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Introduction 

1. Lipid mediators 

Lipids are the major components of the cellular membranes1 of all organisms. Due to 

the physicochemical properties (amphipathic, hydrophobic) of lipid molecules, the 

structure of cellular membrane is a lipid bilayer. Lipids are the most efficient source of 

energy and excessive storage2 while decreased lipid use results in energy misbalance 

and can lead to the development of metabolic syndrome3. Lipid molecules can also 

function as intercellular signaling molecules in different processes such as immune 

self-defense and homeostasis maintenance. Because of these properties, lipid 

mediators (LM) can be regarded as local hormones or autacoids, whose information 

cannot be directly read out from the genome but genes, encoding a particular group of 

proteins that are essential for their biosynthesis (enzymes), transport (transporters) and 

signal transduction (receptors) can be indirectly manipulated. LMs4 play an important 

role in the regulation of cell proliferation and differentiation, the reproductive, 

gastrointestinal and cardiovascular systems, as well as inflammatory5,6 and immune 

responses5.  Dysregulation of LMs has been linked to various diseases such as 

inflammation, infertility, atherosclerosis, ischemia, metabolic syndrome, allergy, 

degenerative7 diseases and cancer8,9. LMs are produced locally through specific 

biosynthesis pathways in response to extracellular stimuli. They are exported 

extracellularly, bind to the corresponding G protein-coupled receptors (GPCRs)10 to 

transmit signals to target cells, and are then sequestered through specific enzymatic 

processes.  

LMs can be structurally divided into three classes. Class 1 includes arachidonic acid 

(AA)-derived eicosanoids comprising prostaglandins (PGs), leukotrienes (LTs), 

thromboxanes (TXs) and their relatives. The importance of this field was recognized 

with the award of the Nobel Prize in physiology and medicine in 1982 to John R. Vane, 

Sune K. Bergström, and Bengt I. Samuelsson11 for their collective work12 on the 

biochemistry and physiologic activities of AA metabolites.  Class 2 includes 

lysophospholipids, platelet-activating factor (PAF), lysophosphatidic acid (LPA) and 

sphingosine-1-phosphate (S1P) latter discussed in ceramide metabolism (chapter 4.1). 

Endocannabinoids can also be classified in this group, since the hallmark 

endocannabinoid, 2-arachidonoyl-glycerol, has a glycerol backbone. Class 3 
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represents newly identified anti-inflammatory LMs derived from ω-3-polyunsturated 

fatty acids (PUFAs), such as resolvins (derived from eicosapentaenoic acid (EPA) and 

protectins (derived from docosahexaenoic acid (DHA)). 

1.1 Eicosanoids 

Eicosanoids consist of several large families derived from polyunsaturated fatty acids 

(ω-3, ω-6 fatty acids). They are generated via the oxidation of 20-carbon chain fatty 

acids. Prostanoids and LT are generated by cyclooxygenases (COX) and 

lipoxygenases (LO) respectively13 (Figure 1). Five major bioactive prostanoids are 

known, namely PGE2, PGD2, PGI2, and thromboxane A2 (TXA2)
14. COX catalyzes the 

incorporation of two oxygen molecules into AA (previously released from membrane 

glycerophospholipids by various phospholipases A2 (PLA2)
15 subtypes16) to form PG 

endoperoxides, which are converted into various types of PGs by terminal PG 

synthases. Two isoforms17,18 have been identified from COX enzymes: a constitutive 

form (COX-1) and an inducible form (COX-2). Aspirin19 inhibits the activity of both 

enzymes through acetylation. PGD2 has been related to the regulation of sleep20, 

allergy21 and adiposity22 and TXA2 is involved in thrombosis23, platelet aggregation and 

atherosclerosis. PGE2 is associated with many pathological events such as 

inflammation24, fever, pain and cancer25 through its receptors EP1 to EP426. PGE2 is 

formed from AA by COX-1 and COX-2-catalyzed formation of prostaglandin H2 (PGH2) 

and further transformation by PGE synthases. The isomerization of the endoperoxide 

PGH2 to PGE2 is catalyzed by three different PGE synthases, cytosolic PGE synthase 

(cPGES) and two membrane-bound PGE synthases, mPGES-1 and mPGES-227.  

Bioactive LTs, including LTB4 and cysteinyl LTs (LTC4, LTD4 and LTE4) are critical LMs 

involved in asthma28 and they are produced by lipoxygenases29. In mammals, six 

different types of LO are named according to the carbon position at which a single 

oxygen molecule is incorporated: 5-lipoxygenase (5-LO), 8/12-lipoxygenase, two types 

of 12-lipoxygenase (12S and 12R) and two types of 15-lipoxygenase (15-LO1 and 15-

LO2). 5-LO is a dioxygenase that catalyzes the incorporation of oxygen and 

subsequent dehydration to produce the unstable allylic epoxide LTA4 which is further 

converted to LTB4 or LTC4 by LTB4 hydrolase or LTC4 synthase respectively6,30. LTB4 is 

a chemoattractant and regulator of immune responses whereas cysteinyl-LTs are 

major components of the inflammatory reaction through CysLT receptors31,32. LT are 
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important LMs in processes such as inflammation, allergy, bronchoconstriction33 and 

cancer34.  

Although PG and LT are the best known eicosanoids, AA is also a substrate for 

another enzymatic pathway, the cytochrome P45035 (CYP) system36. This pathway 

consists of two main branches: ω-hydroxylases which convert AA to 

hydroxyeicosatetraenoic acids (HETEs) and epoxygenases that convert AA to four 

regioisomeric epoxyeicosatrienoic acids (EETs; 5,6-EET, 8,9-EET, 11,12-EET and 

14,15-EET). HETEs are involved in inflammation and vascular function37.  

 

Figure 1. Biosynthetic pathways of eicosanoids and PAF
4
. 
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EETs are hydrolyzed (Figure 2) to the less biologically active38 dihydroxyeicosatrienoic 

acids (DHETs) by soluble epoxide hydrolase (sEH). EETs39,40 can act in a paracrine or 

autacrine manner, inducing vasodilatory and anti-inflammatory effects in blood vessels, 

are beneficial in lowering blood pressure, and protect the brain and myocardium from 

ischemia. Moreover, EETs stimulate tube formation and renal epithelia cell 

proