL-6, IL-B\Fo and PGEin LPS-
stimulated monocytes [118]. In addition, activatiohNFB and HIV-1
replication in T-cells could be blocked by arzafiil8]. Antioxidant and
cytotoxic effects of arzanol were studied in vasiosystems of lipid
peroxidation in vitro and protected VERO cells against tert-butyl
hydroperoxide (TBH)-induced oxidative stress [129].

This study describes structure activity relatiopsl8AR) of arzanol and 24
synthetic derivatives thereof on mPGES-1 and 5-ILG0]. Furthermore,
MPGES-1, 5-LO and TXAS were addressed as moledalayets of
arzanol. In a rat model of carrageenan-inducedrighie@rzanol confirmed
the anti-inflammatory potential with a significantleduced inflammatory

response and reduced PGé&vels in the pleural exudate [131].

1.5.2 Cannabis sativa

Cannabis sativaa member of the Cannabaceae family, has beanatat

as a source of industrial fibre, seed oil, foodyeation and medicine for
millennia. Depending on the purpose of its usdedght parts of the plant
are usedCannabis sativa L(hemp) preparations have traditionally been
used in folk medicine [132]. Concerns over addictamd abuse led to the

banning of the medicinal use in most countrie$©@11930s [133].
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Many inflammatory disorders, such as inflammatiopain, MS,
Alzheimer’s disease, osteoporosis, cancer, carsiioNa disorders and
metabolic syndrome-related disorders have beetettdsyCannabis sativa
preparations [133].

Several hundred secondary metabolites were ideatifoy now with
widespread biological action€annabis sativais the exclusive natural
source of its cannabinoid constituents, except ahigerol, which was
shown to occur also intdelichrysumspecies [134]. In addition to the well-
known psychotropic properties of THC, cannabinoidsnd non-
cannabinoids have been reported to possess datmmitory properties
[135]. THC was shown to reduce inter alia airwaffammation in mice
[136] and the development of experimental atheewesis [137].
cannabidiol (CBD), which is the most abundant negepoactive
cannabinoid in the plant, reduces joint inflammatia collagen-induced
arthritis (CIA) in mice [138] and carrageenan ineddgaw edema in rats
[139]. cannflavin (CF), a non-cannabinoid, was shdw be 30-fold more
potent than aspirin in TPA-induced PGEelease from cultured synovial
cells [140]. However, only few molecular targetspbfytocannabinoids or
non-cannabinoids within the AA cascade have besoribed in literature
so far, namely COX-1 at rather high concentratigri® uM) [141], COX-
2 [142] and 15-LO [143]. This thesis addresses m&G&GEnd/or 5-LO as
potent molecular targets of several phytocannabdgoiand non-
cannabinoids. The molecular pharmacology of CFA watensively
studied.

1.5.3 Lichen spec.

Lichensare symbiotic organisms of fungi and algae andaeidrof certain

lichen speciedave been traditionally used as remedies in fodldigine
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[144]. Due to various algalfungal combinations &mel variable ecological
and climatic growth conditiondichens differ widely in appearance and
produce a vast diversity of secondary metaboligggh as mono- and
diaromatics, terpenoids, steroids, anthraquinonesphthoquinones,
xanthones, and furans [145]. These secondary nlétgwere proposed to
exhibit anti-inflammatory, antipyretic, and analgegproperties [144].

Among the secondary metabolites, the exclusivebuotg depsides and
depsidones itichens seem to have interesting properties. Only ondystu
has reported that lichen depsides and depsidortesfeire with COX

activity in a cell-free assay using rabbit renal crosomes [146].

Furthermore, little is known about the bioactistief lichen compounds on

the PG biosynthetic pathway.

o O
O °
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Fig. 1.6: chemical core structures of depsides dapgsidones from Lichen spec.

Some molecular targets of depsides and depsidames lreen identified.
For example, several depsides were shown to achomsedox-type
inhibitors of LTB, formation in C&-ionophore-activated bovine
polymorphonuclear leukocytes (PMNL) [147, 148], doldcked acetic-
acid-induced writhing and hypothermia after oramadstration in mice
[149]. Similarly, depsidones were shown to inhibHLO from porcine
leukocytes and the formation of cys-LTs in humaroatin muscle cells
[150]. Moreover, for depsides, a selective inhdmtof MAO-B [151, 152],
inhibition of rat brain homogenate auto-oxidatid®3], and suppression of
the growth of human keratinocytes could be demateddr[154]. This study
adresses new molecular targets of depsides andaddaps within the AA-

cascade.
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1.5.4 Ginkgo biloba

Ginkgo bilobais called a “living fossil’, as it is a member ofie
gymnosperms that has flourished 150 million ye@s. &inkgo seeds and
leafs have been used in traditional Chinese meglitintreat pulmonary
disorders, bladder inflammation, heart dysfuncti@msl skin infections
[155-159]. Nowadays, sever@inkgo bilobapreparations are available on
the market. Among these the standard extract fatom Ginkgo biloba
extract (GBE) or EGb 761 (Tebofiinof Dr. Wilmar Schwabe GmbH &
Co has shown to be beneficial in the treatment @hé&imer’s disease,
cardiovascular disease, cancer, stress, memory @&k psychiatric
disorders [158, 160, 161]. The standardized extrastains 24% flavonoid
glycosides (e.g. ginketin, isoginkgetin, bilobetirf§% terpene lactones
(mainly ginkgolides and bilobalides) and less thappm ginkgolic acids,
since ginkgolic acids are considered to be toxd eause gastrointestinal
and allergic reactions [156, 162]. AdministratidnEgsb 761 resulted in a
decrease of platelet aggregation, allergic reactgmmeral inflammatory
response, oxygen radical discharge and other flammmatory functions
of macrophages [163, 164] these anti-inflammatdfgces are ascribed to
mainly ginkgolides and flavonoids. PAF, COX and tQuld be addressed
as molecular targets of flavonoids [165, 166]. Besj flavonoids exert
antioxidant activity [167], whereas ginkgolides atdobalides have
antioxidant [168] and antimicrobial activities [169

Another interesting class are the ginkgolic ac@skgolic acids are 2-
hydroxy-6-alkylbenzoic acids with a varying alkydle chain from 13 to 17
carbons with zero to two double bonds [170]. They @nsidered to be
toxic and cause gastrointestinal and allergic reast but have low
cytotoxicity [171]. Ginkgolic acid, which is the mmacomponent of the

nutshells and leaves @inkgo biloba[172], has been reported to show
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antioxidant, radical-captivated, anti-inflammatoryand antiallergic
properties and is not allergenic as long as théasatic acid group is

intact, either in free or conjugated form [173, 174
OH O

OH

Fig. 1.7: chemical structure of ginkgolic acid frahre plant Ginkgo biloba

This thesis will address several enzymes, i.e. MRGES-LO and TXAS
within the AA-cascade as molecular targets of galikgacid.
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1.6 Aim of this work

Nonsteroidal anti-inflammatory drugs (NSAID) andlestive COX-2
inhibitors (coxibs) suppress the biosynthesis okfanoids via inhibition of
COX activity. Because not only pathogenic formedspanoids, mainly
PGE, but also physiologically important prostanoide auppressed, long-
term application can lead to severe side effea@sydting COX-1 primarily
leads to gastrointestinal and renal complicatiomdenCOX-2 inhibition
has been linked to cardiovascular incidents duearnoimbalance of
prothrombotic TXA and antithrombotic PGl Therefore, selective
targeting of terminal PG synthases to inhibit indiixal prostanoids has
been considered as an improved alternative in ftteatrhent of
inflammation and pain. The discovery of mPGES-feraninal synthase of
PGE biosynthesis that is believed to regulate pathmgP&GE formation
Is of great interest. As mMPGES-1 is known to beegplated in pathogenic
events and only low constitutive levels are prese®GES-1 inhibitors
may achieve anti-inflammatory efficacy of NSAIDs,hile avoiding

adverse side effects.

Discovery of mMPGES-1 inhibitors started in 1999 &mdlate no selective
inhibitors are available for clinical use. This daispancy might be
explained by the lack of suitable cell-based moétisnalysis of MPGES-
1 inhibition [175]. Another reason was the lack leéd structures and
structural models of mMPGES-1, making it difficult discover mPGES-1
inhibitors. Furthermore, problems and challengeshm development of
MPGES-1 inhibitors occurred, leading to only fewilnitors that exhibit

alsoin vivo activity.
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The aim of this study was to discover natural apdtretic mMPGES-1
inhibitors and to characterize the pharmacologmaifile of promising
candidates towards their potenay vitro and in vivo, their selectivity
within several enzymes (cPLA5-LO, COX, TXAS) of the eicosanoid

pathway and their mechanistic properties.
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2 MATERIALS AND METHODS

2.1 Materials

2.1.1 Compounds

Arzanol was isolated frorHl. italicum [118] and arzanol derivatives were
prepared as described [130]. Phytocannabinoids rastdcannabinoids
were synthesized by Prof. G. Appendino, Italy, bijghed data. Lignan
derivatives from the dichloromethane extractkoflappacearoots were
isolated as described [176]. Depsides and depsidaeee obtained from
plant material as described [177]. Ginkgolic acidsvkindly provided by
Prof. H. Stuppner, Innsbruck, unpublished data. NIGAerivatives were
synthesized by Prof. S. Laufer, Ttbingen [178].

All compounds were dissolved in dimethyl sulfoxi@@MSO) and kept in

the dark at —20°C and freezing/thawing cycles vkeyg to a minimum.

2.1.2 Materials

The TXAS inhibitor CV4151 and celecoxib were gensrgift by Prof. S.
Laufer (University of Tuebingen, Germany). BWA4Csna generous gift
by Dr. L. G. Garland (Wellcome Res. Laboratoriegnk UK). COX-2
antibody was obtained from Enzo Life Sciences (tasr, Germany).
DMEM/HighGlucose (4.5 g/l) medium, penicillin, gbtemycin,
trypsin/EDTA solution, PAA Laboratories (Linz, Aust); A-Carrageenan
type IV isolated fromGigartina aciculaire and Gigartina pistillata and
indomethacin were purchased from Sigma—Aldrich &Mijl italy); PGH,
Larodan (Malmo, Sweden); 11b-P&E PGB, MK-886 (3-[1-(4-
chlorobenzyl)-3-t-butyl-thio-5-isopropylindol-2-y},2-
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dimethylpropanoicacid), human recombinant COX-2nevsolated COX-
1, Cayman Chemical (AnnArbor, MI); UltimaGoldTM XRRerkinElmer
(Boston, MA); PH]-PGE, was from Perkin Elmer Life Sciences (Milan,
Italy) and PGE antibody from Sigma—Aldrich (Milan, Italy). All ber
chemicals were obtained from Sigma—Aldrich (Deisd¢ah, Germany)

unless stated otherwise.

2.2 Methods

2.2.1 Cells and cell viability assay

A549 cells were cultured in DMEM/High Glucose (4¢f) medium
supplemented with heat-inactivated fetal calf se{affo, v/v), penicillin
(100 U/ml), and streptomycin (100 pug/ml) at 37 MiGi5% CQ incubator.
After 3 days, confluent cells were detached using 1rypsin/EDTA
solution and reseeded at 2 X t@lls in 20 ml medium in 175 ¢rflasks.
Blood cells were freshly isolated from leukocytencentrates obtained at
the Blood Center of the University Hospital Tuel@ng(Germany) as
described [179]. In brief, venous blood was takesmf healthy adult
donors that did not take any medication for attl&@adays, and leukocyte
concentrates were prepared by centrifugation (40@0 20 min, 20 °C).
Cells were immediately isolated by dextran sedimgot and
centrifugation on Nycoprep cushions (PAA LaborasyiLinz, Austria).
Platelet-rich-plasma was obtained from the supantat mixed with
phosphate-buffered saline (PBS) pH 5.9 (3:2 v/ehtafuged (2100 x g,
15 min, room temperature), and the pelleted pletelere resuspended in
PBS pH 5.9/0.9% NaCl (1:1, v/v). Washed plateletsrew finally
resuspended in PBS pH 7.4 and 1 mM GaQleutrophils were
immediately isolated from the pellet after cengiition on Nycoprep

cushions, and hypotonic lysis of erythrocytes wadgsmed as described
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[179]. Cells were finally resuspended in PBS pH @ofitaining 1 mg/ml
glucose and 1 mM Cag&(PGC buffer) (purity > 96-97%). For isolation of
human monocytes, peripheral blood mononuclear o@#BMC) were
promptly isolated from leukocyte concentrates bytiden sedimentation
and centrifugation on Nycoprep cushions. PBMC weashed three times
with cold PBS and then monocytes were separateatibgrence for 1 h at
37 °C to culture flasks (Greiner, Nuertingen, Gampaell density was 2 x
10" cells/ml of RPMI 1640 medium containing 2 mM L-gimine and 50
png/ml penicillin/streptomycin), which finally gava purity of > 85%,
defined by forward- and side-light scatter progsrtand detection of the
CD14 surface molecule by flow cytometry (BD FACSika). Monocytes
were finally resuspended in ice-cold PBS plus 1mhgjlucose (PG buffer)
or in PG buffer supplemented with 1 mM Ca@GC buffer).

For analysis of acute cytotoxicity during pre-inatibn periods, viability
was analyzed by light microscopy and trypan bluelweston. For analysis
of cytotoxicity of A549 cells, the MTT assay wasdsIn brief, cells (100
ul cell suspension corresponding to 3 X A849 cells) were incubated for
24 h and 48 h at 37 °C with vehicle (0.3% DMSO)tle indicated
compounds. After 24 h or 48 h, 20 pul of a stetiiteried solution of 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazoliunrdmide (MTT) in PBS
(5 mg/ml) was added and samples were incubated foat 37 °C. Then,
100 ul of 10% SDS in 20 mM HCI (pH 4.5; SDS lysidfbr) was added
and samples were shaken for 15 h at RT in the alagkthe absorption was
measured at 570 nm. Results are reported as pageenf viable cells as
compared to vehicle control. A statistically sigraint impairment of MTT

reduction to formazan was considered cytotoxic.
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2.2.2 Animals

Male adult Wistar Han rats (200 — 220 g, Harlanlaij Italy) were housed
in a controlled environment and provided with stmadrodent chow and
water. Animal care complied with Italian regulasomn protection of
animals used for experimental and other scienpficpose (Ministerial
Decree 116192) as well as with the European Econd@mmmunity
regulations (Official Journal of E.C. L 358/1 12/1886).

2.2.3 DPPH assay

The radical scavenger capability was assessed hguriag the reduction
of the stable free radical 2,2-diphenyl-1-picrylhgzlyl (DPPH). Briefly, an
ethanol solution of a sample at various concewninat(100 pl) was mixed
with an acetate-buffered (pH 5 - 6.5) DPPH soluffamal concentration 50
1M). After incubation for 30 min in the dark thesalbance of the mixture
was measured at 520 nm. Ascorbic acid and L-cystamre used as

reference compounds. All analyses were performedplcates.

2.2.4 Preparation of crude mPGES-1 in microsomes of A546ells and

determination of PGE, synthase activity

Preparations of A549 cells and determination of fBB@ activity was
performed as described previously [82]. In briefllcwere treated with 1
ng/ml 11-1B for 48 h at 37 °C, 5% COCells were harvested, sonicated and
the homogenate was subjected to differential deigtion at 10,000 x g
for 10 min and 174,000 x g for 1 h at 4 °C. Thelgte(microsomal
fraction) was resuspended in 1 ml homogenizatidfeb(0.1 M potassium
phosphate buffer, pH 7.4, 1 mM phenylmethanesulféagride, 60 pg/ml
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soybean trypsin inhibitor, 1 pg/ml leupeptin, 2.8Mglutathione, and 250
mM sucrose), and the total protein concentrations wietermined.
Microsomal membranes were diluted in potassium phate buffer (0.1
M, pH 7.4) containing 2.5 mM glutathione. Test campds or vehicle
were added, and after 15 min at 4 °C reaction (10tbtal volume) was
initiated by addition of PGHat the indicated concentration. After 1 min at
4 °C, the reaction was terminated using stop smiu{lO00 pl; 40 mM
FeCb, 80 mM citric acid, and 10 uM B1PGE as internal standard. PGE
formation was analyzed using PSELISA according to the manufactures
protocol (1 and 5 uM PGH} or separated by solid-phase extraction and
analyzed by RP-HPLC (20 and 50 uM P£kis described previously [82].

2.2.5 COX-2 and mPGES-1 expression in LPS stimulated hunma

monocytes

Freshly isolated monocytes C1@l) were cultured in RPMI medium
supplemented with heat-inactivated fetal calf se(Qr5%, v/v) stimulated
with 1 pg/ml LPS and the indicated compounds at@7in a 5% CQ

incubator. After 20 or 24 h monocytes were handkstlysed and
expression of COX-2 or mPGES-1 was detected by BBAGE and

Western blot.

2.2.6 Expression and purification of human recombinant 5£O

E.coli MV1190 was transformed with pT3-5-LO plasnaidd recombinant
5-LO protein was expressed at 27 °C as describg@d].[Cells were lysed
in 50 mM triethanolamine/HCI| pH 8.0, 5 mM EDTA, $®an trypsin
inhibitor (60 pg/ml), 1 mM phenylmethanesulphonyluofide, and

lysozyme (500 pg/ml), homogenized by sonicationx(35 sec), and
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centrifuged at 40,000 x g for 20 min at 4 °C. Tlg000 x g supernatant
(S40) was applied to an ATP-agarose column to gbrtpurify 5-LO as
described previously [180]. Semi-purified 5-LO wasnediately used for

activity assays.

2.2.7 Determination of 5-LO activity in cell-free assay

Aliquots of semi-purified 5-LO were diluted withaecold PBS containing
1 mM EDTA, and 1 mM ATP was added. Samples wereimrebated
with the test compounds as indicated. After 10 atid °C, samples were
pre-warmed for 30 sec at 37 °C, and 2 mM Gaillis 20 uM AA was
added to start 5-LO product formation. The react@s stopped after 10
min at 37 °C by addition of 1 ml ice-cold methanahd the formed
metabolites were analyzed by RP-HPLC as describ@t][5-LO products
include the all-trans isomers of LTBand 5(S)-hydro(pero)xy-6-trans-
8,11,14-cis-eicosatetraenoic acid (5-HETE).

2.2.8 Determination of 5-LO product formation in intact cells

For determination of LO products in intact PMNL,x510° cells were
resuspended in 1 ml PG-buffer containing 1 mM Gaftle-incubated for
15 min at 37 °C with test compounds or vehicle ¥9.®MSO), and
incubated for 10 min at 37 °C with the indicateiinsti. Thus, the C&-
ionophore A23187 (2.5 uM) was added with or withadtuM AA and 10
min later the reaction was stopped on ice by anlditif 1 ml of methanol.
30 ul 1 N HCL and 500 ul PBS, and 200 ng prostatjtaB1 were added
and the samples were subjected to solid phasecagtrtaon RP18-columns
(100 mg, UCT, Bristol, PA, USA). 5-LO products (L7,Brans-isomeres,
5-HETE) were analyzed by HPLC and quantities cakeal on the basis of
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the internal standard PGBAlternatively, cells were first primed at 37 °C
with lipopolysaccharide (LPS, 1 pg/ml) plus adenesdeaminase (Ada,
0.3 U/ml) for 30 min. Formation of 5-LO products svstarted by addition
of 1 uM formyl-methionyl-leucyl-phenylalanine (fMPand after 5 min
the reaction was stopped on ice. Supernatants weliected after
centrifugation at 600 x g for 10 min at 4 °C. LjBvels were measured by
ELISA according to the manufacturer’s (Assay Desighnn Arbor, MI)
protocol.)

For determination of 5-LO products in cell homogesacell suspensions
were resuspended in PBS containing 1 mM EDTA fonié at 4 °C and
sonicated (4 x 10 sec, 4 °C). After addition of MMPATP, homogenates
corresponding to 5 x £@ells/ml were incubated with the test compounds
or vehicle (0.3% DMSO) for 15 min at 4 °C, pre-wadrfor 30 sec at 37
°C and the reaction was started by the additiod @M CaC} and 20 uM
AA. The reaction was stopped after 10 min at 37ah@ the samples were

analyzed as described for intact cells above.

2.2.9 Activity assays of isolated COX-1, COX-2 and TXAS

Inhibition of the activities of isolated ovine COXand human COX-2 was
performed as described [82]. In brief, purified GQXovine, 50 units) or
COX-2 (human recombinant, 20 units) were dilutedlinml reaction

mixture containing 100 mM Tris buffer pH 8, 5 mMutdthione, 5 uM

haemoglobin, and 100 uM EDTA at 4 °C and pre-integbavith the test
compound for 5 min. Samples were pre-warmed fosé&® at 37 °C, and
AA (5 uM for COX-1, 2 uM for COX-2) was added tadtthe reaction.
After 5 min at 37 °C, the reaction was stoppedaanby addition of 1 ml of
methanol. 30 pul 1 N HCL and 500 ul PBS, and 20(@rastaglandin B

were added and the samples were subjected to gladide extraction on
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RP18-columns (100 mg, UCT, Bristol, PA, USA). 12-HMas analyzed
by HPLC and quantities calculated on the basishefihternal standard
PGB,. Indomethacin (10 uM) was used as well-recognizefrence
inhibitor of COX-1 and celecoxib (5 uM) for COX-@ tontrol the assays.
For analysis of the activity of TXAS in platelethogenates (fiml), cells

were resuspended in PBS/EDTA for 5 min at 4 °C smwicated (4 x 10
sec, 4 °C). Freshly prepared platelet homogenages pre-incubated with
test compounds or vehicle. After 15 min at 4 °C ris&ction (100 pl total
volume) was initiated by addition of 20 uM P&fér 1 min at 4 °C and
reaction was terminated using stop solution (10@dImM FeCj, 80 mM

citric acid). The formation of TXB was measured via TXHEELISA

according to the manufactures protocol.

2.2.10Determination of COX-1 product formation in human washed

platelets

Freshly isolated human platelets @ PGC buffer) were pre-incubated
with the indicated compounds for 4 min at room terafure. Samples
were pre-warmed for 60 sec at 37 °C and AA (5 uM3wadded to start the
reaction. After 10 min at 37 °C the reaction wasgpped on ice or by the
addition of 1 ml ice-cold methanol. The formatidnTeXB, was measured
via TXB,-ELISA according to the manufactures protocol aBeHHT was
analyzed by HPLC as described [182].

2.2.11Determination of MAPK activation

Neutrophils (16100 ul of PGC buffer) were pre-warmed for 3 min at 37
°C and pre-incubated with the indicated compourntd37a°’C for 15 min.
The reaction was started by the addition of 0.1fiyMP and stopped after
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1.5 min with 10Qul of ice-cold SDS-loading buffer and heated for & &t
95 °C. Total cell lysates were analyzed for ERK1jihosphorylated
ERK1/2 (Thr-202/Tyr-204), phosphorylated p38 MAPHKh({-180/Tyr-
182), by SDS/PAGE and western blotting.

2.2.12SDS-PAGE and Western blotting

Monocytes (5 x 1Dcells) or neutrophils (ICcells) were resuspended in 50
ul PBS buffer pH 7.2, mixed with the same volume2ok SDS/PAGE
sample loading buffer (20 mM Tris—HCI, pH 8, 2 mNDEA, 5% (m/v)
SDS, and 10% (v/Vf}-mercaptoethanol), 20 ul glycerol/0,1% bromophenol
blue (1:1, v/v) and boiled for 5 min at 95 °C. ot were separated by
SDS-PAGE. Correct loading of the gel and transfepmteins to the
nitrocellulose membrane was confirmed by Ponceainiay. After
electroblotting to nitrocellulose membrane (GE Hezdre, Munich,
Germany) and blocking with 5% BSA for 1 h at rooemperature,
membranes were washed and incubated with priméargaaes overnight
at 4 °C. The membranes were washed and incubatbacvii:1000 dilution
of alkaline phosphatase-conjugated immunoglobulifoG1 h at room
temperature. After washing, proteins were visudlizgith nitro blue

tetrazolium and 5-bromo-4-chloro-3-indolylphosphate

2.2.13Determination of activity of isolated human recominant

cPLA,, in a cell-free assay

The cPLA, coding sequence was cloned from pVL1393 plasminaid{i
provided by Dr. Wonhwa Cho, University of lllino@t Chicago) into
pFastBacTM HT A containing a 6 x his-tag coding w&tpe. The

recombinant plasmid was transformed into DH10BadEMoli. Sf9 cells
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were transfected with recombinant bacmid DNA usiajifectin® Reagent
and the generated baculovirus was amplified. Oyeession of His-tagged
cPLA, in baculovirus-infected Sf9 cells and isolationings Ni-NTA
agarose beads was performed as described [183].

Multilamelar vesicles (MLVs) were prepared by dxyiri-palmitoyl-2-
arachidonyl-sn-glycero-3-phosphocholine (PAPC) arddpalmitoyl-2-
oleoyl-sn-glycerol (POG) in a ratio of 2:1 (nn-Iy chloroform) under
nitrogen in glass vials. After addition of 20 mMidrbuffer (pH 7.4)
containing 134 mM NaCl and 1 mg/mL fatty acid frB8A, the MLV
suspension was disrupted by several freeze-thatesytquid nitrogen)
and then extruded 11 times with a mini-extruderg@tv Polar Lipids, Inc.)
through a polycarbonate membrane (100 nm pore denat room
temperature (above transition temperature of thield) to produce LUV
(large unilamelar vesicles). Final total concemrabf lipids was 250 puM
in 200 pL. Test compounds and 1 mM Ca®@ere added to the vesicles,
and the reaction was started by addition of 50@iegagged cPLA(in 10
uL buffer). After 1 h at 37 °C, 1.6 mL GBH was added, and AA was
extracted by RP-18 solid phase extraction. Follgwderivatisation with p-
anisidinium chloride, the resulting derivate waslgpred by RP-HPLC at
249 nm as described [183].

2.2.145-L0 activity in human whole blood

Peripheral blood from healthy adult volunteers, vitaal not received any
medication for at least 2 weeks under informed enfjswas obtained by
venipuncture and collected in syringes containiaganin (20 U/ml). 2 mL
aliquots were pre-incubated with the indicated coumus and stimulated
with A23187 (30uM) for 10 min at 37 °C. After stimulation, the réiao

was stopped on ice and the samples were centrifagéd0 x g, 10 min, 4
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°C. Aliquots of plasma (50QL) were mixed with 2 mL of methanol and
200 ng PGB were added as internal standard. The samplespuéra -20
°C for 2 h and centrifuged (600 x g, 15 min, 4 “T)e supernatants were
collected and diluted with 2.5 mL PBS + @k HCI 1N. Formed 5-LO
metabolites were extracted and analyzed by HPLd®asribed before.

2.2.15Prostanoid formation in human whole blood

Peripheral blood from healthy adult volunteers, vitaal not received any
medication for at least 2 weeks under informed enfjswas obtained by
venipuncture and collected in syringes containieganin (20 U/ml) or

citrate (0.106 mol/l trisodium citrate solution).

Stimulation for 5 h with LPS (10 pg/ml)

Aliquots of whole blood (for PGE 0.8 ml, for 6-ketoPGf 0.4 ml) were
mixed with CV4151 (1 pM) and with aspirin (50 uMy fdetermination of
PGE and with CV4151 (1 uM) for analysis of 6-ketoPGFespectively.
For determination of TXB aliquots of whole blood (0.4 ml) were used
without additives. A total volume of 1 ml or 0.5 mlas adjusted with
sample buffer (10 mM potassium phosphate buffei7pH 3 mM KCI, 140
mM NaCl and 6 mM D-glucose). After pre-incubatiomthwthe indicated
compounds for 5 min at room temperature, the sanglkere stimulated
with LPS (10 pg/ml) for 5 h at 37 °C. Prostanoidiiation was stopped on
ice, the samples were centrifuged (2300 x g, 1Q fiC) and 6-ketoPGE
and TXB, were quantified in the supernatant using High Berg EIA
Kits (Assay Designs, Ann Arbor, MI), respectivelgccording to the
manufacturer’s protocols. PGkas determined as described. In brief, the

supernatant was acidified with citric acid (30 [#, M), and after
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centrifugation (2300 x g, 10 min, 4 °C), solid pbhasxtraction and
separation by RP-HPLC was performed to isolate PGRe PGE peak (3
ml), identified by co-elution with the authenti@astlard, was collected and
acetonitrile was removed under a nitrogen streame. @H was adjusted to
7.2 by addition of 10 x PBS buffer pH 7.2 (230 p&fore PGE contents
were quantified using a PGHigh Sensitivity EIA Kit (Assay Designs,
Ann Arbor, MI) according to the manufacturer’'s ool

Stimulation for 24 h with LPS (10 pg/ml)

Aliquots of heparinized whole blood (1 ml) were qmeubated with the
indicated compounds for 5 min at room temperatmck tae samples were
stimulated with LPS (10 pug/ml) for 24 h at 37 °Go$tanoid formation
was stopped on ice and the samples were centrif(B340 xg, 10 min, 4
°C). 6-ketoPGE, was quantified in the supernatant using High Sertgi
EIA Kits (Assay Designs, Ann Arbor, MI) according the manufacturer’s

protocols.

Stimulation with thrombin (2 U/ml)

For determination of TXBlevels citrated human whole blood was pre-
incubated with the indicated compounds for 15 min3a °C and the
reaction was initiated with thrombin (2 U/ml). Aftd0 min the reaction
was stopped on ice and TXERvels were detected in the supernatant using

a TXB;, High Sensitivity EIA Kit according to the manufaggr's protocol.
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2.2.16Carrageenan-induced pleurisy in rats

Test compounds at the indicated concentration donrethacin (5 mg/kg)
were given i.p. 30 min before carrageenan. A groumale rats received
the vehicle (DMSO, 4%, i.p.) 30 min before carragee Rats were
anaesthetized with enflurane 4% mixed with) @5 I/min, NO 0.5 I/min
and submitted to a skin incision at the level o thft sixth intercostal
space. The underlying muscle was dissected, andes@.2 ml) ori-
carrageenan type IV 1% (w/v, 0.2 ml) was injectet ithe pleural cavity.
The skin incision was closed with a suture, andathienals were allowed to
recover. At 4 h after the injection of carrageertae, animals were killed
by inhalation of CQ@ The chest was carefully opened, and the pleural
cavity was rinsed with 2 ml saline solution contagnheparin (5 U/ml).
The exudates and washing solution were removedspyation, and the
total volume was measured. Any exudate that wataownated with blood
was discarded. The amount of exudates was caldulatesubtracting the
volume injected (2 ml) from the total volume recmck Leukocytes in the
exudates were resuspended in PBS and counted witbptcal light
microscope in a Burker's chamber after vital tryiplae staining. The
amounts of PGE LTB,4 and 6-ketoPG# in the supernatant of centrifuged
exudates (800 x g for 10 min) were assayed by madwnoassay (PGIE
and enzyme immunoassay (L7,B6-ketoPGE), respectively (Cayman
Chemical, Ann Arbor, MI) according to manufactusemprotocol. The

results are expressed as ng per rat and représemigian + S.E. of 10 rats.
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2.2.17Statistics

Data are expressed as mean + S.Ekg V@lues were graphically calculated
from averaged measurements at 3 - 5 different cdrat@ns of the
compounds using SigmaPlot 9.0 (Systat Software, I8an Jose, USA).
Statistical evaluation of the data was performedoomg-way ANOVA
followed by Tukey-Kramer post-hoc test for multipleomparisons

respectively. A p value < 0.05 (*) was consideregynisicant.
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3 RESULTS

The design of novel mMPGES-1 inhibitors is of giatgrest, since mPGES-
1 inhibitors are considered as a promising altereaio NSAIDs in the
therapeutic strategy of inflammatory diseases.

To enhance the benefit in pharmacotherapy, a dumlbition concept of
MPGES-1 and 5-LO might have synergistic effects anceduced side
effect profile compared to classical NSAIDs.

3.1 Discovery of mPGES-1 or dual mPGES-1/ 5-LO
inhibitors from plant-origin that are traditionally used in folk

medicine

3.1.1 Arzanol (1) from Helichrysum italicum as lead structure for

structure activity relationship (SAR)

Arzanol (1), a constituent oflelichrysum italicumyas suggested to highly
contribute to the anti-inflammatory potential ofetiplant. Arzanol 1)
significantly inhibited (I) PGE formation in microsomal preparations of
IL-1R-stimulated A549 cells as a source of MPGE8ds= 0.4 pM) and
(I) 5-LO product formation in the semi-purified B" assay (IG= 3.1
MM). SAR studies were performed to enhance the-iaftdimmatory
potential [131]. The basic structure consista@renylated heterodimeric
acylphloroglucinol with am-pyrone and a phloroglucinol core. As arzanol
(1) is instable to acids and bases and exhibit higicttfonalization, the
possibilities of chemical modification are restdt Therefore, focus for
the improvement of the pharmacophore of arzahphas placed on the

alkylidene linker and/or the pyrone moietylafg, as well as on
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homodimeric analogues from both structural moiefiéslipyron,2a-i and
4a-d). To check whether the basic structure elementdfiinfluence the
enzymatic activity of mPGES-1, a prenylated acydpbdlucinol core )
and alkyl-substituted pyrone$,(7) were tested for their ability to block
MPGES-1 derived PGEand 5-LO derived LT formation under cell-free
conditions Table 3.9.

Table 3.6: Biological evaluation of arzandl)(and its derivatives on product formation
of cell-free MPGES-1 and semi-purified 5-LO. Mealues (n = 3-5) (IG [LM] or %
remaining activity at 10 uM)

Cell-free  Semipurified
mMPGES-1 5-LO

# structure

R1 R2 R3
arzanol () H CH; CHs 0.4 uM 3.1 uM
la H H H 1.0 uM 9.5 uM
1b CHs CH; CH; 2.1 uM 5.9 uM
1c CHs H H 2.4 uM 7.9 uM
1d NCeH13 CHs; CHs 0.3 uM 1.6 uM
le NCeH13 H H 0.2 uM 1.2 uM
1f Phenyl CH CHs 0.8 uM 4.9 uM

19 Phenyl H H 1.1 uM 8.4 uM
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R1 R2 R3
helipyron @) H CH; CH; 6 uM n.i.
2a H H H 99.8+1.3 93.049.3
2b CH; CHs; CH; 102.7£15.8 83.545.7
2C CHs H H 98.948.1 88.5+1.8
2d NCeH13 CHs; CHs 0.84 uM 56.1+7.2
2e NCeH13 H H 79.2+11.8 7.8 UM
2f Phenyl CH CHs; 66.6+4.6 86.1+12.8
29 Phenyl H H 92.8+16.7 81.8+2.3
2h 2-furyl CHs; CHs; 80.3+6.6 71.2+16.8
2i 2-furyl H H 102.3+7.9 93.1+20.1
3 99.3+15.9 5uM
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R
4a H 0.5 UM 1.4 UM
4b CH; 0.7 uM 1.2 uM
4c NCoHir 0.6 UM 0.6 UM
4d Phenyl 15 UM 0.7 UM
/
5 "o 62.4+5.8 5.1 UM
OH
@]
HO
OH
6 ZI/ 107.7435  111.7+10.8
O O
OH
7 fj\ 107.1411.1  129.8425.7
O O

The reference drugs MK886 (standard mPGES-1 irdribj66]) and
BWAA4C (standard 5-LO inhibitor [184]) suppressedduct formation as
expected (not shown).
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First, the pyrone substitution pattern was simgdifwhich resulted in the
bis-nor derivativela. Compoundla basically retained activity towards
MPGES-1 and 5-LO with Kg values of 1 and 9.5 uM, respectively,
suggesting that substitution of the pyrone patiernot essential for the
inhibitory potential. Introduction of a methyl ohea alkylidene linker Xb
and 1¢) slightly decreased the inhibitory potency of mEsE and 5-LO
with ICsq values of 2.1 and 5.9 uM as well as 2.4 and 7.9 ieSpectively.
Interestingly, the derivativedd and le, which both possess n-hexyl
residues on the alkylidene linker, increased thabitory potential of
MPGES-1 and 5-LO product formation withs§@alues 0f0.3 and 1.6 uM
as well as 0.2 and 1.2 uM, respectively, suggestimat lipophilic
substituents on the alkylidene linker enhance theaey towards mPGES-
1 and 5-LO. However, introduction of a phenyl resicon the alkylidene
linker (1f and1g) resulted in 1G, values of 0.8 and 4.9 uM as well as 1.1
and 8.4 uM, respectively. Moreovelf and 1g increased the inhibitory
potential towards both enzymes compared to devesatwith the methyl
residuelb andlc, but were less efficient compared Xd and 1e which
possess the lipophilic n-hexyl residue.

Next, the basic structure elements were investigdbe their ability to
suppress cell-free mPGES-1 and 5-LO product fownatiThe alkyl-
substituted pyrone6 and7 did not inhibit mPGES-1 and 5-LO activity,
whereas the prenylated acylphloroglucinol cdse slightly inhibited
MPGES-1 derived PGHormation (62.4% remaining activity at 10 uM)
and potently inhibited 5-LO product formation iretsemi-purified 5-LO
assay (IG= 5.1 uM). These findings suggest thatight be essential for
the inhibitory potential wheregand7 (and1a) might have no influence
on the inhibitory potential of the natural prodactanol ().

Surprisingly, the enolether derivati@edid not suppress mPGES-1 derived
PGE formation (99.3% remaining activity at 10 uM) buainly sustained
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5-LO inhibition (IGy= 5 uM). These unexpected findings imply that the
existence of an acidic group might be crucial f6t®&ES-1 inhibition.

To further investigate the significance of the hatieneric structure of the
natural compound arzandl)( homodimeric pyrone- (Helipyron arad2i)
and phloroacetophenon-derivatives-4d) were tested for their ability to
block the formation of mMPGES-1-derived PG&nd 5-LO-derived LT
formation.

The homodimeric pyrone helipyro)(is known to occur irHelichrysum
italicum [118]. Helipyron @) is much less potent on mMPGES-1 inhibition
(ICs6= 6 uM) compared to arzanol)(and even inactive towards 5-LO
inhibition. Consistent with the results of the mmetBmeric derivatives
(arzanol 1) and 1la-19g introduction of n-hexyl residue to the methylene
linker (2d and 2e) increased the potency towards mPGES-1 and 5-LO
inhibition whereas helipyron and the correspondiggnor derivativesda
and 2e) were less efficient. Methyl, phenyl or 2-furylsidues on the
methylene linker resulted in completely inactivenpmunds 2b, c, f, g, h,

1) towards mPGES-1 and 5-LO inhibition.

As the prenylated acylphloroglucinol cdsealready implied, homodimeric
phloroacetophenon derivative4af4d) potently suppressed the formation
of MPGES-1 derived PGEand 5-LO derived LTs. In line with other
results, introduction of n-hexyl residudc] resulted in the most potent
derivative of groupt with 1Cg values of 0.6 uM, each.

Taken together, arzanoll)( could be identified as a dual inhibitor of
MPGES-1/5-LO and the performed SAR studies yiedd thtroduction of
lipophilic elements (especially n-hexyl residues)the alkylidene linker
enhance the potency towards mPGES-1 and 5-LO trdnibcompared to
the natural compound arzanal).( Furthermore, thex-pyrone core is
apparently not crucial for the inhibition potentighich could be verified

by the corresponding bis-nor derivatives and theddimeric pyrone- and
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phloroacetophenon-derivativeke, as the most promising derivative, with
potent properties will be further investigated oms imolecular
pharmacology within the eicosanoid pathway (se@th&.4.1)

3.1.2 Phytocannabinoids and non-cannabinoids fronCannabis sativa

Phytocannabinoids as well as non-cannabinoids €amnabis sativdnave

been shown to interfere with the AA cascade [148}1Zhus, little is

known about the molecular targets. To screen foibition of mMPGES-1,
seven phytocannabinoids and eight non-cannabineidse tested in
microsomal preparations of interleukifi-&timulated A549 cells for their
ability to block the formation of PGseeTable 3.7andTable 3.8.

Table 3.7: Biological evaluation of phytocannabi®ion cell-free mPGES-1 product
formation. Mean values (n = 3-4) (}¢[LM] or % remaining activity at 10 uM)

Cell-free

# Structure
mMPGES-1

cannabidiol

65.0+£3.5
(CBD) (8)
cannabidiol-
viridine 62.5+4.1

(CBD vir) (9)
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HO

cannabigerol

0.9 uM
(CBG) (10) L o

OH

cannabi- =
chromene o 84.0+5.6
(CBCr) 11 f

tetrahydro-
cannabinol
(THC) (12

70 uM

tetrahydro-
cannabinol-
o 77.7£1.6
viridine

(THCuvir) (13)

cannabinol
(CBN) (149

70.3+5.9

The standard reference inhibitor MK-886 blocked BRG&mation as
expected (IG = 2.1 pM, data not shown). CBG&Q) could be identified as
a potent inhibitor of mMPGES-1 with ansfGralue of 0.9 uM. Furthermore,
THC (12) (ICs0 = 70 uM) could be identified as weak inhibitorroPGES-
1 derived PGEformation. All other cannabinoid8,(9, 11, 13, 14did not
inhibit MPGES-1 activity up to 10 uM.
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Table 3.8: Biological evaluation of non-cannabirmion cell-free mPGES-1 and semi-
purified 5-LO product formation. Mean values (n =3P (ICso [UM], % remaining
activity at 10 uM, n.i. no inhibition)

Cell-free  Semipurified

# Structure

MPGES-1 5-LO
feruloyl- o oH
tyramine /OwNWO 81.4+3.4  855%7.1
(15 HO )

cumaroyl-

OH
T
tyramine WH 89.3+5.0 114.9+4.8
(16) HO

s
cannabis- O.
pyrenone L ' n.i. 8.6 UM

17
0

cannabis-
pyranol 88.2+6.9 118.1+3.8

OH
(18)
OH

cann-
flavin A
(19

0.95 uM

cann-
flavin B
(20)

0.9 uM

OH

oxylipin
P WM(OH 57.5¢5.6 6.0 uM
(21)

o
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O OH
canni- ~o

=
10 uM 0.4 uM
prene 22) O OH H H

The references MK886 (standard mPGES-1 inhibit@])[&nd BWA4C
(standard 5-LO inhibitor [184]) suppressed prodocmation as expected
(not shown). Of all tested non-cannabinoids, thenplated flavonoids
cannflavin (CF) A 19) and B 20) and the dihydrostilbene canniprer22)(
potently inhibited cell-free mMPGES-1 and semi-peadf 5-LO product
formation with IG, values of 1.8 and 0.95 uM for CFA9), 3.7 and 0.9
UM for CFB @0) and 10 and 0.4 puM for canniprer&), respectively. The
endocannabinoid-related oxylipiB1) and the “spiro compound” cannabis-
pyrenone 17) selectively blocked 5-LO products with gCvalues of 8.6
and 6.0 uM, respectively. The tyramine derivati{Es 16) as well as the
“spiro compound” cannabispyrandl§) did not influence PGEformation
or 5-LO product formation in semi-purified 5-LO tgp10 pM.

As CFA (19) could be identified as a potent dual inhibitomoPGES-1/5-
LO, further experiments were performed to discldse pharmacological

profile within the AA cascade (see chaet.?.

3.1.3 Lignan derivatives from Krameria lappacea

Lignan derivatives rank among the phenolic constits of the South
American plantKrameria lappacea(Dombey) Burdet et Simpson. The
dried roots (syn. rhatany) are traditionally usedfalk medicine to treat
inflammation-related diseases predominantly ofnttoith [185-188].

As lignans are already known to act as anti-inflastory agents [189,

190], eleven lignan derivatives comprising neolmgganorneolignans, and
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7,70-epoxy lignans were investigated for their igbilo block mMPGES-1
derived PGEformation in a cell-free systenigble 3.9.

Table 3.9: Biological evaluation of lignan derivads on cell-free mPGES-1 product

formation. Mean values (n = 3) ()¢[M] or % remaining activity at 50 uM)

Cell-free
# structure

mMPGES-1

R2
RloH
o)
R1 R2
23a OH OCH; 56.5+3.0
23b OCH; OH 42 uM
R3 R1
™
28289
o}
R1 R2 R3
24a H OH OH 7.4 uM
24b H OH H 5.3 uM
24c H OH OCH; 13.5 uM
24d H OCH; OH 13 uM
24e CH; OH H 11 uM
( 7—<: :}—OH

25 « 0 77.6x3.1




3 RESULTS 55

26 75.7¥2.9

27 N 39.5 pM
HO@ IIIIII
O

’,2’ \
O

The standard reference inhibitor MK-886 blocked RG&mation as
expected (IG = 2.1 uM, data not shown). Compouddla and24b could
be identified as potent inhibitors of mMPGES-1 wiili, values of 7.4 and
5.3 UM, respectively. The 7,7 -epoxy lignags,(26) as well as compound
23adid not show any inhibition up to 50 uM. All otheompoundsZ3b,
24c-e 27, 28) moderately inhibited mPGES-1 with4{ralues between 11
and 42 uM [176].

3.2 Discovery of novel mPGES-1/5-LO inhibitors by

pharmacophore model and virtual screening

Pharmacophore model and virtual screening

The pharmacophore model was developed by the grb@#pof. Hermann

Stuppner (Univ. Innsbruck) for acidic mPGES-1 intats and was based
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on highly potent indole derivatives as mPGES-1hitars with 1G, values
in the nanomolar range.

The pharmacophore model M1 consists of four hydobphfeatures, one
aromatic ring, one negatively ionizable feature anshape restriction to
limit the size of fitting compounds.

The second pharmacophore model M2 is a partialygoeM1, in which
the aromatic feature or one of the hydrophobiculiest is allowed to be
omitted during the screening. While M1 achieved aranfavorable
enrichment of active compounds in a virtual scnegniM2 correctly
recognized chemically diverse mPGES-1 inhibitorsvithich M1 was too

restrictive [191].

3.2.1 Depsides and depsidones fromichen spec.

The Chinese herbal medicine (CHM) database constsl0,216
compounds that are common in the traditional Clinesdicine [192].
Therefore, it was used fan silico screening with the pharmacophore
models M1 and M2. More than 10% of the virtual lutaild be identified
as constituents dichen specA set of ten different depsides and the related
group of depsidones was composed and a virtualelsicrg with the
pharmacophore models M1 and M2 was disposed. Plrysail 29b),
perlatolic acid 80c), evernic acid 30b) and olivetoric acid 30d) were
identified as virtual hits, whereas all other compds inTable 3.10did
not map the features of M1 or M2. [177]

Multifaceted biological activities are known forpstdes and depsidones,
e.g. antioxidant, antibiotic, antiviral, antitumgsroperties [152]. As
physodic acid Z9b) is known to inhibit PG biosynthesis in rabbit renal
microsomes [146] the selected depsides and depgsdbable 3.10 were
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tested for their ability to interfere with mPGESiérived PGE formation
and semi-purified 5-LO product formation.

Table 3.10: biological evaluation of depsides aegsidones on cell-free MPGES-1 and
semi- purified 5-LO product formation. Mean valu@s = 3-4) (IGo [uUM] or %
remaining activity at 10 uM)

Cell.f Semi-
ell-free
# structure purified
mMPGES-1
5-LO
o)
DepsidoneZ9) O
basic structure D
o)
0
o / OH
fumarproto-cetraric
o 0
acid o 74.6£10.7 82.619.4
(293) OH
HO © OH
=0
o)
physodic acid O 0
(295 OH 043 puM 2.4 uM
HO © OH
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0 OH
0
salazinic acid OH
60.8+10.7 85.0+5.1
(299 o
HO 0
o/ HO™ O
0
0
variolaric acid
75.5+12.9 96.2+7.3
(29d) @)
HO
HO 0
0
.d. O
scensidin
cl OL 733+97 7.3uM
(29¢ o
e Cl
Depside 80)

basic structure

@iOJ@

methylbeta- ?
orcinolcarboxylate MO/ 89.1+12.5 92.1+8.2
(309 HO
evernic acid OH O
53.9+2.7 9.9 uM
(30b)
OH O

perlatolic acid
(309

o
o

H
0]
O

o)
ﬁ)\* "
0

0
H OH

0.4 uM 0.4 uM

OH
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OH O
OH O OH
olivetoric acid
° 115puM 2.4 uM
(30d)
HO
o)
o)
atranorin OH O o~

(308 A/@ik oy  87.5%132 66.3+4.4
O 0
HO

The reference inhibitors MK886 (mMPGES-1 inhibit&6]) and BWA4C
(5-LO inhibitor [184]) worked as expected. The wat hits physodic acid
(29b), evernic acid, perlatolic acid and olivetoric ac&DIp-d) from model
M1 and M2 could be identified as inhibitors of mP&E and 5-LO, in
which physodic acid29b), perlatolic acid §0c) and olivetoric acid 30d)
strongly suppressed mPGES-1 and 5-LO product foomatvith 1Cso
values in the low micromolar range of 0.4 to 2.4.u@ernic acid 30b)
moderately inhibited mMPGES-1 and 5-LO product fdrama with 1Cso
values of >10 and 9.9 uM, respectively. Salazicid £9c) acts as a weak
MPGES-1 inhibitor and scensidir29¢) and atranorin 80e) could be
identified as moderate inhibitors of 5-LO (C= 7.3 uM and >10 pM,
respectively). All other compounds (fumarproto-agtr acid g9a),
variolaric acid 29d) and methylbeta-orcinolcarboxylate30g)) were
completely inactive towards mPGES-1 and 5-LO irtfohi

Interestingly, lipophilic residues seem to be alicfor the strong
suppression of MPGES-1 and 5-LO derived produchdtion as the potent
dual inhibitors29b, 30c and30d all possess a long lipophilic alkyl chain at
position 6 and 6'30b, consisting of small alkyl residues at these pasgjo
could be identified as a weak dual inhibitor of n#%51 and 5-LO.
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In addition, also a free acidic group seems to $semtial as all inactive
compounds excef@9alack a carboxylic group in position 1'.

Taken together, (1) an acidic moiety in positionahd (I1) lipophilic chains
in position 6 and 6’ seem to be essential for th@hition potential of
depsides and depsidones on mPGES-1 and 5-LO primtowdtion. Fitting
studies with the potent compoun28b, 30c and30d into pharmacophore
model M2 pointed out that two of the hydrophobiattees are mapped by
the lipophilic alkyl chains. Moreover, the data mfiarmacophore model
M1 indicate that the aromatic ring feature is negemtial for the inhibition
potential towards mPGES-1 and 5-LO 2@b and 30d do not map this
feature an@®9b is considered equally potent compare®@a which maps
all features of M1 [177].

So far, only few natural compounds could be iderdifas equally potent
dual inhibitors compared t89b and 30c. For this reason their molecular
pharmacology on the eicosanoid biosynthesis wilflbéher investigated
(see chapted.4.3.

3.2.2 Ginkgolic acid from Ginkgo biloba

Another virtual hit of the Chinese herbal medic(@HM) database using
the pharmacophore models M1 and M2 was ginkgolid #om ginkgo
biloba. As ginkgolic acid has been reported to show amant, radical-
captivating, anti-inflammatory properties [173]has been tested in a cell-
free model for its ability to block the product rieation of microsomal
preparations of IL-13 stimulated A549 cells as are® of mMPGES-1 as

well as semi-purified 5-LO product formatiohable 3.17).
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Table 3.11: biological evaluation of ginkgolic ac{@1) on cell-free mPGES-1 and
semipurified 5-LO product formation. Mean values=(8) (1Cso [LM])

Semi-
Cell-free N
# structure purified
mMPGES-1
5-LO
OH O
ginkgolic acid OH
0.7 uM 0.2 uM
(31) N

Ginkgolic acid 81) could be identified as a potent dual mPGES-1 &nd
LO inhibitor with IG5 values of 0.7 and 0.2 uM, respectively, compaoed t
the standard reference inhibitors MK886 (mPGESHibitor 1C5= 2.1
uM) and BWA4C (5-LO inhibitor 16=0.16 puM).

Since only few natural compounds are known to gbtdrock the product
formation of both enzymes (mPGES-1 and 5-LO), thelesular
pharmacology of ginkgolic acid on the arachidonmdapathway was

further analysed (see chap84.9.

3.3 Synthetic-derivatives of acid-modified NSAIDs as ng
leads of MPGES-1 inhibitors

Modification of the acidic carboxylic group fromehanti-inflammatory
drug licofelone to sulfonamides was recently shoovimpair COX activity
and increase the potency of mMPGES-1 inhibition.[82]

Studies on the classical NSAIDs ibuprofen, ketogmof naproxen,
indomethacin and lonazolac were performed in theeséine of action.
Preparations of IL-1R stimulated A549 cells wereeduss source for
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MPGES-1. Synthesized NSAID derivatives (by Pro&f&t Laufer, Univ.
Tuebingen) were tested for their ability to blodle tformation of PGE
using PGH as substrate [178].

Table 3.12: biological evaluation of NSAID derivess on cell-free mPGES-1 product

formation. Mean values (n = 3) (§¢ [UM] or % remaining activity at 10 pM)

(Experiments were partially conducted by Giulia Aosly University of Tuebingen)

Cell-free
# structure
mPGES-1
R
Ibuprofen
OH 81.2+2.7
(32
i
32a H_ﬁ@ 78.66.4
o)
I
32b W“m—ﬁ»— 67.9£15.8
0
0
R
SRR
R
keto-
profen OH n.i.

(33




3 RESULTS

63

33a 76.3+10.0
0
33b W‘”H_ﬁ_ 78.612.1
o
CXTT
~o o)
R
naproxen )
OH n.i.
(34)
0
34a W“H_ﬁ@ 72.816.9
o)
0
34b ”"‘”H_ﬁ_ 92.5+4.8
o)
0
g
N
Y
R1
0
R2
R1 R2
indo-
methacin o OH 40.6 pM
(39
0
35a o N ﬁ@ 6.4 uM
o)
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73.6+x14.5

35b

68.7+3.5

35¢c

1.75 uM

Br

35d

86.1+3.1

O

35e

2.5 uM

OH

35f

1.8 uM

Cl

3590

2.8 UM

35h

OH

lonazolac

(36)

45 uM

\
N—N

Cl

R2
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R2

R1

3.4 uM

Cl

36a

98.0+26.9

Cl

36b

5.9 uM

Cl

36¢C

2.3 uM

Cl

Cl

36d

1.7 uM

36e

3R

OH

R2

R1

0.4 uM

36f
369
36h

OH 0.16 M

Cl

0.18 uM

OH

Cl

0.2 uM

Cl

36i

0.35 uM

Cl

Cl

36]
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Il
36k Cl H v‘“”{}{‘ﬁ‘<j>*€l 0.8 uM

The mPGES-1 inhibitor MK886 was used a referen& gnd inhibited
MPGES-1 derived PGEformation as expected (data not shown).
Comparable to the classical NSAIDs ibuprof@2)( ketoprofen $3) and
naproxen 34) also the corresponding sulfonamid824-b, 33a-h 34a-b)
did not inhibit MPGES-1 up to 10 puM.

Introduction of a p-tolylsulfonamide residue to amaethacin (1G, = 40.6
UM) resulting in compound5a highly increased the potency towards
MPGES-1 (IG = 6.4 uM), whereas the methansulfonamide resigab)
was less active, suggesting that a lipophilic masids required at this
position. The phenylacetylene-substituted deriestivB5e—h further
enhanced the efficacy towards mPGES-1 inhibitiantroduction of a
bromide led to the most potent indomethacin derea®5d (ICso = 1.75
uM). Furthermore, derivatives of lonazola@86é4-k) were prepared and
tested for their ability to block mPGES-1 derivedsE formation.
Consistent with the results of the indomethacinivddéives @5a-h),
introduction of phenylsulfonamide residug6g 36c¢c-e 36i-k) increased
the inhibitory potential of mPGES-1 activity whesea the
methansulfonamide analoguB6f) decreased the potency of mMPGES-1
inhibition. Replacing the methyl group from toluatienamide with
chlorine @6d, 36i-k) and/or introduction of substituted phenylacetglen
moieties 86f-k) further enhanced the inhibitory potential towandBGES-

1 resulting in the most potent lonazolac derivaBég (ICso = 0.16 puM),
that inhibited mMPGES-1 with kgvalue in the nanomolar range [178].
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3.4 Molecular pharmacology of promising dual mPGES-
1/5-LO inhibitors

3.4.1 Pharmacological profile of arzanol (1) and its pronsing

derivative le on eicosanoid biosynthesis

34.11 Arzanol (1) and 1e inhibit 5-LO product formation

Arzanol (1) and its derivativele potently suppressed the activity of semi-
purified 5-LO in a cell-free assay with JCvalues of 3.1 and 1.2 uM,
respectively Fig. 3.8A). In addition, the 1G, value shifted to 5.7 uM when
5-LO inhibition of lewas analyzed in crude neutrophil homogenates under
the same experimental conditions, suggesting tedtlar components
present in the homogenates may hamper 5-LO inbibitiWashout
experiments demonstrated that this effect was séver as incubation of

5- LO with 10 uM arzanoll) or 3 pMleand a subsequent dilution to 1 or
0.3 uM (final concentration, respectively) fullyaished 5-LO inhibition
(Fig. 3.8B. BWA4C was used as reference inhibitor and bldckee

formation of 5-LO products as expected (not shown).

—e— 5-LO semi-purified 120 -
120 - —O— homogenates —&— 5-LO semi-purified
E= c = 100
22 100 % S
c = b=
ES ES 801 .
e “; 80 ] e “; *kk
o CTo 60
58 404 a5 40
of o
—.I 8_ _|I g Ak
o= 20 w= 70
0 -

(=]
L

0 0.3 1 3 10
arzanol [pM]
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B
Fig. 3.8: Effects of arzanb(1)
= e [uM] andleon isolated 5-LO

120 ; = arzanol [uM] (A) Inhibition of isolated 5-LO.

S% 100 - [ ] _|_|__ Semi purified, human
‘g% . T recombinant 5-LO or PMNL
é..; homogenates (5 x 10
_‘g’% 60 - cells/exp.) were pre-incubated
ST 404 with 1e, arzandl BWA4C (0.3
%é_ 20 UM) or vehicle (DMSO) in the
ﬂ presence of 1 mM ATP for 10

0 -&‘0 o ,5%@ n \Q(\Q\ min. 5LO product fo.rrnation

o A was initiated by addition of

2mM C&" and 20uM AA for
10 min at 37 °C. Reaction was stopped with methandce and 5-LO products were
analyzed by RP-HPLC. Data are given as mean + 3.E.,3, *p < 0.05, **p < 0.01
and ***p < 0.001 vs. vehicle (DMSO) control, ANOWATukey HSD post-hoc tests. (B)
Reversibility of 5-LO inhibition. Semi purified, thnan recombinant 5-LO was pre-
incubated in the presence of 1 mM ATP for 10 mohamaliquot was diluted 10-fold to
obtain an inhibitor concentration of 0.3 ordM. 5-LO product formation was initiated
by addition of 2mM C& and 20uM AA for 10 min at 37 °C. Reaction was stopped with
methanol on ice and 5-LO products were analyzed®RByHPLC. Data are given as
mean + S.E., n = 3-6, ***p < 0.001; 3 or 10 uM \diluted sample, ANOVA + Tukey
HSD post-hoc tests.

Many plant-derived 5-LO inhibitors are lipophilieducing agents that act
by uncoupling the redox cycle of the active-sitaniof 5-LO or by radical
scavenging activity [193]. Previous studies alreaelyealed antioxidant
properties of arzanoll} [129] that could be confirmed for arzana) @nd
le in the DPPH assay. Arzanoll)( and le caused a concentration
dependent reduction of DPPH with similar efficienas the well

recognized antioxidants cysteine or ascorbic geigl. G.9.
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Fig. 3.9: radical scavenger

0,40 - ascorbic acid properties of arzanoll) andle.
0,35 - —O— cysteine Arzanol, 1e, vehicle and
—v— 1e . :

0,30 | \— arzanol controls were mixed with DPPH
S 0,25 - solution and incubated for 30
2 0.20 min in the dark. The absorbance
§ 0,15 was measured at 520 nm. Data
< are given as mean + S.E. n=3.

0,10

0,05 1

0,00 - .

0 1 5 2'5 5I0 160
[uM]

Next, investigation of arzanol) andle on 5-LO activity in intact human
neutrophils was performed. A concentration-dependdnbition of 5-LO
product synthesis for both compounds was evidenntact neutrophils
stimulated with A23187 in the absence G 2.4 and 2.6 uM,
respectively) and presence {¢C= 2.9 and 0.9 uM, respectively) of
exogenous AA (20 puM) as well as for neutrophilsmiad with LPS (1
png/ml) and stimulated with fMLP (g = 8.1 and 2.8 uM, respectively,
Fig. 3.10. The product formation of 12- and 15-LO was ndtibited by
arzanol (not shown). The 5-LO inhibitor BWA4C (08V), used as
reference compound, blocked 5-LO activity in alsas as expected

(inhibition >90%, not shown).
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Fig. 3.10: Effects arzand(1) andle on
LPS/fMLP 5-LO in intact neutrophils
Ll Intact neutrophils (5 x ml) were pre-
c =
%g 100 incubated with arzanolf, 1e or vehicle
c
E g g0 (DMSO) for 10 min at 37 °C and cells
S g:’ -~ were stimulated with 2.6M A23187 or
T ®
g_‘q:: 2.5 uM A23187 plus 2Q«M AA. 5-LO
g 40
% products were determined by RP-HPLC.
w< 99 —e— arzanol _ _ _
—o0— 1e Alternatively, cells were primed with

LPS (1 pg/ml) for 30 min and the

0 01 03 1 3 10
[uM]

formation of 5-LO products was

initiated by addition of 1 uM fMLP.
LTB, levels were detected using a BXBigh Sensitivity EIA Kit according to the
manufacturer's protocol. Data are given as mean.E.$=3-7, *p < 0.05, **p< 0.01
and ***p < 0.001 vs. vehicle (DMSO) control, ANOWATukey HSD post-hoc tests.

An interference at the level of AA supply, e.g.ibfibition of cPLA, can
be excluded, as arzandl)(and 1e failed to significantly inhibit isolated
recombinant human cPLAIp to 10 uM, whereas the pyrrolidine inhibitor
(5 uUM) blocked AA release as expectéay( 3.11.
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Fig. 3.11: arzanol 1) and 1e do
not inhibit cPLA.

Freshly prepared large unilamelar
vesicles were incubated with
cPLA enzyme, 1 mM Ghand the
indicated compounds for 1 h at 37
°C. Reaction was stopped using
methanol. Following deri-
vatisation  with  p-anisidinium
chloride, the resulting derivate
was analyzed by RP-HPLC. Data
are given as mean + S.E., n = 3.

Performed by Marius Melzer in

the lab of Prof. Dr. O. Werz (University of Jenar@any).

5-LO activity is tightly regulated in the cell [111.e. phosphorylation via

the ERK-1/2 or p38 MAPK pathway leads to a stropgegulation of 5-LO

activity. Therefore,1le was analyzed for its ability to interfere with the
ERK-1/2 or p38 MAPK pathway. As can be seerfig. 3.12 le did not

influence the phosphorylation state compared to réference inhibitor

U0126. Thus, an influence on 5-LO regulation by ggtwrylation can be
excluded forle

Fig. 3.12: Effects on ERK and

p38 MAPK pathway dfe.

Neutrophils (10) were pre-

warmed for 3 min at 37 °C and

pre-incubated with le or

vehicle (DMSO) at 37 °C for

15 min. The reaction was

started by the addition of 0.1

ERK | o = i
o
pp38
fMLP 0,1 uM - + + +
U0126 (3 uM) - - + .
Te [UM] - - - 10

uM fMLP, stopped after 1.5
min with SDS-b and heated for

6 min at 95 °C. Total cell lysates were analyzedBBK1/2, phosphorylated ERK1/2
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(Thr-202/Tyr-204) and phosphorylated p38 MAPK (TBO/Tyr-182) by SDS/PAGE
and western blotting. Results are representative-8findependent experiments.

Experiments performed in human whole blood focuggsson 5-LO
inhibition revealed a loss of efficacy for arzaib) and1le. Both failed to
block 5-LO product formation up to 10 puMFig. 3.13 in whole blood
stimulated with A23187 for 10 min, whereas the d&tad inhibitor

BWAA4C suppressed 5-LO product formation as expected
Fig. 3.13: Effects of arzanol) andle

on 5-LO inhibition in human whole

120 -
blood.
53 L Heparinized whole blood was pre-
gg 80 4 incubated with arzanol, 1e or vehicle
=0
2 (DMSO) for 15 min at 37 °C and
e 60 f . .
3 qé" stimulated with A23187 (30 uM) for 10
Q
‘5.% 40 min. Reaction was stopped on ice and
O = .
-4 8 20 5-LO product formation was detected
wn — .
using RP-HPLC. Data are given as
mean + S.E. n=2-3.
SO S ©
O D
NN o\
& @

Together, arzanollj and its synthetic derivativie are direct inhibitors of
5-LO. Both could be identified as redox active bitars with a reversible
mechanism of action largely independent of the tsates supply.
Interference with 5-LO regulation can be excluded.O inhibition in cell-
based assay was comparable to the results frommerfied 5-LO assay.
In crude neutrophil homogenates and human wholedbiohibition of 5-
LO product formation seem to be hampered by compuisnaresent in the

assays medium.
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3.4.1.2 Arzanol (1) and 1e block mPGES-1 derived PGE

formation

As reported inTable 3.6 arzanol {) and le potently inhibited PGE
formation in microsomal preparations of IL-1(3 stlatad A549 cells with
ICso values of 3.1 and 1.2 uM, respectively. AlteratodiPGH, to lower (1,

5 uM) or higher (50 uM) concentration caused otilyhs changes in the
potency ofle (Fig. 3.14A), suggesting that mPGES-1 inhibition is largely
independent of the substrate supply. Alteration lewer PGH
concentration (1 uM) shifted kgvalue to 0.25 uM, whereas higher PGH
concentration (50 uM) did not change the inhibitpotential of arzanol
(1), indicating a competitive mode of action. Washexperiments were
carried out, to investigate whether inhibition @B synthesis is reversible
(Fig. 3.14B. A 10-fold dilution of the samples containing Mjarzanol ()

or lerestored mPGES-1 activity, implying a reversibled® of inhibition.
Adding 10% FCS to the sample béreduced the potency (60% remaining
activity at 10 pM), suggesting that plasma protbinding due to the
lipophilic acid structure might occur. MK886 wasedsas standard

inhibitor and blocked PGHormation as expected (not shown).
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Fig. 3.14: Effects of arzanbl
120 - = e [uM] (1) and1e on mPGES-1 in cell-
C— arzanol [uM]
free assay.
— 100 Fkek * (A) C .
© oncentration-response
s £ 1 T |L |
= 80 1 analysis of arzandl and le.
=] (=} . . _
5 % 60 - Microsomal preparations of IL
u E 15-stimulated A549 cells were
O ¥ 40 - . .
L pre-incubated with arzanol, le
(=1
20 - or vehicle (DMSO) for 15 min
0 - at 4 °C and PGE formation
NA NN . "
< o Qg\\\\ o Qf\\'\\ was induced by addition of

variable PGH concentrations
(1, 5, 20 and 50 pM). The amount of PG¥as quantified for 1 and A PGH, by the
use of a PGEHigh Sensitivity EIA Kit according to the manufaet's protocol and
PGE, formation of samples with or w/o 10% FCS stimuatgth 20 and 50 uM PGH
was analyzed by RP-HPLC. Data are given as meartt, 8=3, *p < 0.05, **p < 0.01
***p < 0.001 vs. vehicle (DMSO) control, ANOVA + Rey HSD post-hoc tests. (B)
Reversibility of mPGES-1 inhibition. Microsomal pagations were pre-incubated for
15 min with 1 uM arzanol, 1e or vehicle (DMSO), amdaliquot was diluted 10-fold to
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obtain an inhibitor concentration of 04AM. Then, 20uM PGH, was added and all
samples were incubated for 1 min on ice, and P@&Emation was analyzed as
described by RP-HPLC. Data are given as mean +,1E3, *p < 0.05 or ***p <
0.001 vs. diluted sample, ANOVA + Tukey HSD posttésts.

In summary, arzanollj andle potently inhibit mMPGES-1 derived PGE
formation under cell-free conditions. Both act inreversible mode of
action largely independent of the substrate suggwer concentrations of
PGH (1 uM) enhanced the inhibitory potential of arda(l) by 10-fold

(ICs= 0.25 uM), indicating a competitive mode of action

3.4.1.3 Arzanol (1) and 1e interfere with the prostanoid sgthesis

As mPGES-1 acts downstream of COX, arzanbl and le were
investigated for their ability to interfere with tieer COX-1 or -2.
Therefore, arzanollf andlewere analyzed in test system of isolated ovine
COX-1 and human recombinant COX-2. Indomethacin @ldcoxib were
used as reference inhibitors and blocked 12-HHTh&tion as expected
(not shown). No inhibition of isolated COX-1 coulik observed for
arzanol {) and le In contrast, COX-2 derived 12-HHT formation was
moderately affected bie (ICso > 10 uM), but not by arzanal);



3 RESULTS

76

COX product formation
(percentage of control)

60

40 -

20

*k

—&— 1e; COX-1
—0O— 1e; COX-2
—w— arzanol; COX-1
—4— arzanol; COX-2

[uM]

Fig. 3.15: Effects of arzanb(1) and
le on isolated COX-1 and -2

Purified ovine COX-1 (50 units) or
human recombinant COX-2 (20 units)
were pre-incubated 5 min prior
stimulation with AA (5 uM or 2 uM,
respectively). 12-HHT in the samples
was analyzed using RP-HPLC. Data
are given as mean + S.E., n=2-3, **p
< 0.01 vs. vehicle (DMSO) control,
ANOVA + Tukey HSD post-hoc tests.

Using a cell-based test system for COX-1, intach&n platelets were pre-
incubated with arzanollj or 1e and the formation of 12-HHT and TXB
was measured after addition of AA (5 uM). The faotioraof 12-HHT (1G,
= 2.3 and 1.6 pM, respectively) and TXBICso = 2.9 and 2.2 uM,
respectively) was concentration-dependently blodkedrzanol 1) andle
(Fig. 3.16. The reference inhibitor indomethacin blocked GOXroduct

formation as expected (not shown).
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Fig. 3.16: Effects of arzanb(1) and1e on human platelets

Platelets (1&ml PBS containing 1 mM Cag}lwere pre-incubated for 5 min prior to
stimulation with AA (5xM). After another 5 min at 37 °C, the formation(aj 12-HHT
was determined by RP-HPLC (B) and formation of 7WBs determined using a TXB
High Sensitivity EIA Kit according to the manufaetts protocol. Data are given as
mean + S.E., n=3-5, *p < 0.05, **p < 0.01 ***p < 001 vs. vehicle (DMSO) control,
ANOVA + Tukey HSD post-hoc tests.

Because direct inhibition of COX-1 can be excludée, inhibitory effects
observed in platelets may be due to thromboxandhaga (TXAS)
inhibition. To check if TXAS is directly affectedybarzanol {) andle,
freshly prepared platelet homogenates were prdated with the
compounds and stimulated with P&KR20 uM) as substrate of TXAS.
Both, arzanol 1) andle concentration-dependently blocked the formation
of TXB, (as a biomarker for TXA from PGH with ICs, values of 2.7 and
2.5 uM, respectively, suggesting a direct inhiloitiof TXAS (Fig. 3.17).
CV4151, used as selective inhibitor of TXAS suppeesTXB formation

as expected (not shown).



3 RESULTS 78

Fig. 3.17: Effects of arzanol) andle on
TXAS

bl Thromboxane Asynthase (TXAS) activity
§ 120 - was determined in platelet homogenates
é § 100 - (10°ml PBS containing 1 mM Cagl
§ E 80 sonified 3 x 15 sec) pre-incubated for 15
E.g 60 - min on ice and stimulated with 20 pM
al g e PGH, for 1 min. TXB levels were
L= —8— 1e detected in the supernatant using a 7XB
201 —o- arzanol - High Sensitivity EIA Kit according to the
0 -

0 0103 1 3 10 manufacturer's protocol. Data are given

[LuM] as mean + S.E., n=3-4, **p < 0.001 vs.

vehicle (DMSO) control, ANOVA + Tukey
HSD post-hoc tests.

In addition, intact human monocytes stimulated VWBS and arzanoll}

or lefor 24 h were used as cell-based system for COXszZan be seen in
Fig. 3.18B/D the reference inhibitor dexamethason completebchked
COX-2 and mPGES-1 expression comparable to thenunsted sample.
Arzanol @) andledid not affect COX-2 expression. In addition, ughce
on MPGES-1 expression can be excluded for arzdnollé suppressed
TXB, formation comparable to the levels detected intiomsated
monocytes. Also PGEformation was affected byle suggesting a
synergistic effect of COX-2 and mPGES-1 inhibitidmzanol (L) potently
suppressed the formation PG&hd TXB detected in the supernatant of
intact human monoycte cultures after 24Fig( 3.18A). Cytotoxic effects
can be excluded as arzand) 6uppressed prostanoid formation below the
levels detected in the unstimulated cells. Thesfax concentration-
response analysis of arzand) on cellular COX-2-derived PGHEormation

in intact human monocytes primed with LPS for 2@ds conductedHg.
3.180. Arzanol () significantly inhibited PGEformation already at 3 uM
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(ICs0 = 9 uM). Indomethacin and MD-52, a selective mP&@HES8hibitor,

were used as controls.

A B
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Fig. 3.18: Effects of arzanb(1) and1e (10 pM) on intact human monocytes and A549
cells stimulated with LPS.
(A) PGE, and TXB levels of LPS stimulated monocytes. Intact humanoeytes (5 x
10°/exp. in RPMI 1640 medium containing 0.5% FCS, &8 2 mM glutamine) were
stimulated with 1 pg/ml LPS and arzanol, 1e (10 pdéxamethason (1 M) or vehicle
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(DMSO) was added for 24 h at 37 °C. PG&nd TXB levels were detected in the
supernatant using a PGEand TXB High Sensitivity EIA Kit according to the
manufacturer's protocol. Data are given as mean.E. S =2-4, *p < 0.05, **p < 0.01
***p < 0.001 vs. vehicle (DMSOQO) control, ANOVA + Rey HSD post-hoc tests. (B)
COX-2 expression in LPS stimulated monocytes. Mdascwere stimulated as
described above. After 24 h cells were detachedlgsetl (2 x SDS-b.). Samples were
subjected to SDS-PAGE and WB using a specific @jilagainst COX-2. Ractin was
used as loading control. Results are representaifive-4 independent experiments. (C)
PGE, formation as parameter of COX-2 activity. Monosyieere pre-treated with LPS
(1 pg/ml) for 20 h, cells were washed, and pre lratad with arzand| indomethacin
(Indo, 10 pM), MD52 (2 uM) or vehicle (veh, DMSO®) 15 min. PGE formation was
initiated by addition of AA (1 uM), and after 30mMMPGE in the supernatant was
analyzed by ELISA. Data are given as mean + S.E,2q4, **p < 0.01 vs. vehicle
(DMSO) control, ANOVA + Tukey HSD post-hoc tediy. Expression of COX-2 and
mMPGES-1. Monocytes (2 x®1€ells/ml, RPMI plus 0.5% FCS) were incubated ia th
presence or absence of 10 ug/ml LPS together witanal, dexamethasone (1 uM) or
vehicle (DMSO) for 20 h at 37 °C. Cells were hateds lysed by addition of
SDS/PAGE sample loading buffer and proteins weparseed by SDS-PAGE and
analyzed for COX-2 (upper panel) and mPGES-1 (lopamel) by WB. Ponceau S
staining confirms equal loading of protein and tséar of proteins to the membrane.

Data are given as mean + S.E., n=3-4.

Cytotoxic effects of arzanoll] andle were analyzed in the MTT assay
using HL60 or A549 cells for 24 h or 48 h. At 50 udtzanol {)
significantly impaired cell viability within 24 h.Therefore, higher
concentrations of more than 30 uM were not invastid in a cell-based
assay.le slightly affected cell viability at 48 h but nod 2 (Fig. 3.19,
implying that no unspecific cellular effects modelgrostanoid formation
in cell-based assays up to 24 h. Staurosporin, ase@ositive control,

significantly affected cell-viability as expected.
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Fig. 3.19: cytotoxic

properties of arzanol

—_ e —— 48h A549 or HL60 cells
o

£ 100 - (3 x 1G/exp.) were

58 80 - incubated for 24 h
-

S o 60 and 48 h at 37 °C
> g

EE 40 4 with arzanol, 1e or
[+})

% 20 | vehicle (DMSO).
[=1

=~ 0 After 24 h or 48 h,

20 MTT was added and

@\&63,{\“ D D @‘@63,{\(‘ NP ed samples were

O? O® arzanol Tulv
‘3@0@ 16[”M]¢b\0&° arzanol [pM] incubated for 4 h at

37 °C. Reaction was
stopped and the absorption was measured at 570Data are given as mean + S.E.
n=3. MTT in HL60 cells was performed by Dagmar Blas in the lab of Prof. Dr. O.
Werz (University of Tubingen, Germany).

Along these lines, arzanol)( concentration-dependently inhibited PGE
formation in human whole blood primed with LPS foh Fig. 3.20. In
parallel, the accompanied COX-2-mediated biosymhet TXB, and 6-
ketoPGk, were hardly affected by arzandl)( 1e in contrast, did not
inhibit the formation of PGE TXB, and 6-ketoPGE in human whole
blood experiments primed with LPS for 24 h (notwhp The selective
MPGES-1 inhibitor MD52 showed a comparable inhiyitprofile as
arzanol {) by reducing PGEsynthesis in LPS-treated whole blood for 5 h
and hardly affected 6-ketoPGFin the respective assays. In contrast,
indomethacin blocked the formation of the analyzgdstanoids in all

assays as expected.
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Fig. 3.20: Effects of

[5h] —e— PGE2 arzanol (1) on
140 - —O— 6-ketoPGF1a  prostanoid formation
g = 120 | v ¥— TXB2 in human whole blood.
*g § 100 1 PGE. Heparinized
85 20 e . human blood, treated
S % 5 ” with 1 UM
= 60 -
g o wwk thromboxane synthase
o] 8 40 4 e . oo
'5._9& inhibitor and 50 uM
20 - - aspirin, was  pre-
0. . . s - incubated with

Indo MD52 - -
0 1 3 10 Indo arzanol, indomethacin

(Indo, 50 pM), MD52
(6 uM) or vehicle (DMSO) for 5 min at RT, and thBGE, formation was induced by
addition of 10 pg/ml LPS. After 5 h at 37 °C, RGias extracted from plasma and
analyzed as described. TXBieparinized blood was pre-incubated with arzanol,
indomethacin (Indo, 50 uM) or vehicle (DMSO) fomtn, then 10 pg/ml LPS were
added and TXBwas analyzed after 5 h at 37 °C in the plasma b\5E. 6-keto PGE
Heparinized human blood, treated with 1 uM throngmexsynthase inhibitor, was pre-
incubated with arzanol, indomethacin (Indo, 50 uMP52 (6 uM) or vehicle (DMSO)
for 5 min at RT, prior to addition of 10 ug/ml LP&ter 5 h at 37 °C, 6-keto PGFla
was directly analyzed in plasma by ELISA. Data giken as mean £ S.E., n=3, **p <
0.01 or ***p < 0.001 vs. vehicle (0.1% DMSO) cortrANOVA + Tukey HSD post hoc

arzanol [pM]

tests.

Taken together, arzandl)(andle inhibit TXAS derived TXB formation

in human platelets. No inhibition of COX enzymes dozanol {) and only
moderate COX-2 inhibition (I > 10 uM) by le was observed.
Interference at the level of COX-2 and mPGES-1 esgion can be
excluded. For arzanol) effects on PGEbiosynthesis were also evident in
human whole blood stimulated with LPS for 5 Te did not markedly
inhibit prostanoid biosynthesis in human whole bloGytotoxic effects on
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intact cells up to 30 uM can be excluded for batimpounds, since cell-

viability was not affected within 24 h.

34.14 Arzanol (1) suppresses carrageenan-induced pleurisg

rats and inhibits eicosanoid biosynthesig vivo

The anti-inflammatory effectiveness of arzand) (vas also assesseul
vivo using a model of carrageenan-induced pleurisyats. rinjection of
carrageenan into the pleural cavity of rats (DM3® group) elicited an
inflammatory response within 4 h, characterizedthyy accumulation of
fluid that contained large numbers of inflammatasils (Table 3.13.
Arzanol @) inhibited the inflammatory response as demoredrdty the
significant attenuation of exudate formation (59&#)d cell infiltration
(48%). Indomethacin (5 mg/kg) reduced the exudaten&tion and cell
infiltration by 75% and 65%, respectiveljgble 3.13. In comparison with
the corresponding exudates from DMSO treated extsglates of arzanol-
treated animals exhibited decreased Pl&fzels (47% inhibition), whereas
indomethacin almost completely suppressed P(®E%) as well as 6-
ketoPGFk, (94%) levels as expected. In agreement with thelaraie
inhibition of COX-2-derived 6-keto PGE formation in human whole
blood (see above), arzanal)(also slightly reduced the levels of 6-
ketoPGFk, (27% inhibition). On the other hand, indomethatailed to
significantly reduce LTBlevels which were lowered by arzand) (31%
inhibition), seemingly due to direct inhibition 5fLO.
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Table 3.13: Effect of arzandl) on carrageenan-induced pleurisy in rats.

Thirty min before intrapleural injection of carragean, rats (n = 10 for each
experimental group) were treated i.p. with 3.6 mggdkzanol, 5 mg/kg indomethacin or
vehicle (DMSO 4%). Exudate volume, eicosanoidsiaff@mmatory cell accumulation
in the pleural cavity were assessed 4 h after ag@@eman injection. Data are expressed
as mean + SEM. n=10, * p<0.05. *** p<0.01 vs. velacExperiments were performed

by Dr. Rossi and Prof. Sautebin, Univ. Naplesyltal

6-
Volume Inflammatory PGE LTB,
Treatment ketoPGHh,
exudate [ml]]  cells x 16 (ng/rat) (ng/rat)
(ng/rat)
Vehicle 0.41+0.019 46.5+6.0 4.26+0.67 1.22+0.26 7281.43
arzanol 0.17+0.05 24.045.9 2.27+0.35
0.84+0.21 7.79+0.72
(36 *k*k * *
(31%) (27%)
mg/kg) (59%) (48%) (47%)
Indo- 0.10+0.03 16.28+2.30 0.21+0.024 0.64+0.09
06+0.20
m eth aCI n *%k% *%k% *%% *%k%
(13%)
(5 mg/kg) (76%) (65%) (95%) (94%)

3.4.2 Pharmacological profile of CFA (19) within the AA-ascade

3.4.2.1 CFA (19) interferes with the prostaglandin biosyntletic
pathway

CFA (19) was identified to potently inhibit the formati@f PGE (ICso=
1.8 pM) in microsomal preparations of IL-13 stintath A549 cells as
source of mMPGES-1. Variation of the substrate (P@dncentration for
MPGES-1 did not markedly alter the potency of CE®) (ICso = 1.8 - 3.7
uM; Fig. 3.21A). The reference inhibitor MK886 blocked P&figrmation
as expected (data not shown). Wash out experintamn®nstrate that the
inhibitory effect on mPGES-1 is fully reversibléig. 3.21B. To check for
plasma protein binding, 10% FCS was added to thglea The inhibitory



3 RESULTS 85

potential shifted from 9.9% remaining activity a0 UM to 61.6%
remaining activity Fig. 3.21A), indicating that CFAX9) binds to plasma

proteins.
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Fig. 3.21: Effects of CFALQ) on mPGES-1 in cell-free assays.

(A) Concentration-response analysis. Microsomal parations of IL-P-stimulated
A549 cells were pre-incubated with CFA or vehiddMSO) for 15 min at 4 °C and
PGE, formation was induced by addition of variable PGtdncentrations (1, 5, 20 and
50 uM). The amount of PGRvas quantified for 1 and @M PGH, by the use of a PGE
High Sensitivity EIA Kit according to the manufaetts protocol and PGEformation
of samples with or w/o 10% FCS stimulated with 268 80 uM PGH was analyzed by
RP-HPLC. Data are given as mean + S.E., n = 3, *0.85, **p < 0.01 ***p < 0.001
vs. vehicle (DMSO) control, ANOVA + Tukey HSD pust-tests. (B) Reversibility of
MPGES-1 inhibition. Microsomal preparations wereqmcubated for 15 min with 3
UM CFA or vehicle (DMSO), and an aliquot was ditutid-fold to obtain an inhibitor
concentration of 0.2M. Then, 2Q«:M PGH, was added and all samples were incubated
for 1 min on ice, and PGHormation was analyzed as described by RP-HPLGaDa
are given as mean + S.E., n = 3, *p < 0.05 vs. gleh(DMSO) control, ANOVA +
Tukey HSD post-hoc tests.
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For the biosynthesis of PGHEn the cell, AA must first be released by
cPLA, which is further converted by COX-2 to Pglthat serves as
substrate for mPGES-1 to form P&GEInterference in the PGE
biosynthesis at the level of AA supply can be edetllas CFAX9) barely
inhibited the activity of human recombinant cPL#& 10 uM Fig. 3.22,
whereas the cPLAcontrol inhibitor pyrrolidine-1 (1 uM) effectively
blocked AA release from phospholipids as expected.

Fig. 3.22: CFA 19) barely inhibits

120 - CcPLA.
~ 100 | Freshly prepared large unilamelar
2 . vesicles were incubated with cPLA
gg 80 1 enzyme, 1 mM CGa and the
% ; 60 - indicated compounds for 1 h at 37
g g °C. Reaction was stopped using
§ el methanol. Following derivatisation
§: 20 - - with  p-anisidinium chloride, the
resulting derivate was analyzed by
0 0 10 cPLA2-Inh. RP-HPLC. Data are given as mean +
cannflavin A [uM] S.E., n = 3, *p < 0.05, ***p < 0.001

vs. vehicle (DMSO) control, ANOVA + Tukey HSD pust-tests. Performed by Marius
Melzer in the lab of Prof. Dr. O. Werz (Universitf/Jena, Germany).

A potent suppressive effect of CFA9] on PGE biosynthesis in intact
human rheumatoid synovial cells was already dematest [140] but no
concrete point of attack could be identified. Potemppression of PGE
biosynthesis could be confirmed in intact cellsngsiLPS-stimulated
human monocytes, where PGE essentially formed via the COX-
2/ImPGES-1 pathwayF{g. 3.23A) [100]. TXB, levels were completely
blocked by CFA 19). Western blot experiments disclose that supprassi
of PGE biosynthesis is also provoked by reduced level€0X-2 (Fig.
3.23B), because CFALQ) blocked expression of COX-2 comparable to the
control dexamethason.
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Fig. 3.23: Effects of CFALQ) (10 uM) on intact human monocytes stimulated WRS.

0

(A) PGE and TXB levels of LPS stimulated monocytes. Intact humanoaytes (5 x
10%/exp. in RPMI 1640 medium containing 0.5% FCS, &6 2 mM glutamine) were
stimulated with 1 pg/ml LPS and CFA (10 uM), dexhasone (1 uM) or vehicle
(DMSO) was added for 24 h at 37 °C. PGind TXB levels were detected in the
supernatant using a PGEand TXB High Sensitivity EIA Kit according to the
manufacturer's protocol. Data are given as mean.E.Sh=2-4, *p < 0.05, **p < 0.01
***p < 0.001 vs. vehicle (DMSO) control, ANOVA + Key HSD post-hoc tests. (B)
COX-2 expression in LPS stimulated monocytes. Mdascwere stimulated as
described above. After 24 h cells were detachedlgsetl (2 x SDS-b.). Samples were
subjected to SDS-PAGE and WB using a specific @ayilagainst COX-2. R3actin was

used as loading control. Results are representaih2 4 independent experiments.

Experiments in intact human platelets, which soéelgress COX-1, reveal
a moderate inhibition of 12-HHT (K> 10 uM) and TXB(ICso= 6.8 uM)
formation Eig. 3.24A). The reference inhibitor indomethacin (10 puM)
blocked the formation of 12-HHT and TXBs expected (data not shown).
12-HHT (used as biomarker for COX activity) wasdiaraffected by CFA
(19 with 30% inhibition at 10 uM (I§ > 10 uM). Because CFAL9)
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blocked TXB levels in intact human platelets as well as in &aom
monocytes, platelet homogenates were stimulatdd @EH to form TXB,
via the thromboxane Asynthase (TXAS). CFA1Q) selectively blocked
TXB, formation in intact platelets stimulated with AKC{= 6.8 uM) and
platelet homogenates stimulated with PGQHCs= 2.3 uM), indicating
TXAS as a direct target of CFALY) (Fig. 3.24A). As 12-HHT in intact
platelets was hardly affected, effects of CFRA9)( on isolated COX
enzymes were investigated, using ovine COX-1 armaamrecombinant
COX-2. As shown inFig. 3.24B the activity of both enzymes is only
moderately affected by CFA19) comparable to the results in intact
platelets with 1G, values > 10 uM, while the reference inhibitors
indomethacin (10 pM) and celecoxib (5 pM) inhibitéde enzyme

activities efficiently (not shown).
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Fig. 3.24: Effects of CFALQ) on human platelets and isolated COX-1 and -2

(A) Effects in human platelets. Platelets%() PBS containing 1 mM Caglwere pre-
incubated for 5 min prior to stimulation with AA #M). After another 5 min at 37 °C,
the formation of 12-HHT was determined by RP-HPIsCdascribed and formation of
TXB, was determined using a TXBHdigh Sensitivity EIA Kit according to the
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manufacturer's protocol. TXAS activity was deteediin platelet homogenates @l
PBS containing 1 mM Caglsonified 3 x 15 sec) pre-incubated for 15 minaand
stimulated with 20 uM PGHfor 1 min. TXB levels were detected in the supernatant
using a TXB High Sensitivity EIA Kit according to the manufaet's protocol. Data
are given as mean + S.E., n = 2-4, *p < 0.05, *p001 **p < 0.001 vs. vehicle
(DMSO) control, ANOVA + Tukey HSD post-hoc tedB. Iolated COX-1 and -2
inhibition. Purified ovine COX-1 (50 units) or humaecombinant COX-2 (20 units)
were pre-incubated 5 min prior stimulation with A&AuUM or 2 uM, respectively). 12-
HHT in the samples was analyzed using RP-HPLC. Regaggiven as mean + S.E., n =
2-3, *p < 0.05 vs. vehicle (DMSO) control, ANOVA ttkey HSD post-hoc tests.

In studies using human whole blood CFEO failed to efficiently block
the formation of the prostanoids 6-ketoRGRhe stable metabolite of
PGL) and TXB. Indomethacin (50 uM), which was used as reference
inhibitor of prostanoid biosynthesis blocked theniation of TXB, and 6-
ketoPGh, as expectedHg. 3.295. Heparinized human whole blood was
incubated with LPS (10 pg/ml) to induce COX-2/mPGE&xpression and
CFA (19), indomethacin (50 uM) or vehicle (DMSO) for 24kter 24h
reaction was stopped on ice and the formation &et6PGk, was
detected. For detection of TXBas a source of the COX-1/TXAS pathway,
citrated human whole blood was pre-incubated witlrAC (19),
indomethacin (50 uM) or vehicle (DMSO) for 15 mindareaction was
initiated using thrombin 2 U/ml.
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Fig. 3.25: Effects of

160 - CFA (19) in whole blood

140 1 experiments
s ? 120 1 6-ketoPGh, detection
E § 100 in human whole blood.
g% Heparinized human
- L 80 -
o whole blood was
g% 601 incubated with LPS (10
@S a0 —o— TXB, Incubated wit (
a3 —O— 6-ketoPGF,, T nug/ml) and  CFA,

i indomethacin (50 pM)

0 -« = : . .
0 ] 3 10 50 uM Indo or vehicle (DMSO) for

24 h at 37 °C. After 24 h

the reaction was

cannflavin A [pM]

stopped on ice and the formation of 6-ketoRG#as detected in the supernatant using
a 6-ketoPGI, High Sensitivity EIA Kit according to the manufaetr's protocol. TXB
detection in human whole blood. Citrated human whadbod was pre-incubated with
CFA, indomethacin (50 uM) or vehicle (DMSO) forrhb at 37 °C and the reaction
was initiated with thrombin 2 U/ml. After 10 miretheaction was stopped on ice and
TXB; levels were detected in the supernatant using B, TEKgh Sensitivity EIA Kit

according to the manufacturer's protocol. Data green as mean + S.E, n=3.

Together, these findings propose mPGES-1 and TXA&ract and potent
molecular targets of CFALQ). 12-HHT formation in intact platelets and
isolated COX enzymes was hardly affecteds{I€ 10 uM). But plasma
protein binding might impair effects in cell-basassay and human whole
blood.

3.4.2.2 CFA (19) inhibits the 5-LO pathway

A concentration-response analysis of CE®)(on 5-LO activity in cell-
free assays is shown Kig. 3.26A CFA (19) was more efficient for semi-
purified 5-LO (IGo = 0.9 uM) as compared to 5-LO inhibition in crude
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neutrophil homogenates @<= 5.4 uM) under the same experimental
conditions, suggesting that cellular componentsgnein the homogenates
may hamper 5-LO inhibition. The 5-LO inhibitor BWE4 (0.3 uM)
blocked 5-LO activity as expected (data not shpwote, that inhibition of
semi-purified 5-LO was only partially reversible, @emonstrated by wash-

out experimentsHig. 3.26B.
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Fig. 3.26: effects of CFALD) on isolated 5-LO

(A) Inhibition of isolated 5-LO. Semi purified, hamrecombinant 5-LO or neutrophil
homogenates (5 x i@ells/exp.) were pre-incubated with CFA, BWA4@ (@M) or
vehicle (DMSO) in the presence of 1 mM ATP for i BLO product formation was
initiated by addition of 2 mM G& and 20uM AA for 10 min at 37 °C. Reaction was
stopped with methanol on ice and 5-LO products veedyzed by RP-HPLC. Data are
given as mean + S.E., n = 2-3, **p < 0.01 and **4 0.001 vs. vehicle (DMSO)
control, ANOVA + Tukey HSD post-hoc tests. (B) Revitity of 5-LO inhibition. Semi
purified, human recombinant 5-LO was pre-incubaitedhe presence of 2 mM €a
and 1 mM ATP for 10 min and an aliquot was dilufé€dfold to obtain an inhibitor
concentration of kM. 5-LO product formation was initiated by additioh20uM AA
for 10 min at 37 °C. Reaction was stopped with amethon ice and 5-LO products



3 RESULTS 92

were analyzed by RP-HPLC. Data are given as me&E:, n =2, **p < 0.01; 10 uM
vs. diluted sample, ANOVA + Tukey HSD post-hos test

The effects of CFAX9) on 5-LO inhibition in intact neutrophils stimudat
with A23187 was studied in the absence and presaineeogenous AA as
substrate for 5-LO product biosynthesis. CFR9)( suppressed 5-LO
product synthesis equally well, regardless of A&AhWCs, values of 1.6
UM (A23187 plus AA) and 2.4 uM (A23187i@. 3.27. This implies that
(1) inhibition of 5-LO product synthesis is notagd to block of substrate
supply, and (Il) high AA concentrations do not irdpanterference of CFA
(19) with 5-LO. The reference inhibitor BWA4C suppred$s-LO product
formation as expected (data not shown). CE®) failed to suppress 5-LO

product formation in intact PMNL stimulated with 8RMLP (Fig. 3.27).

Fig. 3.27: Effects of CFA1Q) on 5-
LO in intact PMNL.

Isolated PMNL (5 x 1®ml) were
pre-incubated with CFA or vehicle
(DMSO) for 10 min at 37 °C and
cells were stimulated with 2.5M
A23187 or with 2.5:M A23187 plus
20 uM AA. 5-LO products were
determined by RP-HPLC.
Alternatively, cells were primed LPS
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6 0'_1 0'_3 1 3 > (1 pg/ml) for 30 min and formation
cannflavin A [uM] of 5-LO products was initiated by
addition of 1 uM fMLP. LTBlevels
were detected using a TXBligh Sensitivity EIA Kit according to the manufaetr's
protocol. Data are given as mean + S.E. n=3, *@0<01 and ***p < 0.001 vs. vehicle

(DMSO) control, ANOVA + Tukey HSD post-hoc tests.

Studies of 5-LO inhibition in whole blood reveabthCFA (9) failed to
block 5-LO product formation, maybe due to plasmeatgn binding, i.e.
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albumin, present in the whole blood samplésy.( 3.2§. Heparinized
whole blood was therefore pre-incubated and stitedlavith A23187 for

10 min. 5-LO product formation was detected ingbhpernatant.
Fig. 3.28: Effects of CFA1Q) on

120 - 5-LO inhibition in human whole
blood.
S = 100 -
29 Heparinized whole blood was
m il
£ § 80 pre-incubated with CFA or
<Y : :
= © vehicle (DMSO) for 15 min at 37
g @ 60
T °C and stimulated with A23187
- o
S— g 40 (30 uM) for 10 min. Reaction was
j g_- 20 | stopped on ice and 5-LO product
formation was detected using RP-
| ==
8 0 1 10 BWA4C HPLC. Data are given as mean +
cannflavin A [pM] S.E. n=2-3.

Mechanistic studies on 5-LO inhibition were perfexdnto investigate the
mechanism of action of CFA19) on 5-LO. As 5-LO inhibitors often
possess radical scavenger or antioxidant activiheseby uncoupling the
redox cycle of the active site iron in 5-LO, CFR9Y was analyzed for its
ability to reduce the stable DPPH radical. As shawrig. 3.29A, the
antioxidants ascorbic acid and cysteine (used agiy® controls) reduced
the DPPH radical whereas CFA9 failed in this respect, excluding
radical scavenging features of CFA9). Phosphorylation leads to strong
upregulation of 5-LO and therefore CFR9] was analyzed for its ability to
interfere with ERK-1/2 and p38 MAPK phosphorylatids can be seen in
Fig. 3.298 CFA (19 did not interfere with the ERK-1/2 or p38 MAPK
signaling cascade, as it did not interrupt phosghtion of ERK-1/2 and
p38 MAPK. The reference inhibitor U0126 blocked gpioorylation of
ERK-1/2 as expected.
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Fig. 3.29: radical scavenger properties and effeatsERK or p38 MAPK pathway of
CFA (19). (A) Radical scavenger capability. CFA, vehictelaontrols were mixed with
DPPH solution and incubated for 30 min in the darke absorbance was measured at
520 nm. Data are given as mean + S.E. n=3, ***p Q@1 vs. vehicle, ANOVA + Tukey
HSD post-hoc tests. (B) Neutrophils 701®/ere pre-warmed for 3 min at 37 °C and pre-
incubated with CFA or vehicle (DMSO) at 37 °C férrhin. The reaction was started by
the addition of 0.1 uM fMLP, stopped after 1.5 mith SDS-b and heated for 6 min at
95 °C. Total cell lysates were analyzed for ERKJRBopsphorylated ERK1/2 (Thr-
202/Tyr-204) and phosphorylated p38 MAPK (Thr-186/82) by SDS/PAGE and
Western blotting. Results are representative ofizd@pendent experiments.

Finally, it was assessed if CFA9) may affect cell viability using human
lung carcinoma A549 cells that were treated withubD CFA (19) for 24 h
and 48 h. Analysis by MTT assay revealed no cyioityxor detrimental
effects on cell viability Fig. 3.30 excluding unspecific influences in the
cell-based assay. Similarly, neutrophils treateth D uM CFA (9) for 1
h still excluded the dye trypan blue, analyzed kmhtl microscopy,

implying cellular integrity (not shown).
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(University of Jena, Germany).

Fig. 3.30: cytotoxic properties of

CFA (19).

Cells (3 x 18) were incubated for

24 h and 48 h at 37 °C with CFA or
vehicle (DMSO). After 24 h or 48 h,
MTT was added and samples were
incubated for 4 h at 37 °C.

Reaction was stopped and the
absorption was measured at 570
nm. Results are reported as
percentage of viable cells as
compared to vehicle control. Data
are given as mean + S.E. n=3.
Performed by Dr. Anja Schaible in
the lab of Prof. Dr. O. Werz

In summary, these findings indicate 5-LO as a ditaget of CFA 19).

The mechanism of action is apparently independénédox actions, non

competitive and only partially reversible. Inhibiti of 5-LO in the cell-

based assay was comparable to the effects obsamddr cell-free

conditions. Studies in neutrophil homogenates amoham whole blood

indicate high protein binding of CFALY), due to a reduced inhibitory

potential.
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3.4.3 Pharmacological profile of on eicosanoid biosynthés pathway

3.4.3.1 Studies on the mode of action of perlatolic acid () and
physodic acid (29b) on mPGES-1

Perlatolic 809 and physodic acid2@b) are potent inhibitors of mMPGES-1
derived PGE formation in microsomal preparations of IL-13 silated
A549 cells (IGo= 0.4 and 0.43 uM, respectively). First it was stigated
if alteration of the concentration of the substrigt@H, of mPGES-1 may
change the potency of perlatol80C) and physodic acid2@b). As shown
in Fig. 3.31A inhibition of mMPGES-1 derived PGErmation by perlatolic
acid @0g and physodic acid2@b) at 1, 5, 20 and 50 uM PGled to
similar concentration-response curves with largelgsistent 16, values in
the range of 0.43 — 1.8 uM for perlatolic ackD¢ and 0.4 — 1.6 uM for
physodic acid Z9b). Addition of 10% FCS to the samples abolished the
effect, suggesting a strong plasma protein-bindimmgboth compounds.
Washout experiments imply a reversible mode of oagtias both
compounds fail to efficiently block mPGES-1 derive@E formation after
10-fold dilution of the samples at 1 pM inhibitoFig. 3.31B. The
reference inhibitor MK-886 (used as positive cohtidocked mPGES-1

derived PGEformation in all assays as expected (not shown).
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Fig. 3.31: Effects of perlatolic
acid @0c) and physodic acid
(29b) on mMPGES-1.

(A) Concentration-response
analysis. Microsomal
preparations of IL-B-
stimulated A549 cells were pre-
incubated for 15 min at 4 °C
and PGE formation was
induced by addition of variable
PGH, concentrations (1, 5, 20
and 50 pM). The amount of
PGE; was quantified for 1 and

5 uM PGH, by the use of a PGEHigh Sensitivity EIA Kit according to the
manufacturer's protocol and PGHormation of samples with or w/o 10% FCS
stimulated with 20 and 50 uM PGHhvas analyzed by RP-HPLC. Data are given as
mean + S.E., n=2-3, *p < 0.05, **p < 0.01 **p < 001 vs. vehicle (DMSO) control,
ANOVA + Tukey HSD post-hoc tests (B) Reversibiity mMPGES-1 inhibition.
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Microsomal preparations were pre-incubated for 1 mwith 1 uM perlatolic acid,
physodic acid or vehicle (DMSO), and an aliquot wiisited 10-fold to obtain an
inhibitor concentration of 0.kM. Then, 2QuM PGH, was added and all samples were
incubated for 1 min on ice, and PgEormation was analyzed as described by RP-
HPLC. Data are given as mean + S.E., n=2-3, **p 0D 1 uM vs. diluted sample,
ANOVA + Tukey HSD post-hoc tests.

3.4.3.2 Perlatolic acid (30c) and physodic acid (29b) afféc
prostanoid biosynthesis

To exclude interference of perlatolic acBD) or physodic acid29b) at
the level of AA supply, the effects on the enzymaictivity of human
recombinant cPLAwere studied. The cPLAcontrol inhibitor pyrrolidine-
1 (1 uM) effectively blocked AA release from phosppids in a cell-free
assay, whereas perlatolidB0g and physodic acid2@b) did not influence
AA release up to 10 uMHg. 3.32.

Fig. 3.32: effects of perlatolic acid

= perlatolic acid (30c) and physodic acid20b) on

120 - — physodic acid N
CPLA activity.
= 100 = Freshly prepared large unilamelar
% oy vesicles were incubated with
% .,; cPLA enzyme, 1 mM Gaand the
T g 601 indicated compounds for 1 h at 37
5‘% 40 - °C. Reaction was stopped using
% ok methanol. Following derivatisation
= 20 L with p-anisidinium chloride, the
0 - resulting derivate was analyzed by

0 10 10 cPLA2-Inh. RP-HPLC. Data are given as mean

[uM] + S.E., n=3, *p < 0.001 vs.
vehicle (DMSO) control, ANOVA + Tukey HSD post-texts. Performed by Marius
Melzer in the lab of Prof. Dr. O. Werz (Universitf/Jena, Germany).
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Studies on the activity of isolated COX enzymeseeded that perlatolic
acid 309 only marginally inhibited isolated ovine COX-1Cth> 10 puM)
and did not affect COX-2 activity. In contrast, gbyic acid 29b) did not
interfere with the COX-1 or COX-2 derived 12-HHTrreation up to 10
UM (Fig. 3.33. Indomethacin (10 uM) and the selective COX-2bitor
celecoxib (5 pM) clearly blocked the activities 6OX-1 and -2 as

expected (data not shown).

Fig. 3.33: effects of perlatolic acid

120 - (30c) and physodic acid 20b) on
isolated COX enzymes.

_ 3 el i Purified ovine COX-1 (50 units) or
-% § 80 - human recombinant COX-2 (20 units)
Es - were pre-incubated 5 min prior
Lo 60 . . .
= = stimulation with AA (5 uM or 2 uM,
ﬁ § 40 { —@— COX-1; perlatolic acid respectively). 12-HHT in the samples
-9 —0— CO0X-2; perlatolic acid .

£ 5 COX-1; physodic acid was analyzed using RP-HPLC. Data

—&— COX-2; physodic acid are given as mean + S.E., n = 3, ***p

0 - ' ' ' < 0.001 vs. vehicle (DMSO) control,

0 1 3 10
[uM] ANOVA + Tukey HSD post-hoc tests.
M

Next, the cell-based effects of perlatol80¢ and physodic acid2@b) on
the prostanoid synthesis were investigated. In Vit previous findings
by Bruno et al. [100], exposure of primary humamowytes to LPS for 24
h caused elevated expression of COX-2 and mPGESebmpanied by a
three-fold increased release of PQ#it also by a two-fold increased
release of TXB (Fig. 3.39. Perlatolic acid 300 (10 uM) completely
blocked expression of COX-2, repressed RP®GIBsynthesis to a minor
extent and strongly blocked the formation of TXB1 contrast, physodic



3 RESULTS 100

acid @9b) showed only slight effects on COX-2 expressiond an
unexpectedly rather increased BG&imation but abolished TXBelease.
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Fig. 3.34: Effects of perlatolic30c) and physodic acid20b) on intact human
monocytes stimulated with LPS.

(A) PGE, and TXB levels of LPS stimulated monocytes. Intact humanoeytes (5 x
10%/exp. in RPMI 1640 medium containing 0.5% FCS, &8 2 mM glutamine) were
stimulated with 1 pg/ml LPS and perlatolic acid apttysodic acid (10 pM),
dexathemason (dex 1 uM) or vehicle (DMSO) was aflate®4 h at 37 °C. PGEand
TXB; levels were detected in the supernatant using &PR{hd TXB High Sensitivity
EIA Kit according to the manufacturer's protocolatd are given as mean + S.E., n =
2-4, *p < 0.05 ***p < 0.001 vs. vehicle (DMSO) coal, ANOVA + Tukey HSD post-
hoc tests. (B) COX-2 expression in LPS stimulatexhatytes. Monocytes were
stimulated as described above. After 24 h cellsewdstached and lysed (2 x SDS-b.).
Samples were subjected to SDS-PAGE and WB usipgcé#is antibody against COX-
2. Bactin was used as loading control. Results rapresentative of 2-4 independent

experiments.

Perlatolic acid 309 and physodic acid2@b) did not or hardly inhibit
COX-1/ -2 activity, but instead strongly blocked BXin intact human
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monocytes. Therefore, perlatoli@Q9 and physodic acid2@b) were
analyzed in human washed platelets, stimulated asxthgenous AA, as a
source of 12-HHT and TXBformed via the COX-1/TXAS pathway.
Perlatolic acid 30¢) potently inhibited the formation of 12-HHT and BX
with 1Csgvalues of 0.6 and 0.5 uM, respectively. Also physadid 9b)
caused inhibition of 12-HHT and TXBbiosynthesis even though with
lower potency (IG= 8.8 and 5.2 uM, respectively) as compared to
perlatolic acid 809 and the reference inhibitor indomethacin (20 puM)
(Fig. 3.35A). To investigate whether perlatoli@(g and physodic acid
(29b) may act on TXAS, platelet homogenates were sated| with 20 uM
PGH, and substantial amounts of TXBvere detected in the supernatant.
As reference inhibitor the selective TXAS inhibit6v4151 (1 uM) was
used, that blocked TXBformation as expected. Pre-incubation of the
platelet homogenates with perlatoli@0f) or physodic acid 29b)
concentration-dependently blocked TX8/nthesis with 1, values of 1.1
and 0.7 uM, respectivelyig. 3.35B

120
120 -
S _. 100 —o— TXB, e _
27 —0— 12HHT 2T 100
ES g0 ES
g2 S5 80-
- 0o - O
S 601 52 g
E‘S gﬁ edek
3‘§ 40 1 fé 40 1 o TXB
5"‘!'.’_ SE’_ —O—12H2HT
o= 20 O~ 20 - ) o
0'- T T T T 1 0'- T T T T 1
0 01 03 1 3 10 0 01 03 1 3 10

perlatolic acid [uM] physodic acid [uM]
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B

Fig. 3.35: Effects of perlatolic
acid 30c) and physodic acid

120 - —&— perlatolic acid
—0— physodic acid  (29b) on human platelets and
S 100 - the activity of TXAS in a cell-
=
-% 3 free assay.
ES (A) TXB and 12-HHT
L o 60 - .
'5: 5 formation in human platelets.
c
28 40 Platelets (1&ml PBS
%)
= 20 | containing 1 mM CagG) were
X% pre-incubated for 5 min prior
0-

6 0'_ ; 0'_3 1 3 . to stimulation with
[uM] arachidonic acid (5uM). After
another 5 min at 37 °C, the
formation of 12-HHT was determined by RP-HPLC ascdbed and formation of TXB
was determined using a TXBligh Sensitivity EIA Kit according to the manufaetr's
protocol. Data are given as mean + S.E., n=3-4, ®[®.01, **p < 0.001 vs. vehicle
(DMSO) control, ANOVA + Tukey HSD post-hoc tesB) TXAS activity was
determined in platelet homogenates®(@ PBS containing 1 mM Caglsonified 3 x
15 sec) pre-incubated for 15 min on ice and stitedavith 20 uM PGHfor 1 min.
TXB, levels were detected in the supernatant using B, TEXgh Sensitivity EIA Kit
according to the manufacturer's protocol. Data @ieen as mean + S.E., n =3-4, **p

< 0.01, ***p < 0.001 vs. vehicle (DMSO) control, ANA + Tukey HSD post-hoc tests.

Studies on prostanoid formation in human whole dla@re performed in
citrated and heparinized whole blood. For invesitga of 6-ketoPGE;
biosynthesis, heparinized human whole blood washated with LPS (10
png/ml) to induce COX-2/mPGES-1 and perlato®g or physodic acid
(29b) for 24 h at 37 °C and subsequent 6-ktoPdd#vel were detected as
marker of COX-2. For detection of TXBas a source of the COX-1/TXAS
pathway, citrated human whole blood was pre-incdatith perlatolic
acid @09, physodic acid 49b) or vehicle (DMSO) for 15 min and
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stimulated with thrombinKig. 3.39. The standard inhibitor indomethacin
(50 uM) blocked prostanoid formation as expectextgdhot shown). Both
failed to inhibit prostanoid formation in human viddlood, indicating a

strong plasma protein binding.

140 140 -
5@‘120- ,§§12°'
® S | = |
€ S 100 g S 100
L~ —
20 gg 2o gg
- ¢ - 9
|6 g |6 g
C o 60 -1 - 60 .
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SS 40| —e— 6-ketoPGF1a §C 40 — GketoPGFia
s Y —0o— TXB
- TXB = 2
201 O %2 20
0 =T T T 1 0 =T T T 1
0 1 3 10 0 1 3 10
perlatolic acid [pM] physodic acid [pM]

Fig. 3.36: Effects of perlatolic acid3Qc) and physodic acid2@b) in whole blood
experiments.

6-ketoPGFk, detection in human whole blood. Heparinized humdmole blood was
incubated with LPS (10 pg/ml) and perlatolic aguhysodic acid or vehicle (DMSQO)
for 24 h at 37 °C. After 24 h the reaction was gt on ice and the formation of 6-
ketoPGR, was detected in the supernatant using a 6-ketqRGlkgh Sensitivity EIA
Kit according to the manufacturer's protocol. TX&etection in human whole blood.
Citrated human whole blood was pre-incubated widlgiolic acid, physodic acid,
indomethacin (50 uM) or vehicle (DMSO) for 15 min3& °C and the reaction was
initiated with thrombin 2 U/ml. After 10 min theation was stopped on ice and TXB
levels were detected in the supernatant using a Fgh Sensitivity EIA Kit according

to the manufacturer's protocol. Data are given a&aam+ S.E. n=3.

Cytotoxic effects of perlatolic acidBQc) or physodic acid29b) up to 30
UM can be excluded as no reduced viability of AB48s occurred in the
MTT assay during 24 h or 48 h, implying that no pewsfic cytotoxic
effects affected the modulation of prostanoid fdrarain cell-based assays
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(Fig. 3.37. The control inhibitor staurosporin decreased ¢ibility as

expected.
Fig. 3.37: cytotoxic
roperties of perlatolic
140 - m 24h P 'p P .
120 - — 48h acid 30c) and physodic
3 acid (29b).
£ 100 (@b)
S A549 cells (3 x 1)
Sz 8 80
= were incubated for 24 h
£y 60 and 48 h at 37 °C with
=5 .
gc 40 perlatolic (30c),
% 20 - physodic acid (29b) or
=1
~ o vehicle (DMSO). After
20 24 h or 48 h, MTT was
0.0 &0 RN NIRAN
\“\0\“26?0‘\ \,\QQ:,:QQ@ \,\QQE‘;QQ\‘\ éddzd ar;dfsarzp:les w;e
W G Sl incubated for at
go® e 204°

°C. Reaction  was
stopped and the absorption was measured at 570 Results are reported as
percentage of viable cells as compared to vehiolgrol. Data are given as mean +
S.E. n=3.

Taken together, mMPGES-1 and TXAS could be identifess direct
molecular targets of perlatolic aciBB0g and physodic acid 20b).
Interference of physodic aci@gb) on upstream enzymes can be excluded
as physodic acid2@b) failed to inhibit the activity of cPLAand isolated
COX-1 and -2. However, perlatolic aci80C) moderately inhibited COX-1
derived 12-HHT formation and did not interfere wittoX-2 and cPLA
activity. Efficiency was also evident vitro in human platelets and
monocytes. Inhibition of COX-2 expression was obedrfor perlatolic
(300 and physodic acid2@b) which might contribute to the inhibitory
potential on pathophysiological P&Bynthesisln vivo studies in human
whole blood could however not confirm the resulbserved in cell-free

and cell-based test systems.
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3.4.3.3 Perlatolic acid (30c) and physodic acid (29b) intdere with
the 5-LO pathway

Perlatolic acid 30¢) and physodic acid2@b) inhibit the activity of isolated
5-LO in a concentration-dependent manner witk, Malues of 0.4 and 2.4
UM, respectivelyFig. 3.38A). Perlatolic acid300) lost its potency (165>
10 uM) when a cell-free 5-LO activity assay basedP®NL homogenates
as 5-LO source was used while physodic ad@@b) showed only a
marginal reduced potency in homogenates(%.5 M) compared to
isolated 5-LO, suggesting that cellular componeptesent in the
homogenates may hamper 5-LO inhibition by perlatadicid @00).
BWAAC, used as reference 5-LO inhibitor, blocked #zttivity of 5-LO
analogue in both test systems with same efficie@ata not shown).
Washout experiments indicate a reversible inhibitd isolated 5-LO by
perlatolic acid 80¢) and physodic acid@b) (Fig. 3.38B.

—&— 5-LO purified 120 - .
O— homogenates —&— 5-LO purified
120 1 —O— homogenates
C - c = 100 -
28 100 ¢ S8
[ ot ol *%k
ES Eo 804
.,E ua 80 i ** e us *hk
o So 60-
zg o0 22
o2 SE
&8 40 - as -
9% 93
—ul [=% T O
) = 20 i 0 ~— 20 p
0 T T T 0 =T T T T T 1
0 01 03 1 3 10 0 01 03 1 3 10

perlatolic acid [pM] physodc acid [uM]
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B

Fig. 3.38: effects of perlatolic

120 - ; Ez;l:(t::iig ::::iig [[::II’:'I"]] acid @0c) and physodic acid

s . (29b) on isolated 5-LO

§5 100 - | (A) Inhibition of isolated 5-LO.
E% 80 4 _‘ Semi purified, human
S g 1 T recombinant 5-LO or PMNL
% §1 20 homogenates (5 x 0
'5_§ 40 - cells/exp.) were pre-incubated
%g - with perlatolic acid, physodic
acid, BWA4C (0.3 pM) or
0 - vehicle (DMSO) in the presence

e o Q:'\\\\ N \2\\0\ of 1 mM ATP for 10 min. 5-LO

product formation was initiated
by addition of 2 mM C& and 20uM AA for 10 min at 37 °C. Reaction was stopped
with methanol on ice and 5-LO products were analyaeRP-HPLC. Data are given as
mean + S.E., n = 2-3, **p < 0.01 and ***p < 0.001sv vehicle (DMSO) control,
ANOVA + Tukey HSD post-hoc tests. (B) Reversilfity-LO inhibition. Semi purified,
human recombinant 5-LO was pre-incubated in thesgmee of 1 mM ATP for 10 min
and an aliquot was diluted 10-fold to obtain anibtor concentration of 1 or 1@M.
5-LO product formation was initiated by addition M C&* and 20uM AA for 10
min at 37 °C. Reaction was stopped with methanolcenand 5-LO products were
analyzed by RP-HPLC. Data are given as mean + 3.E.3-4, *p < 0.05 and ***p <
0.001; 1 or 10 uM vs. diluted sample, ANOVA + TUk&P post-hoc tests.

Due to the fact that several 5-LO inhibitors intgatr the catalytic redox
cycle of 5-LO by reducing the active-site iron, iaxidant properties of
perlatolic B09 and physodic acid 20b) were analyzed. Radical
scavenging activities of perlatoli@{c and physodic acid2@b) were not
evident, as both failed to reduce the stable DP&tital up to 100 uM. the
reference inhibitors ascorbic acid and cystein@iced DPPH as expected
(Fig. 3.39)
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Fig. 3.39: radical scavenger

0,40 - properties of perlatolic acid 30c)

0,35 1 and physodic acid29b).

0,30 - Perlatolic acid, physodic acid,
S 0,25 - vehicle and controls were mixed
g 440 with DPPH solution and incubated
o ’
b4 for 30 min in the dark. The
= 0,15 -

T —e— ascorbic acid absorbance was measured at 520

—0O— cysteine

0,05 { —¥— perlatolic acid
—2&— physodic acid n=3.

0,00 =T T T T T 1

0 1 5 25 50 100

[uM]

nm. Data are given as mean + S.E.

Next, investigation on 5-LO inhibition in intact mman neutrophils
stimulated with A23187 in the presence and absefcexogenous AA
were performed. Perlatolic aciddc blocked 5-LO product formation with
ICs0 = 1.8 UM (regardless of the presence of AA), angspdic acid Z9b)
inhibited 5-LO activity with IG, values of 5.0 and 6.4 uM (without or with
AA, respectively). Physodic aci®29b) was about 5-fold more potent in
suppressing 5-LO product synthesis, when PMNL waiened with 1
pg/ml LPS and stimulated with 1 uM fMLP &= 1.3 uM). The potency
of perlatolic acid 30¢ was not improved in PMNL activated by LPS/fMLP
(ICs0 = 8 uM) Fig. 3.40A). These stimuli-dependent inhibitory effects of
physodic acid suggest that physodic a@éhk) might interfere with the 5-
LO regulatory processes in the cell. Analysis orlLBvinduced ERK-1/2
activation in PMNL showed an increased phosphaoiadf ERK-1/2 that
was concentration-dependently repressed by physmiic@9b), whereas
perlatolic acid 80¢ did not affect phosphorylation of ERK-1/2 or p38
MAPK (Fig. 3.40B.
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Fig. 3.40: Effects of perlatolic acidBQc) and physodic acid2@b) on 5-LO in intact

PMNL.

(A) Isolated PMNL (5 x fiml) were pre-incubated with perlatolic acid, phgigpacid

or vehicle (DMSO) for 10 min at 37 °C and stimuthteith 2.54M A23187 or 2.5/M
A23187 plus 2Q«M AA. 5-LO products were determined by RP-HPLCerAktively,
cells were primed with LPS (1 pg/ml) for 30 min dadnation of 5-LO products was
initiated by addition of 1 uM fMLP. LT,Bevels were detected using a LTB4 High
Sensitivity EIA Kit according to the manufacturgstetocol. Data are given as mean +
S.E. n=3-5, *p < 0.05, *p < 0.01 and ***p < 0.00¥s. vehicle (DMSO) control,
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ANOVA + Tukey HSD post-hoc tests (B) Neutrophil§)(ivere pre-warmed for 3 min
at 37 °C and pre-incubated with perlatolic acR0D€), phsysodic acid20b) or vehicle
(DMSO) at 37 °C for 15 min. The reaction was sty the addition of 0.1 uM fMLP,
stopped after 1.5 min with SDS-b and heated forr6an95 °C. Total cell lysates were
analyzed for ERK1/2, phosphorylated ERK1/2 (ThrfZ92204), phosphorylated p38
MAPK (Thr-180/Tyr-182), by SDS/PAGE and western ttibp. Results are

representative of 2-3 independent experiments.

Whole blood experiments reveal that perlatoBOd and physodic acid
(29b) completely loose their 5-LO inhibitory potent{&lig. 3.41). This fact
may be explained by plasma protein binding as direabserved in
MPGES-1 experiments when 10% FCS is present insémeples. For
determination of 5-LO product formation in wholedtl, perlatolic 300
and physodic acid2@b) were pre-incubated and heparinized whole blood
was stimulated with A23187 for 10 min. 5-LO proddotmation was
detected in the supernatant. BWA4C was used agotantibitor and

suppressed 5-LO product formation as expected.

Fig. 3.41: Effects of

perlatolic acid @0c) and

s physodic acid Z9b) on 5-
E =
S S 100 4 LO inhibition in human
[=
% S g0 whole blood.
EE Heparinized whole blood
S D 60 - . .
B2E was pre-incubated with
w O
g'§ 40 - perlatolic acid, physodic
QL R R
32 00 | & perlatolic acid acid or vehicle (DMSO)
—O— physodic acid )
for 15 min at 37 °C and
0 ' ' = imulated with A2
0 1 3 10 BWA4C stimulated with A23187
[uM] (30 pM) for 10 min.

Reaction was stopped on ice and 5-LO product faonatvas detected using RP-

HPLC. Data are given as mean + S.E. n=2-3.
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Taken together, perlatolic309 and physodic acid2@b) inhibit 5-LO
activity in a direct, non-redox and reversible mamrPhysodic acid20b)
additionally prevents phosphorylation of ERK-1/2igvhis responsible for
upregulation of 5-LO activity, resulting in an ieased potency of 5-LO
inhibition. Both compounds failed to suppress 5-p@duct formationn

vivo in human whole blood.

3.4.3.4 Carrageenan-induced pleurisy in rats is inhibited ly

perlatolic acid (30c)

The activity of perlatolic acid 300 was assesseth vivo using the
carrageenan-induced pleurisy model in rats. Thegmeraments were
performed by Dr. Rossi and Prof. Sautebin, UnivlNsg, Italy. Injection of
carrageenan into the pleural cavity of rats (DMS® group) caused an
inflammatory response within 4 h. Perlatolic acsé®d (10 mg/kg, given
I.p. 30 min prior the carrageenan injection) intadi the inflammatory
response by the decrease of RGEels (35% inhibition) Table 3.19 in
the exudates of the rats, whereas indomethacingf&gni.p.) completely
suppressed PGHevels as expected. Volume exudates and inflammyato

cells in the pleural cavitiy were not affected @rlptolic acid 800).

Table 3.14: Effect of perlatolic aci@(c) on carrageenan-induced pleurisy in rats.
Thirty min before intrapleural injection of carragean, rats (n=10 for each
experimental group) were treated i.p. with 10 mgfggrlatolic acid, 5 mg/kg
indomethacin or vehicle (DMSO 4%). Exudate volur@E, and LTB levels as well as
inflammatory cell accumulation in pleural cavity ieeassessed 4 h after carrageenan
injection. Data are expressed as mean + S.E., 0=ANOVA + Tukey HSD post-hoc
tests were performed, **P < 0.01 vs vehicle (DMSD0). Experiments were
performed by Dr. Rossi and Prof. Sautebin, UniwplRs, Italy.
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Volume Inflammatory LTB4 PGE
Treatment
exudate [ml] cells x 16 (ng/rat) (ng/rat)
Vehicle 0.32£0.06 99.63 + 11.55 0.65+0.19 (9818
Perlatolic acid 0.61 +0.08
0.43 £0.09 158.86 + 20.61 0.83+0.24
(10 mg/kg) (35%)
_ 0.08 £ 0.02 35.67 £5.08 0.05 =+ 0.005
Indomethacin s e 0.56 +0.11 o
5 mg/k 14%
(5 mg/kg) (75%) (64%) ( ) (95%)

3.4.4 Pharmacological profile of gingkolic acid (31) withn the AA
cascade

3.4.4.1 Mode of action on mPGES-1 derived PGEinhibition

Ginkgolic acid 81) was identified to suppress mPGES-1 derived PGE
formation (IGe= 0.7 uM) under cell-free conditions (see cha@&.2.
Studies demonstrate that alteration of the sulestrabhcentration PGHo
lower (1 and 5 uM) or higher (50 uM) values leaadmdy slight changes in
the potency (0.7 — 2.1 pM), suggesting that the enofl MPGES-1
inhibition is substrate independeriiq. 3.42A). In addition, a reversible
mechanism of action can be assumed, as ginkgolat @d) ailed to
efficiently block mPGES-1 derived PGEformation
experiments of a 10-fold dilutiorFig. 3.42B. Adding 10% FCS to the
sample completely impaired the potency, indicativag ginkgolic acid 1)

in  washout

might bind to plasma proteins. MK-886 was used @trol inhibitor and

suppressed PGHEormation in all test systems as expected (notvsho
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Fig. 3.42: Effects of ginkgolic aci®]) on mPGES-1.

(A) Concentration-response analysis. Microsomal parations of IL-P-stimulated
A549 cells were pre-incubated for 15 min at 4 °@ &GE formation was induced by
addition of variable PGkl concentrations (1, 5, 20 and 50 pM). The amourRGE;
was quantified for 1 and pM PGH, by the use of a PGHEHigh Sensitivity EIA Kit
according to the manufacturer's protocol and RBG&mation of samples with or w/o
10% FCS stimulated with 20 and 50 uM PQGWkas analyzed by RP-HPLC. Data are
given as mean + S.E., n = 3, *p < 0.05, **p < 0.&F¥p < 0.001 vs. vehicle (DMSO)
control, ANOVA + Tukey HSD post-hoc tests (B) Rabiity of mPGES-1 inhibition.
Microsomal preparations were pre-incubated for 1B mwith 1 uM ginkgolic acid or
vehicle (DMSO), and an aliquot was diluted 10-fold obtain an inhibitor
concentration of 0.LM. Then, 2Q:M PGH, was added and all samples were incubated
for 1 min on ice, and PGHormation was analyzed as described by RP-HPLGaDa
are given as mean + S.E., n=3, **p < 0.01 1 pMwshicle (DMSO), ANOVA + Tukey
HSD post-hoc tests.
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3.4.4.2 Ginkgolic acid (31) inhibits prostanoid formationin vitro

As COX enzymes are known to act upstream of mPGEfrkgolic acid
(31) was analyzed for its ability to interfere with &2 and -2. The
formation of the COX-1 metabolites 12-HHT and TXBas analyzed in
human platelets, pre-incubated with ginkgolic g6it) and stimulated with
AA (3 uM) as substrate of COX-1Fig. 3.43A. Ginkgolic acid 81)
concentration-dependently blocked 12-HHT and JX®rmation with
similar 1G5, values of 2.1 and 2.2 uM, respectively. To chebletier this
effect is due to a direct interference with COXglaged ovine COX-1 and
human recombinant COX-2 were pre-incubated wittkgphc acid @1)
and stimulated with AA for 5 min. Indomethacin, wiiwas used as
inhibitor in COX-1 test systems and celecoxib, @&edive COX-2
inhibitor, completely blocked COX formation as egfa (not shown).
Ginkgolic acid 81) moderately inhibited 12-HHT formation of COX-1ytb
not COX-2, with 1Gy = 8.1 uM Fig. 3.43B. As TXB, formation in intact
human platelets was affected with higher potenug,dffects of ginkgolic
acid 31 on TXAS in platelet homogenates stimulated witGH? as
substrate were analyzed. The TXAS inhibitor CV4%&l used as control
and completely blocked TXBformation as expected. Ginkgolic acigfl)
could be identified as a moderate TXAS inhibitoCs¢l = 5.2 uM) Fig.
3.43B).
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Fig. 3.43: Effects of ginkgolic aci®1) on human platelets, cell-free COX and TXAS
(A) Platelets (1&ml PBS containing 1 mM CagJlwere pre-incubated for 5 min prior
to stimulation with AA (xM). After another 5 min at 37 °C, the formationl@HHT
was determined by RP-HPLC as described and formabib TXB was determined
using a TXB High Sensitivity EIA Kit according to the manufaetr's protocol. Data
are given as mean + S.E., n = 3, *p < 0.05, **pG<001 vs. vehicle (DMSO) control,
ANOVA + Tukey HSD post-hoc tests. (B) Purified e @OX-1 (50 units) or human
recombinant COX-2 (20 units) were pre-incubatedib pmior stimulation with AA (5
UM or 2 uM, respectively). 12-HHT in the samplessveaalyzed using RP-HPLC.
Thromboxane Asynthase (TXAS) activity was determined in platetEmogenates
(16°/ml PBS containing 1 mM Caglsonified 3 x 15 sec) pre-incubated for 15 min on
ice and stimulated with 20 uM PGHor 1 min. TXB levels were detected in the
supernatant using a TXBHigh Sensitivity EIA Kit according to the manufaetr's
protocol. Data are given as mean + S.E., n = 3+ € 0.01, ***p < 0.001 vs. vehicle
(DMSO) control, ANOVA + Tukey HSD post-hoc tests.

In addition, studies of COX-2 expression in intdmtman monocytes
primed with LPS were performed. Dexamethason, uaed control,
completely blocked COX-2 expression compared to tmstimulated
sample Fig. 3.44. However, ginkgolic acid3(l) only moderately blocked
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the expression of COX-2, suggesting a slight syistcgeffect on mPGES-
1 activity and COX-2 expression to suppress PfeEmation.

Fig. 3.44. Effects of ginkgolic

COX-2 |—— == .

4 3

acid @1) on intact human

monocytes primed with LPS.

Ractin |
Intact human monocytes (5 x
LPS (1 pg/ml) -+ |+ +  10%exp. in RPMI 1640 medium
dex (1 pM) - - + - containing 0.5 % FCS, P/S and 2
ginkgolic acid [uM] _ _ _ 10 mM glutamine) were stimulated

with 1 pg/ml LPS and gingkolic
acid (10 pM), dexathemason (1 puM) or vehicle (DM&@$ added for 24 h at 37 °C.
After 24 h cells were detached and lysed (2 x SDSShmples were subjected to SDS-
PAGE and WB using a specific antibody against CORd&ttin was used as loading

control. Results are representative of 2-4 indegen@xperiments.

To exclude interference of ginkgolic aci@lj at the level of AA supply,
the effect on the enzymatic activity of human reborant cPLA was
studied. Whereas the pyrrolidine inhibitor (1 pMieetively blocked AA
release from phospholipids, ginkgolic aci@l) did not affect cPLA
activity (Fig. 3.45A). Moreover, ginkgolic acid31) showed only minimal
cytotoxic effects after 24 h (80% cell viabilityhat could not be detected
after 48h, implying that no unspecific cellularesifs adulterate results for
cell-based assayki@. 3.45B.
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Fig. 3.45: effects of ginkgolic aci®@X) on cPLA activity and cytotoxic effects on A549
cells.

(A) Freshly prepared large unilamelar vesicles wareubated with cPLAenzyme, 1
mM C&* and the indicated compounds for 1 h at 37 °C. Remavas stopped using
methanol. Following derivatisation with p-anisidimn chloride, the resulting derivate
was analyzed by RP-HPLC. Data are given as meankt, $=3, ***p < 0.001 vs.
vehicle (DMSO) control, ANOVA + Tukey HSD post-texts. Performed by Marius
Melzer in the lab of Prof. Dr. O. Werz (UniversdlJena, Germany). (B) Cytotoxicity
in A549 cells. Cells (3 x $pwere incubated for 24 h and 48 h at 37 °C withkgplic
acid or vehicle (DMSO). After 24 h or 48 h, MTT wadded and samples were
incubated for 4 h at 37 °C. Reaction was stoppetl the absorption was measured at
570 nm. Results are reported as percentage of eiablls as compared to vehicle

control. Data are given as mean + S.E. n=3.

Studies using human whole blood could not confitme fpotency of
ginkgolic acid 81) demonstrated in the cell-free and cell-based
experiments. Ginkgolic acid8q) did not interfere with prostanoid synthesis
in vivo (Fig. 3.46. This might be due to plasma protein binding @s een
demonstrated for mPGES-1 supplemented with 10% (8€&-ig. 3.42.
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Fig. 3.46: Effects ginkgolic
acid @1) in whole blood

120 experiments
O keloPGMa ¢ (etoPGR. detection i
-keto etection in
3 100 —— TXB2 a
A== human whole blood.
TS 80 - -
Eo Heparinized human whole
=R : :
Tg 60 - blood was incubated with LPS
<)
g% 40 (10 pg/ml) and ginkgolic acid
g = or vehicle (DMSO) for 24 h at
& o :
~ 20 - 37 °C. After 24 h the reaction
0 was stopped on ice and the
0 10 Indo formation of 6-ketoPGH was
ginkgolic acid [uM] detected in the supernatant

using a 6-ketoPG# High Sensitivity EIA Kit according to the manufaetr's protocol.
TXB, detection in human whole blood. Citrated human le/idood was pre-incubated
with ginkgolic acid, indomethacin (50 uM) or velki¢gDMSO) for 15 min at 37 °C and
the reaction was initiated with thrombin 2 U/mlt&f10 min the reaction was stopped
on ice and TXBlevels were detected in the supernatant using B, FHgh Sensitivity

EIA Kit according to the manufacturer's protocolta are given as mean + S.E. n=3.

In summary, ginkgolic acid3(Q) is a potent inhibitor of mMPGES-1 with a
substrate independent and reversible mode of adBarkgolic acid 81)
did not affect COX-2 activity and moderately inlhdd COX-2 expression
in monocytes. In addition, COX-1 and TXAS could lentified as

molecular targets.

3.4.4.3 Ginkgolic acid (31) interferes with the 5-LO pathwgy
Inhibition of semi-purified 5-LO turned out to berccentration dependent
with 1Cso = 0.2 uM Fig. 3.47A). However, when ginkgolic aci{) was
tested in a cell-free 5-LO activity assay based asnde neutrophil
homogenates under the same experimental conditioagyotency clearly

decreased (l§g > 10 uM), indicating that cellular components présin
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the homogenates may hamper 5-LO inhibition. Washexpieriments
demonstrate that inhibition of 5-LO by ginkgolic icc(31) is fully
reversible, as a 10-fold dilution of a potent carcation of 1 uM could
counteract the inhibitionFg. 3.478. BWA4C was used as reference

inhibitor and suppressed 5-LO product formatioexgsected (not shown).

—&— 5-LO semi-purified
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Fig. 3.47: effects of ginkgolic aci@)) on isolated 5-LO

(A) Inhibition of isolated 5-LO. Semi purified, hamrecombinant 5-LO or PMNL
homogenates (5 x i@ells/exp.) were pre-incubated with ginkgolic adWA4C (0.3
KUM) or vehicle (DMSO) in the presence of 1 mM A®P O min. 5-LO product
formation was initiated by addition of 2 mM €and 20uM AA for 10 min at 37 °C.
Reaction was stopped with methanol on ice and Stdducts were analyzed by RP-
HPLC. Data are given as mean + S.E., n = 3, *p €®and ***p < 0.001 vs. vehicle
(DMSO) control, ANOVA + Tukey HSD post-hoc tesB). Reversibility of 5-LO
inhibition. Semi purified, human recombinant 5-L@swpre-incubated in the presence
of 1 mM C&" and 1 mM ATP for 10 min and an aliquot was dilutédfold to obtain an
inhibitor concentration of 1 uM. 5-LO product faation was initiated by addition of
20 uM AA for 10 min at 37 °C. Reaction was stopped wigthanol on ice and 5-LO
products were analyzed by RP-HPLC. Data are givemaan + S.E., n = 3-4, ***p <
0.001; 1 uM vs. diluted sample, ANOVA + Tukey HE81oc tests.
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Further investigation on 5-LO inhibition were perfed in a cell-based
assay using intact human neutrophils, stimulateth wi23187 in the
presence and absence of exogenous AA as subsirafelfO. As can be
seen inFig. 3.48 ginkgolic acid 81) blocked 5-LO product formation
independent of the substrate supply comparably (€Y, = 3.8 and 2.9
UM, respectively), but was less potent in intaaitragphils primed with
LPS and stimulated with fMLP (Kg = 7.2 uM). BWA4C, used as
reference inhibitor, suppressed 5-LO product foromatn neutrophils as

expected (not shown).
Fig. 3.48: Effects of ginkgolic aci®l)
on 5-LO in intact PMNL.

120 Isolated PMNL (5 x 10ml) were pre-
§3 100 incubated with ginkgolic acid or
g‘g 80 | vehicle (DMSO) for 10 min at 37 °C
é ~§ and stimulated with 2.6M A23187 or
é 5 60 - 2.5 uM A23187 plus 2QM AA. 5-LO
g_g 40 1 . A23187+A:* M products were. determined by. RP-
i g b0 | —0— A23187 HPLC. Alternatively, cells were primed
—w— LPS/AMLP with LPS (1 pg/ml) for 30 min and
0 - formation of 5-LO products was

0 0103 1 3 10 initiated by addition of 1 uM fMLP.

ginkgolic acid [uM] LTB, levels were detected using a

LTB4 High Sensitivity EIA Kit according to the méamiurer's protocol. Data are given
as mean + S.E. n=3-5, **p < 0.001 vs. vehicle (D®)Scontrol, ANOVA + Tukey
HSD post-hoc tests

As 5-LO activity is strongly regulated in the celk. phosphorylation by
ERK-1/2 or MAPK pathway, experiments with ginkgoécid @1) on the
phosphorylation status of ERK-1/2 and p38 MAPK umtan neutrophils
stimulated with fMLP were performed and revealeat {thosphorylation is
not affected by ginkgolic acidB) (Fig. 3.49A). U0126 that was used as
reference inhibitor of ERK-1/2 phosphorylation initéed ERK-1/2 as
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expected. Several 5-LO inhibitors act by uncouplimg catalytic cycle of
5-LO due to redox properties. Antioxidant propertiean be excluded,
since ginkgolic acid31) failed to reduce the stable DPPH radical up 1 10
UM, whereas the positive controls ascorbic acid aysteine reduced
DPPH as expectedrig. 3.49B.

0,40 -
i 0,35 -
0,30 -
PERK[—mme == 5 025
=
= 0,20 -
< 0,15 -
MLP O M _ * * * 0,10 { —@— ascorbic acid
U0126 (3 uvi) - - + - T —C— cysteine
ginkgolic acid [uM] - - - 10 ’ —w— ginkgolic acid

0,00 - . : . . . .
0 1 5 25 50 100

[uM]
Fig. 3.49: Influence on MAPK signalling and radicadavenger properties of ginkgolic
acid 31)
(A) Neutrophils (10 were pre-warmed for 3 min at 37 °C and pre-indedawith
ginkgolic acid or vehicle (DMSO) at 37 °C for 15nmirhe reaction was started by the
addition of 0.1 uM fMLP, stopped after 1.5 min wi#dS-b. and heated for 6 min at 95
°C. Total cell lysates were analyzed for ERK1/2ygphorylated ERK1/2 (Thr-202/Tyr-
204), phosphorylated p38 MAPK (Thr-180/Tyr-182), 8DS/PAGE and western
blotting. Results are representative of 2-3 indejge experiments (B) Radical
scavenger capability. Ginkgolic acid, vehicle anohitols were mixed with DPPH
solution and incubated for 30 min in the dark. Hiesorbance was measured at 520

nm. Data are given as mean + S.E. n=3.

As has been demonstrated for prostanoid biosyrgthgsikgolic acid 31)
lost its inhibitory potential on 5-LO activity inuman whole blood.
BWA4C, which was used as standard inhibitor, redubd.O product

formation in human whole blood as expected.
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Fig. 3.50: Effects of ginkgolic acid
(31) on 5-LO inhibition in human
whole blood.

Heparinized whole blood was pre-
incubated with ginkgolic acid or
vehicle (DMSO) for 15 min at 37
°C and stimulated with A23187 (30
uM) for 10 min. Reaction was
stopped on ice and 5-LO product
formation was detected using RP-
HPLC. Data are given as mean +
S.E. n=2-3.

Together, ginkgolic acid3(l) potently inhibited 5-LO product formation in

cell-free and cell-based experiments. The mechawisirction was fully

reversible and non redox active.

Investigations ciude neutrophil

homogenates and human whole blood indicate a Higtity to proteins

present in the sample.
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4  DISCUSSION

There is accumulating evidence that mMPGES-1 migpriessent a druggable
target in the therapy of inflammation and pain. 3=l gene deletion
studies and pharmacological approaches with selenfeGES-1 inhibitors
support a role for mPGES-1 in inflammatory readioriever, pain,
neurological disorders and cancer [20, 78, 194,].185 view of the
considerable gastrointestinal, renal and cardiadasside effects of COX
inhibitors, the class of drugs widely used to treflammation, fever and
pain, MPGES-1 inhibition might be a promising altdive strategy to
NSAIDs. Accordingly, extensive efforts are undervwaydevelop mPGES-
1 inhibitors. However, only a few agents show sigit efficacy in
preclinical models of inflammation and pain so fand thus could
potentially enter clinical trials [20, 78, 194].

Dual inhibition of 5-LO and mPGES-1 seems to befguable since
inhibition of COX and 5-LO was suggested to be sigpeover single
NSAID administration related to an improved anflammatory
effectiveness associated with a lower risk of gastestinal and
cardiovascular side effects [101, 196]. As BGE held the mainly
responsible eicosanoid for inflammatory events, wal dinhibition of
MPGES-1 and 5-LO is a promising strategy to avodinary side effects
of NSAIDs or coxibs and improve the safety of antiammatory drugs
[93].
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4.1 The acylphloroglucinol arzanol from Helichrysum
italicum is seemingly a responsible constituent for the aint

inflammatory potential of the plant

Arzanol was discovered as a bioactive ingredieminfthe Mediterranean
curry plant Helichrysum italicum)With 0.05% of the dried plant weight,
arzanol is one of its major active compounds. Exsraf the curry plant
have been traditionally used in folk medicine teatr inflammatory
disorders [197], but there are only few studiesrasking the molecular
targets. Interference at the level of pro-inflamonatcytokine and PGE
release from LPS stimulated human monocytegs£16-22 uM), which is
attributed to an impaired activation of the ¥f-pathway (IGo= 5 uM)
[118, 129] could be monitored by the group of Apgian et al. in 2007.
During my diploma thesis, mMPGES-1 and 5-LO couldidentified as
molecular targets of arzanol [175, 198].

In this study the overall pharmacological profilethin the eicosanoid
biosynthesis was investigated and mechanistic esudiere performed to
identify the mode of action. Arzanol potently inttsbmPGES-1 (ICs= 0.3
M), 5-LO" (ICse= 3.4 pM) and TXAS (IG= 2.7 uM) under cell-free
conditions. A direct interference with the upstreaignalling enzymes
cPLA,, COX-1"and COX-3 can be excluded, since arzanol failed to block
AA release and 12-HHT product formation, which msnrenzymatically
formed from PGH [199], under cell-free conditions. Mechanistics&s
reveal a reversible and competitive mode of adoomPGES-1 inhibition.
Since arzanol was identified to protect linoleiadaagainst free radical
attack in assays of autoxidation and EDTA-mediateadation, and
inhibited TBH-induced oxidative stress in VERO sell129], radical
scavenger properties were assessed by DPPH a$asasy.afzanol could be
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identified as a redox-type inhibitor of 5-LO with raversible mode of
action.

The inhibitory potential of arzanol was also eviden vitro using cell-

based test systems. As direct COX-2 inhibition banexcluded, PGE

suppression in human monocytes can be ascribed toterference with

MPGES-1 [200]. In addition, concomitant analysi@X-2 and mPGES-
1 protein in human monocytes revealed that arzdoes$ not interfere with
their expression levels. 5-LO inhibition in intastutrophils was selective
and comparable to the results under cell-free ¢immdi.

Many NSAIDs represent lipophilic acidic substanaad hence suffer from
high plasma protein binding in line with a loss eafficiency [201]. As

arzanol is a lipophilic and weak vinylogue acidagrha protein binding
effects might play a role, but notably PGEosynthesis was efficiently
blocked by arzanol in LPS-stimulated human wholeotl] whereas the
formation of other prostanoids such as 6-keto-R@kd TXB, was hardly

affected.

Extracts ofHelichrysum italicumhave already been shown to suppress 2-
Otetradecanoylphorboll13-acetate (TPA)-induced mouse ear edema
formation in preclinicalstudies [117]. Thus, in a model of carrageenan-
induced pleurisy in rats, arzanol was almost ascéffe as the NSAID
indomethacin. Since PGES the primarily responsible mediator in the early
phase of carrageenan-induced pleurisy [202], mPGHESzibition might
contribute to the anti-inflammatory efficacy of amol. Because 5-LO-
derived metabolites cooperate with PGithe induction of pleurisy [203],
synergistic anti-inflammatory effects of dual mPGHS-LO have been
observed [17, 93] that also might be responsibi@foimproved efficiency

profile with less severe side effects.
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In addition, other constituents from the gemledichrysumhave also been
reported as anti-inflammatory agents [117, 126].28#hce their amount in
curry plant extracts was found to be rather lows itkely that they are not
liable for the anti-inflammatory effects of the pla

In summary, arzanol is a potent inhibitor of thg kazymes mPGESL15-
LO" and TXAS of the AA cascadén vivo studies in human whole blood
and carrageenan-induced pleurisy in rats could iconfthe anti-
inflammatory potential of arzanol and might expl#ue anti-inflammatory
potential ofHelichrysum italicumAs a dual mMPGES-1/5-LO inhibitor of
plant origin, arzanol might represent an innovativeg in the therapy of

inflammation and cancer.

Current SAR studies demonstrate that the pharmacemf arzanol can be
improved towards its anti-inflammatory potential mPGES-1 and 5-LO
inhibition. As arzanol is a mixture of tautomersiatropoisomers [205], it
Is tempting to speculate that different forms a tompounds may target
distinct biological end-points. Thus, it is knowmat heterodimeric
phloroglucinyl pyrones co-occur with symmetric hatimoeric
alkyliden(bis) pyrones in many plants [205]. To gbepurposes, SAR
studies were performed on the alkylidene linker/anthe pyrone moiety
of homodimeric and heterodimeric analogues. Intetidn of lipophilic
elements to the alkylidene linker of (heterodimeacylphloroglucinols or
(homodimeric) phloroacetophenon-derivatives yieltept inhibitors of
MPGES-1 and semi-purified 5-LO with dCvalues in the submicromolar
range. Most potent mPGES-1/5-LO inhibitor was aadieby introduction
of an n-hexyl residue to the alkylidene linker lo¢ theterodimeric scaffold
(1€ [206].
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In the present stud§e was identified as a potent dual mPGES-1/5-LO
inhibitor with an interesting pharmacological plefi In fact, detailed
investigations on eicosanoid biosynthesis addreB&ES-1 (1G= 0.2
uM), 5-LO (IGo= 1.2 uM), COX-2 (1G> 10 uM) and TXAS (IG= 2.5
KM) as molecular targets dk, whereas COX-1 and cPLAactivity were
not affected. Importantly, COX-2 is only moderatetpibited byle with

an at least 100-fold higher selectivity for mPGESStudies on the
mechanistic properties of MPGES-1 and 5-LO inlohitidentifiedle as a
direct and reversible inhibitor with redox-activenda non-cytotoxic
gualities. A loss of efficacy was observed in stgdwith human whole
blood determined 5-LO product formations as well @sB, and 6-
ketoPGFk, formation. Howeverfurther investigations addressimg vivo
effects and the bioavailability ofe will be necessary to assess the

relevance as a potential anti-inflammatory drug.

4.2 Non-cannabinoids are involved in the anti-

inflammatory actions of cannabis sativa

Cannabis sativas one of the first plants that was used as hertslicine.
Up to date, several different phytocannabinoids ramalcannabinoids have
been described, but only a few constituents wegeatierized for their
biological activities. Pharmacological investigago on single
cannabinoids, mostly THC, CBN and CBD, were firatried out in the
early 1940s [207, 208]. Inhibition of PGbBiosynthesis in bull seminal
vesicles (IG= 70 — 300 uM) by several cannabinoids was obsebyed
Burstein et al. [209]. However, by now only few mollar targets of

cannabis constituents involved in inflammationlarewn [141-143].
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This thesis demonstrates that phytocannabinoids resrdcannabinoids
inhibit MPGES-1 and 5-LO in cell-free condition8& was the only one
among the tested phytocannabinoids that could batifted as potent
MPGES-1 inhibitor (IG= 0.9 uM). Notable, CBG is also present in
Helichrysumspecies [134], implying that CBG might also cdmite to the
anti-inflammatory potential dfielichrysum italicumHence, further studies
are necessary to verify the presence of CBC(Helichrysum italicum
Interestingly, THC inhibited mPGES-1 with a ratlmgh 1G5, value of 70
MM, suggesting that it is not the mainly resporestnstituent o€annabis
sativa involved in anti-inflammatory events related to BGAmong the
non-cannabinoids, prenylated flavonoid$9,( 20) and the prenylated
dihydrostilbene cannipren22) could be identified as potent dual mMPGES-
1/5-LO inhibitors. Because 5-LO and mPGES-1 are é&egymes in the
biosynthesis of lipid mediators involved in inflaration [25, 210] and
CFA in line was already shown to inhibit TPA-inddceGE release from
cultured synovial cells [140], the overall pharmagacal profile within the

AA cascade was further investigated.

Studies on the prostanoid formation vitro in human platelets and
monocytes revealed a potent suppression of ;liéBnation that could be
identified as TXAS inhibition (IGg= 6.8 pM). Notable, 12-HHT formation
in vitro and in isolated COX-1 and -2 assays was hardgctedtl with 1Gy

values > 10 pM. CFA (10 uM) blocked P&tBrmation in intact human
monocytes comparable to the glucocorticoid dexaasethe. Since
interference of CFA at the level of AA supply cae bxcluded, the
observed effect might be due to synergistic (I) l&8&. inhibition and (11)

blockage of COX-2 expression. Mechanistic investoyes demonstrate a

reversible mode of action that is independent efsimbstrate supply.
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Also 5-LO could be identified as molecular targdt GFA with a
comparable potency of cell-free ¢ 0.9 uM) compared to cell-based
(ICs= 1.6 — 2.4 pM) assay. Indeed, studies in crudetrogiil
homogenates resulted in a decreased potengy=(%4 uM). A similar
observation was made in microsomal preparations A6#49 cells
supplemented with 10% FCS, indicating that CFA exsfffrom plasma
protein binding. This could also be shownvivo, where CFA failed to
inhibit 5-LO product formation in human whole bloddechanistic studies
reveal that 5-LO inhibition is only partially res#ble and not related to the
substrate supply of AA. CFA was identified as anmediox active inhibitor
of 5-LO that does not interfere with the MAPK siting pathway which is
known to regulate 5-LO activity.

Plant cannabisextracts contain a complex mixture of phytocannaiois
and other non-cannabinoid compounds. In the 1936fs et al. [211-213]
demonstrated potent anti-inflammatory effects ofiae marijuana extract
and some single constituents (THC, CBD and CBNjhm carrageenan
induced paw edema model of acute inflammation. AIB&Cr was reported
to possess anti-inflammatory potential in a carcage paw edema assay
[214, 215]. More recently, CBD was shown to redjodet inflammation in

a murine model of collagen-induced arthritis [218].interest, whole plant
extracts ofcannabis sativaseem to be superior over single administration
of phytocannabinoids [217]. Hence, several animadl@is are reported on
pytocannabinoids and only little is known about #ffectiveness of non-
cannabinoids in animal models of inflammation.

Taken together, CFA was identified as a potent duBIGES-1/5-LO
inhibitor in cell-free and cell-based test systeinsaddition, TXAS could
be identified as molecular target. Studies in huméiole blood indicate
high plasma protein binding due to its lipophilicacacter. Hence, further



4 DISCUSSION 129

in vivo studies are necessary to define the role of CFéeantreatment of

inflammation.

4.3 Benzofurane  derivatives are potential anti-

inflammatory constituents of Krameria lappacea

The roots oKrameria lappacedsyn. rhatany) are used in the treatment of
inflammation predominantly of the mouth and thrfdag7, 188]. Vegetable
tannins, having astringent and antimicrobial propsy were considered as
the active anti-inflammatory components [218], haevious studies
indicate that lignan derivatives may act as pogent-inflammatory agents
[189, 190].

A topical anti-inflammatory potential of a GEl, rhatany extract and 11
isolated lignan derivatives could be revealed fiaommal studies, detected
as antiedema activity in mice [176]. (Leukocyteltrdtion and histological
analysis were additionally performed). Attemptsctarify the mode of
action were performed on the NB pathway and AA cascade that are
involved in inflammation. Thus, interference witiNFa-induced NkB
signaling, COX-1 and -2, 5-LO and antioxidant pmbes could be
demonstrated for several lignan derivatives, whioly explain the
promising anti-inflammatory activity of the G#@l,-soluble extract of
Krameria lappaceaoots on multiple targets vivo andin vitro [176]. In
this line mMPGES-1 inhibition was suggested as daite target for the

anti-inflammatory effects.

This study addresses mPGES-1 as a direct targesewéral lignan
derivatives in a cell-free assay (iCvalues 5.3 — 42 uM). In particular,
substituted propenylbenzofuran8a(— 9¢) were most potent mPGES-1
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inhibitors with 1G, values of 5.3 — 13.5 puM whereas 7,70-epoxy lignans
showed no marked inhibition of mMPGES-1 up to 50 [idken together,
these findings provide a strong evidence for titeiaflammatory potential
of rhatany by lignan derivatives, consistent witte tanti-inflammatory

targets that could already be addressed for selgmah derivatives.

4.4 Depsides and depsidones frorichen spec. dispose of a

promising anti-inflammatory potential

Lichensare symbiotic associations between fungi (mycdisjoand algae
and/or cyanobacteria (photobionts) [219]. Varioxisaets oflichen species
have been used as remedies in folk medicine for tthatment of
inflammatory disorders. By now, approximately 1,05kcondary
metabolites from lichens have been identified [144]. Numerious
pharmacological properties are reported for seagnehetabolites, such as
antibiotic,  antimycobacterial,  antifungal,  anti¥jra anticancer,
antiproliferative, antioxidant, anti-inflammatorgnalgesic, and antipyretic
and cytotoxic effects [144, 148, 149, 220-225].

For the development of novel mMPGES-1 inhibitors pasmising anti-
inflammatory agents, a pharmacophore model wasrgtsteby the group
of Stuppner et al. (Innsbruckh silico screening of the Chinese herbal
medicine (CHM) database using this pharmacophordemevealed the
group of depsides and depsidones as potential datiedi [177]. To this
purpose five depsides and five depsidones werssiigaed for their anti-

inflammatory potential.

Among the selected depsides methylbetaorcinol cgtate, evernic acid,
perlatolic acid, olivetoric acid and atranorin oplgrlatolic acid (IGo = 0.4
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UM for mPGES-1 and 5-LO) and olivetoric acid {{G 1.15 uM for

MPGES-1 and 2.4 puM for 5-LO) could be identified @stent dual
MPGES-1/5-LO inhibitors. Investigations on the ekld depsidones
fumarprotocetraric acid, physodic acid, salaziretavariolaric acid and
scensidin revealed physodic acid as potent du#bitoh of mMPGES-1 and
5-LO (ICso= 0.43 and 2.4 uM, respectively). In line with necéndings

[82], lipophilic residues and abdication of the lxatylic group retained
potent MPGES-1 inhibitors.

For the class of depsides and depsidonestro studies revealed antiviral
[226, 227], antibacterial [228-231], antimicrobigR20, 232, 233],
antifungal [230], anticancer [220, 234, 235] andiamdant properties
[220, 232, 233, 236-238] as well as inhibition ofAM-B [239],
acetylcholinesterase [240, 241] and p12-LO [22B8{erference with PG
biosynthesis in rabbit renal microsomes [146] adl @ws on the 5-LO
signaling pathway in porcine leukocytes [242, 248ld inhibition of
malondialdehyde (MDA) formation in rat and monkéyet microsomes
[244] is known for both classes and might contebub the anti-
inflammatory potential ofichens Hence, further studies adressing the

molecular targets involved in inflammation are reseey.

This thesis demonstrates that the depside pedatold and the depsidone
physodic acid are potent inhibitors of mMPGES-1;¢0.4 and 0.43 pM,
respectively), 5-LO (IG= 0.4 and 2.4 uM, respectively) and TXAS {i€
1.1 and 0.7 uM, respectively) under cell-free cbods. Inhibition of
NFKkB (ICso= 7.0 uM) [245] and COX-1 (16> 10 uM) for perlatolic acid
Is also evident but to a lesser extent. BecauseE®PGand 5-LO are key

enzymes involved in inflammatory events [25, 210kir inhibition by
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perlatolic acid and physodic acid might contribit¢he anti-inflammatory
potential oflichens

Mechanistic studies on mMPGES-1 and 5-LO inhibitiveveal a
concentration-dependent and reversible mode obractwhich is largely
independent of the substrate supply. Since radica@alenger properties can
be excluded and no iron-chelating qualities areaegqt for both, perlatolic
acid and physodic acid can be structurally classénl non redox-type
inhibitors of 5-LO.

Inhibitory effects were also evident in terms ofl-based assay systems.
Interference at the level of AA supply can be edeld, as both failed to
inhibit isolated cPLA enzyme. PGE biosynthesis is suppressed by
synergistic effectsn vitro. Perlatolic acid completely and physodic acid
moderately blocked COX-2 expression in LPS stinmdathuman
monocytes, which in turn with downstream mPGES-hihition is
responsible for suppression of pro-inflammatory PG¥btable, inhibition
of COX-2 activity could not be detected, what magnttibute to an
improved safety profile. 12-HHT and TXBwere potently blocked by
perlatolic acid in human platelets, indicating sgngtic effects of COX-1
and TXAS for blockade of TXB Surprisingly, physodic acid potently
blocked cell-free TXAS activity (1= 0.7 puM), but the inhibitory
potential decreased about 10 fold in intact humbatelets, where the
formation of 12-HHT and TXB(ICs= 8.8 and 5.2 uM, respectively) was
detected.

5-LO inhibition in neutrophils was evident with slar efficacy, as both
compounds have comparablesdGralues with exogenous supplemented
AA (A23187 + 20 uM AA) and AA provided from endogmrs sources
(A23187). Of interest, stimulation with physiologic occurring
inflammatory mediators (LPS, fMLP) decreased théepoy of perlatolic
acid (IGge= 8.0 uM in contrast to 1.8 uM with A23187 £ AA) intact
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human neutrophils, whereas the potency of physadid was increased
(ICs= 1.3 UM in contrast to 5.0 and 6.4 uM A23187 £ ABJLO product

formation is modulated by cPLAAA liberation) and regulation of 5-LO
activity.

Recently p38 MAPK and ERK1/2 were identified to nggulate 5-LO

activity via phosphorylation [246]. However, reguda of 5-LO activity by

phosphorylation could be identified as a furthegea of physodic acid.
Phosphorylation of ERK1/2 was completely blockedairconcentration
dependent manner, which is responsible for theeaswd potency of
physodic acid in LPS/fMLP stimulated human neutitspbompared to the
stimulation with A23187 + AA.

Extracts of Teloschistes flavicand247], Cladonia clathrata [248],
Cladonia rangiformig249] and Peltigera rufescenf250] have shown to
suppress acute (carrageenan or formaldehyde ingumed/or chronic
(cotton pellet granule) inflammation in mouse maded inflammation as
well as acetic acid-induced abdominal writhes, butdies on isolated
secondary metabolites are rare. Thus, perlatolid, aghich is a major
ingredient of lichens [245], was shown to inhibit the inflammatory
recruitment of leukocytes in a peritonitis mousedelan vivo [245] and
blocked PGE formation in a model of carrageenan-induced pssum
rats. Since PGHs the primarily responsible mediator in the egitase of
carrageenan-induced pleurisy [202], mPGES-1 inbibitmight contribute

to the anti-inflammatory potential of perlatoliaéc

In summary, perlatolic acid and physodic acid ptyennhibit the
biosynthesis of the pro-inflammatory mediators RGEXB, and LTRB,,
implying synergistic anti-inflammatory effects [2003, 251] and therefore

an improved pharmacological safety profile compatedNSAIDs and
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coxibs. Thus, (pro-inflammatory) PGBbiosynthesis is selectively and
reversibly blocked by the synergistic effect of dgwnstream mPGES-1
inhibition and (Il) blockade of inducible COX-2 egssion. Importantly,
suppression of PGHormation for perlatolic acid was also evidemtvivo
(physodic acid is not yet investigated). These ifigd offer broader
perspectives and possibilities for the applicatioh depsides and

depsidones frortichens

4.5 Ginkgolic acid contributes to the anti-inflammatory

properties of ginkgo biloba

Ginkgo bilobais among the most widely used medicinal plantsthef

world. Its medicinal use goes back several cerduwhere it was first
documented in the Chinese Materia Medica intefaathe treatment of
cardiovascular and bronchial diseases, skin wouarts freckles [158,
159]. By now, ginkgo preparations, which have bewstly standardized
for their amount of terpene trilactones and flavomgycosides, are
available by several manufacturers. Terpene tdlees and flavonol
glycosides are deemed to be the pharmacologicateaconstituents of
ginkgo biloba[170]. The proposed anti-inflammatory potential@hkgo

biloba is due to anti-PAF activity by terpene trilactongb2, 253],

inhibition of COX and LO by flavonoids [166] anddiaal scavenger
activities [254, 255]. However, since not all efeeare clearly attributed to
these constituents, effects of other componentseptein the extract can
not be excluded [170].

To this purpose, the present study focused on giitkgcid, which is

among the alkylphenols (ginkgolic acids) that avenid in the fruit pods
and in the leaves ofjinkgo biloba [256]. Besides their antitumor,
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antimicrobial and antiviral activities, allergenaffects are ascribed to
alkylphenols [172, 256-258]. Ginkgolic acids arenited at 5 mg/g in
commercial phytopreparations in the monograph ef @ommission E of
the former German Health Authority (Bundesgesurtdaeit, BGA) [259].
However, their allergenic potential has not beaandy verified, which in
turn is why they were not yet in the main focusrdfammation research
[173, 174, 260].

This thesis identified key enzymes involved in paosid and leukotriene
biosynthesis as functional molecular targets okgalic acid. Particularly,
MPGES-1 (IGe= 0.7 uM), 5-LO (IG= 0.3 pM), COX-1 (IG= 8.1 uM)
and TXAS (IG= 5.2 puM) were affected by ginkgolic acid. Notable,
inhibition of MPGES-1 and 5-LO is about 10 foldes#ive compared to
COX-1 and TXAS. Studies on the mechanistic propsraf mMPGES-1 and
5-LO inhibition reveal a direct and reversible moafeaction which is
independent of the substrate supply. Interferericepatream signaling
events such as AA release can be excluded sinégdaio acid failed to
block cPLA activity. A moderate inhibition of COX-2 expressioould be
observed in human monocytes after 24 h, whereas-2@ativity in cell-
free conditions was not affected.

Efficiency of ginkgolic acid was also evident inldgased assays of human
platelets and neutrophils. 12-HHT and TxXBwvere concentration-
dependently blocked by ginkgolic acid in human glts equally well
(ICsp values of 2.1 and 2.2. uM, respectively) indiagtaynergistic effects
of COX-1 (IGy= 8.1 pM) and TXAS (IG= 5.2 M) inhibition.
Investigations in human neutrophils reveal that®4hroduct formation is
comparably blocked by ginkgolic acid where eith@ostrate was provided
from endogenous sources (stimulation with A23187LBS/fMLP) or

supplemented exogenously (20 uM AA). Interferent&4LO regulation



4 DISCUSSION 136

by phosphorylation can be excluded. Cytotoxic e¢ffeaf alkylphenols
(ginkgolic acids) are described in several humahammal cell-lines [261,
262]. Interestingly, in a recent study ginkgoliadaevas demonstrated to
show less cytotoxicity in 96 h cultured primary hajpatocytes than in 20 h
cultured primary rat hepatocytes and HepG2 cell&L]1These results
could be confirmed by MTT assay using A549 celleere ginkgolic acid
showed minimal cytotoxic effects after 24 h (80% embility) that were
not detectable after 48 h.

As ginkgolic acid is a lipophilic acidic agent,stffers from high plasma
protein binding. This could be demonstrated (I) arude neutrophil
homogenates, where ginkgolic acid lost its potesicy-LO inhibition and
(1) in microsomal preparations of A549 cells, whethe potency of
ginkgolic acid was impaired after addition of 109%¢$ Hencejn vivo

studies in human whole blood resulted in a compbete of efficacy.

Investigations withGinkgo bilobaextract (GBE) on endotoxin induced
uveitis (EIU) in rats indicate that suppressionirdfammation is due to
blockade of INOS expression and inhibition of BGENFa and NO
production [263]. Moreover, EGb 761 was shown tobkecficial in the
prevention and treatment of mouse colitis by suggiom of macrophage
activation combined with a downregulation of seVewalammatory
markers (INOS, COX-2 and TN [264]. Since several GBEs are
available standardized on different constituent$ wifferent amounts, the
anti-inflammatory effects can not be explicit inkd. Notable, no adverse
effects of Ginkgo homeopathic mother tinctures hagen reported so far
[170], although they contain 2.2% of ginkgolic acisthich is about 22,000
ppm [265]. However, no studies in animal modelsndammation were
performed for ginkgolic acid so far and nothing keown about its

bioavailability.
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Taken together, ginkgolic acid could be identifeesi potent dual inhibitor
of mMPGES-1 and 5-LO with weaker anti-COX-1 activityigh plasma
protein binding probably due to its lipophilic chater, lead to a loss of
efficacy in human whole blood. Howevan,vivo studies of ginkgolic acid
will be necessary to define its anti-inflammatordaallergenic potential
and composition ofjinkgo bilobaextracts may need to be reconsidered

then.

4.6 Synthetic-derivatives of acid-modified NSAIDs as
MPGES-1 inhibitors

NSAID administration is considered as the “medmatof choice” in the
treatment of inflammatory diseases. In view of seveside effects
particularly on long-term application, there islista need for the
development of “saver drugs” [266].

Structural modification of NSAIDs, like replacemaitthe carboxylic acid
functionality by substituted sulphonamide moietiess turned out to be a
useful approach in the development of dual mMPGES-0Q inhibitors with
impaired COX activity [82]. This has already beesmbnstrated by the
example of the advanced dual 5-LO/COX inhibitoofedone [82].

SAR studies with several NSAIDs (ibuprofen, ketdpnp naproxen,
indomethacin and lonazolac) yielded derivatives lohazolac and
indomethacin as new leads for dual mPGES-1/5-LObitdrs with
reduced COX-1 activity. The classical NSAIDs did sbow any inhibition
of mMPGES-1 or 5-LO up to 10 puM. Introduction ofdphilic residues
enhanced the inhibitory potential towards mPGESEI5inhibition. Most
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potent inhibitor of mMPGES-1/5-LO in this series wathe
chlorphenylsulfonamid and substituted phenylacetylederivative 369g
(ICsp values of 0.16uM and 3.7 uM, respectively). The phenylacetylene
substituted indomethacin derivatiddf was most efficient with respect to
5-LO inhibition (1Go = 0.9 uM). Additionally, impaired COX activity
could be demonstrated for all potent candidates.

Taken together, structural modifications of acitiSAIDs by substituted
sulphonamide residues have proved to yield (I) aded mPGES-1 and 5-
LO inhibitors with IG, values in the nanomolar to submicromolar range
and (1) a reduced COX activity, which is attribdte an improved severe
side effect profile [178].
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5 SUMMARY

Prostaglandin (PG)Eis a bioactive lipid mediator derived from the
cyclooxygenase (COX) pathway and exerts varioussiplygical and
pathological actions depending on the amount of P&si the subtype of
receptor (EP1-4) available within the respectigsue. PGEis deemed to
play a key role in inflammatory events. Three temhisynthases that
catalyze PGE formation from COX-derived PGHare known. The
inducible microsomal PGEsynthase-1 (mMPGES-1) is considered as the
predominant isoform that is involved in pathophisgical PGE
formation. By now, multiple diverse structures odP@ES-1 inhibitors are
described in literature, but no selective mPGES&Hibitor is available for

clinical use.

Leukotrienes (LTs) are derived from arachidonicda¢AA) by the

conversion of 5-Lipoxygenase (5-LO) and act throtlgir corresponding
receptors. LTs are known to be involved in sevpedhologies, including
allergic and inflammatory diseases. Inhibition df® product biosynthesis
can be achieved by direct inhibition of 5-LO oragdnism of FLAP and
cPLA,. By now, zileuton is the only 5-LO inhibitor thhts entered the

market.

Current research outcomes propose a dual inhibafomPGES-1 and 5-
LO as a promising strategy in the therapy of infisation to avoid
ordinary side effects of classical NSAIDs or cox#mxl therefore improve

the safety profile of anti-inflammatory drugs.
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This study identified a number of natural compouraisl synthetic
derivatives that were identified as potent mPGE&d 5-LO inhibitors.
Promising candidates were additionally charactdrizeithin the AA

cascade.

Arzanol is a major bioactive constituent of the medanean curry plant
(Helichrysum italicuy  which possesses anti-inflammatory properties.
Arzanol was reported to inhibit the release of P@EBm LPS stimulated
human monocytes, but the underlying molecular mashahave not been
fully clarified. Inhibition of MPGES-1(ICs= 0.3 uM) and 5-L& (ICs=
3.4 uM) was identified in 2009 as a part of my diph thesis. Here, the
interference within the AA cascade was investigatdditionally yielding
TXAS (ICs¢= 2.7 uM) as molecular target of arzanol. Inhimtiof PGE,
TXB, and LT biosynthesis was also evidanvitro and partiallyin vivo. In
studies using LPS stimulated human whole blood, fGtas
concentration-dependently inhibited by arzanol, iehe the formation of
TXB,, 6-ketoPGkE, and LTs were not affected. In a model of carragaen
induced pleurisy in rats intraperitoneal applicatad arzanol was almost as
effective as the NSAID indomethacin. Thus, arzamghly contributes to
the anti-inflammatory potential dfielichrysum italicumand represents a
promising candidate in the therapy of inflammator cancer.

Structure activity relationship (SAR) studies w@erformed to improve
the anti-inflammatory potency of arzanol. Introdotof a lipophilic n-
hexyl residue to the alkylidene linker resultedtie derivativele that
inhibited MPGES-1 (IG= 0.2 puM), 5-LO (IG= 1.2 uM) and TXAS
(ICs= 2.5 uM) with higher potency. Additionallife moderately affected
isolated COX-2 activity (I > 10 uM). The inhibitory potential dfe was
also evidentn vitro, butlefailed to suppress PG and LT formatiarvivo

using human whole blood.
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Cannabis sativgpossesses well known anti-inflammatory properidsch
can not yet be clearly verified to its constitueisthis study, investigation
of several phytocannabinoid and non-cannabinoidstitorents identified
CBG, CFA and CFB to block the conversion of PGIPGE mediated by
MPGES-1 (IG= 0.9, 1.8 and 3.7 uM, respectively). CFA was add#lly
investigated as potent inhibitor of semi-purifiedl® (ICs,= 0.95 uM) and
cell-free TXAS (IG= 6.8 uM), whereas 12-HHT formation in intact
human platelets and isolated COX-1 and -2 was afiécted (1G, >10
UM). The effectiveness of CFA was also evidenvitro. In intact human
monocytes TXB and PGE formation was suppressed after LPS
stimulation by synergistic effects of mMPGES-1 an¢A¥® inhibition and
blockage of COX-2 expression. Inhibition of 5-LOogduct formation in
intact neutrophils (Iz= 1.6 — 2.4 uM) resulted in a slight decrease
compared to the effects observed from semi-purifetdO. But no
efficiency was observed on PG and LT formatianvivo using human
whole blood probably due to the lipophilic propestiof CFA. Together,
CFA has a promising anti-inflammatory profile thatjuires furthem vivo

investigation.

Depsides and depsidones exclusively occliciren species that have been
traditionally used for the treatment of inflammatadisorders. In this
thesis, a dual inhibition of mMPGES-1 derived BG&rmation and 5-LO
product formation could be identified for the dejes perlatolic acid (1§g=
0.4 uM, equal potency) and olivetoric acid € 1.15 and 2.4 uM,
respectively) as well as the depsidone physodid @€s= 0.43 and 2.4
UM, respectively). Further investigations revealBdAS as molecular
target of perlatolic and physodic acid {4€ 1.1 and 0.7 uM, respectively),
whereas cell-free COX-1 and -2 and cBlaktivity was hardly (16 > 10

UM) or not affected. The mode of action is revdesiland largely
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independent of the substrate supply. In additidiects on the expression
of COX-2 could be identified to suppress pathopbiggiical PGE.
Interference with leukotriene formation is mediateg (I) a direct
inhibition of 5-LO (observed for perlatolic and @oglic acid) and/or (Il) a
downregulation of 5-LO activity (observed for phgigoacid via blockage
of phosphorylation). A selective suppression of P@iEmnation in a model
of carrageenan induced pleurisy in rats is evident perlatolic acid,
whereby no inhibitory effects on LTBTXB, and 6-ketoPGf synthesis
could be observed im vivo studies with human whole blood. Thus,
depsides and depsidones provide a rational basthdoanti-inflammatory

effects oflichenspecies.

Ginkgo bilobais among the most widely used medicinal plantdhefworld
and extracts are mostly standardized on terpetaztones and flavonol
glycosides that are deemed as the active condistwérthe plant. Because
the allergenic potential of alkylphenols is stikputed, ginkgolic acid was
not yet investigated if it contributes to the ainflammatory potential of
the plant. Notable, no adverse effects of Ginkgonéopathic mother
tinctures have been reported so far, although tbegtain 2.2% of
ginkgolic acids which is about 22,000 ppm. Thidgtidentified mPGES-1
(ICs= 0.7 uM), 5-LO (IGo= 0.3 uM), COX-1 (IG= 8.1 uM) and TXAS
(ICs= 5.2 uM) as molecular targets of ginkgolic acidvaneby inhibition
of MPGES-1 and 5-LO is about 10 fold selective carag to COX-1 and
TXAS. Gingkolic acid suppressed the formation of ERGand 5-LO
products in a direct and reversible mode of actiomder cell-free
conditions. Inhibition of PGE synthesis in LPS stimulated intact
monocytes could be demonstrated by synergisticbidny effects on
MPGES-1 activity and COX-2 expression. Ginkgoliedamoncentration-
dependently blocked 12-HHT and TXBormation equally well in intact
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platelets due to its inhibitory effects on TXAS a@®X-1 activity and
investigations in intact human neutrophils reveldhtt5-LO product
formation is comparably blocked independent of Hubstrate supply.
Minimal cytotoxic effects were observed after 24t not 48 h, which
confirmed current findings described in literatutekely because of its
lipophilic character no inhibitory effects on PGdadl biosynthesisn vivo

in human whole blood were observed for gingkoliacherefore, further
in vivo studies of ginkgolic acid will be necessary toimefits anti-

inflammatory role and allergenic potential.
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6 ZUSAMMENFASSUNG

Prostaglandin (PG) KHst ein biologisch aktiver, lipophiler Botenstafér
Cyclooxygenase (COX) Signalkaskade. Er ist an Veesenen
physiologischen und patho-physiologischen Vorgangem Korper
beteiligt. Die Wirkweise ist jeweils abhangig voerdgebildeten PGE
Menge und dem Rezeptorsubtyp (EP1-4) am Gewebe., MW8H eine
Schlusselrolle im entzindlichen Geschehen zugekprodDrei terminale
PGE Synthasen sind bekannt, die PG&lus dem COX Produkt PGH
katalysieren kénnen. Dabei wird der induzierbarekroasomalen PGE
synthase-1 (MPGES-1) Isoform eine dominante Rollen |
Entziindungsgeschehen zugesprochen. Mittlerweitk diverse mPGES-1
Inhibitoren unterschiedlichster Strukturen in detetatur beschrieben,
allerdings steht noch kein selektiver mPGES-1 Henfineden klinischen

Einsatz zur Verfigung.

Leukotriene (LTs) werden aus Arachidonsdure (AAjeuranderem durch
die katalytische Aktivitat der 5-Lipoxigenase (5-L@ebildet und entfalten
thre  Wirkung durch ihre entsprechenden Rezeptorefs sind an
verschiedenen pathogenen Vorgangen im Korper [lggieivie z.B.
allergische und entzindliche Erkrankungen. Die Hemgnder 5-LO
Produktbildung kann durch eine direkte InhibiticmsdEnzymes 5-LO oder
durch einen Antagonismus an den Enzymen FLAP o&&Ag erreicht
werden. Bisher konnte nur der Wirkstoff Zileutos direkter Hemmer der
5-LO auf den Markt gebracht werden.

Aktuellen Forschungsergebnissen zufolge handekias bei der dualen
Hemmung der Enzyme mPGES-1 und 5-LO um eine eréofprechende
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Strategie in der antientztindlichen Therapie, dackibl Nebenwirkungen,
die unter der Therapie mit klassischen NSAIDs odexkiben auftreten,

hier vermieden werden kdnnen.

In dieser Doktorarbeit konnten mehrere Naturstoffied/oder deren
synthetische Derivate als potente mPGES-1/5-LObitdren identifiziert
werden. Das Profil vielversprechender Kandidatendewudem innerhalb

der AA Kaskade umfassend charakterisiert.

Arzanol ist einer der Hauptinhaltsstoffe der madseen Curry Pflanze
(Helichrysum italicurpy die fur ihre antientzindlichen Eigenschaften
bekannt ist. In der Literatur ist bereits ein HisB auf die PGE
Freisetzung in LPS stimulierten Monozyten besclemelpedoch konnte der
zugrunde liegende Mechanismus nicht abschlie3ekld@rjaverden. Eine
direkte Hemmung der Enzyme mPGES{ICs,= 0.3 pM) und 5-L®
(ICs= 3.4 uM) konnte bereits 2009 als Teil meiner Dipéwbeit gezeigt
werden. In dieser Arbeit wurde der Eingriff in dféA Kaskade naher
untersucht, bei der zusatzlich TXAS {e 2.7 pM) als molekulares Target
identifizieren konnte. Mechanistische Studien eeggbdass es sich bei
Arzanol um einen reversiblen Inhibitor der EnzymP@®GiES-1 und 5-LO
handelt, der zudem unabhangig von der Substratkimaieon ist. Die
Hemmung der Biosynthese von PGEXB, und LTs konnten vitro und
teilweise in vivo bestatigt werden. Arzanol inhibierte die mPGES-1
vermittelte PGE Bildung in intakten Monozyten und A549 Zellespwie

in LPS stimuliertem humanem Vollblut Zudem konnte auch eine
Hemmung der TXB Bildung in intakten Thrombozyten (& 2.9 uM)
und eine Hemmung der 5-LO Produktbildung in intaktgutrophilen
Granulozyten (IG= 2.4 - 2.9 uM) nachgewiesen werden. Studien m§ LP

stimuliertem humanem Vollblut zeigten eine konzatmbnsabhangige
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Hemmung der PGEBIildung durch Arzanol, wohingegen die TXBo6-
ketoPGFk, und LT Bildung nicht beeinflusst wurde. Die intesfponeale
Applikation von Arzanol erwies sich im Tiermodellerd Carrageen
induzierten Brustfellentziindung in Ratten als nahesbenbirtig zu
Indomethacin. Somit gilt Arzanol als vielversprestier Kandidat in der
Entzindungs- und Krebstherapie.

Struktur-Wirkungs-Beziehungen  wurden  durchgefihrtum  die
Wirksamkeit von Arzanol noch zu steigern. Die Ehnfiing einer n-hexyl-
Seitenkette an der Alkylidenverbindung (Verbindudg) zeigte ein
deutlich verbessertes inhibtorisches Potential mAGES-1 (IG= 0.2
UM), 5-LO (IGe= 1.2 uM) und TXAS (IG= 2.5 uM). Zusatzlich wurde
fir 1le eine moderate Hemmung der isolierten COX-25{1€ 10 uM)
nachgewieserle erwies sich aucin vitro als wirksame Substanz, jedoch
konnte inin vivo Untersuchungen mit humanem Vollblut keine Wirkung

mehr auf die PG und LT Bildung nachgewiesen werden.

Cannabis sativaverfligt tber bekannte antientziindliche Eigenschatie
jedoch nicht eindeutig ihren Inhaltsstoffen zugeetdwerden kdnnen. In
dieser Arbeit wurden verschiedene pflanzliche chimmade und nicht-
cannabinoide Bestandteile auf ihre antientzindhicggenschaften hin
untersucht. Fir CBG, CFA und CFB konnte eine Hengmder mPGES-1
vermittelten PGE Synthese in mikrosomalen Préparationen aus IL-113
stimulierten A49 Zellen nachgewiesen werden mitsgrchenden I§
Werten von 0.9, 1.8 und 3.7 uM. Eine direkte Hemgnder aufgereinigten
5-LO (ICs0= 0.95 uM) und der zellfreien TXAS (k= 6.8 uM) konnte
zusétzlich fur CFA gezeigt werden, wobei eine dilelig von 12-HHT,
als Marker der COX-1 und -2 Aktivitat, in intaktdtmrombozyten und am
isolierten Enzym kaum beeinflusst wurde{J€ 10 uM). Deutlich konnte

die Wirksamkeit von CFA audin vitro nachgewiesen werden. In intakten,
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humanen Monozyten konnte die Hemmung der TXénd PGE
Biosynthese nach pro-inflammatorischer Stimulationt LPS durch
synergistische Einflisse auf die mPGES-1 und TXA&wkat sowie die
COX-2 Expression nachgewiesen werden. In intaktexutrophilen
Granulozyten wurde die Hemmung der 5-LO Produktssse durch CFA
mit einem geringen Wirkverlust (k&= 1.6 — 2.4 uM) nachgewiesen
verglichen mit den Effekten am isolierten EnzymleAdings konnte kein
Effekt mehr auf die PG und LT Synthesevivo in humanem Vollblut
nachgewiesen werden. Wahrscheinlich gilt hierflrr dipophile
Saurecharakter von CFA, der flr eine ausgepragtentéproteinbindung
verantwortlich sein kann. Zusammen genommen ver@igA Uber ein
vielversprechendes antientzindliches Profil, wedcjeeloch noch weiterer

in vivo Untersuchungen bedarf.

Depside und Depsidone kommen ausschlief3lich ilkdearten vor. Diese
wurden bereits volksmedizinisch zur Behandlung i@mdiicher
Erkrankungen verwendet. In der vorliegenden Arlk@inte eine duale
Hemmung der mPGES-1 vermittelten PGEynthese und der 5-LO
vermittelten Produktbildung fir die Depside Pellsdare (IGe= 0.4 uM,
fir beide Enzyme) und Olivetolsaure {€ 1.15 bzw. 2.4 uM), sowie flr
das Depsidon Physodsaure (€ 0.43 bzw. 2.4 pM) nachgewiesen
werden. In weiteren Untersuchungen konnte TXAS alslekulare
Zielstruktur von Perlatol- und Physodsaure s@#C 1.1 bzw. 0.7 uM)
aufgeklart werden. Ein direkter Einfluss auf die XGO oder -2 Aktivitat
sowie die cPLA Aktivitat konnte dagegen nicht oder nur kaumsgl€ 10
UM) nachgewiesen werden. Die Wirkungsweise von aRdfl und
Physodsédure auf die Enzyme mPGES-1 und 5-LO isterséel
weitestgehend unabhangig dem Substratangebot. Zukienmte ein

Einfluss auf die Expression der COX-2 nachgewieserden. Die
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Hemmung der LT Bildungn vitro wird durch einen direkten Angriff am
Enzym 5-LO (konnte fUr Perlatol- und Physodsaurebbehtet werden)
und eine Herunterregulierung der 5-LO Aktivitat dbachtet fur
Physodsédure durch Eingriff in die Phosphorylierlag&ade)
hervorgerufen.In vivo konnte eine selektive Hemmung der BGE
Biosynthese im Tiermodell der Carrageen-induzieBeumstfellentziindung
in Ratten fur Perlatolsaure nachgewiesen werdefektef auf die LTB,
TXB, und 6-ketoPGf Synthese konnten dagegen in humanem Vollblut
nicht beobachtet werden. Somit lasst sich zusamassahd sagen, dass
Depside und Depsidone, vorallem Perlatol- und PRis&ore, sehr
wahrscheinlich an der antientziindlichen Wirkungedser Flechtenarten

beteiligt sind.

Ginkgo biloba z&hlt zu den weltweit am haufigsten verwendeten
Arzneipflanzen. Extrakte dieser Pflanze werden maisf die flr die
Wirkung  verantwortlich geltenden terpentrilaktormen und
flavonolglykosidischen Bestandteile standardisieia ein allergenes
Potential flr Alklphenole noch immer umstritten, isturde Ginkgolsaure
noch nicht auf mogliche antientztindliche Eigens@matin untersucht.
Interessanterweise wurden fur die homoopathischekdsi Urtinktur,
welche groRe Mengen an Ginkgolsduren enthalt, biskeine
Nebenwirkungen gemeldet. In der vorliegenden Daktmeit konnten die
Enzyme mPGES-1 (3= 0.7 pM), 5-LO (IGe= 0.3 pM), COX-1 (IG=
8.1 uM) und TXAS (IG= 5.2 uM) als molekulare Zielstrukturen der
Ginkgolsaure identifiziert werden, wobei die duamePGES-1/5-LO
Inhibition etwa 10-fach potenter als die COX-1 ufdAS Hemmung
auftrat. Ginkgolsaure ist ein direkter und revdesibiemmer der PGHInd
5-LO Produktbildung. In LPS stimulierten Monozytemhibierte
Ginkgolsédure die PGEBIildung durch synergistische Effekte auf die
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MPGES-1 Aktivitdt und COX-2 Expression. Eine korizatiionsabhéngige
Unterdriickung der 12-HHT und TXBBildung in intakten Thrombozyten
infolge der direkten COX-1 und TXAS Hemmung konrieobachtet
werden. Untersuchungen in intakten neutrophilem@czyten zeigen eine
vergleichbare Hemmung der 5-LO Produktbildung u@aigihg von der
verfligbaren Substratkonzentration. Minimale zytstoxe Effekte auf die
Zellvitalitdt nach 24 Stunden konnten beobachtatdem die jedoch nach
48 Stunden nicht mehr nachweisbar waren. DiesekEffurde bereits in
der Literatur beschrieben. Wahrscheinlich auf Grumer lipophilen
Eigenschaften der Ginkgolsaure, konnten die bedbteh Effekte auf die
PG und LT Biosynthesén vivo in humanem Vollblut nicht bestatigt
werden. Somit sind weiterm vivo Untersuchungen notwendig, um das
allergene Potential und eine mogliche antientzéhdliRolle im genau zu

bestimmen.
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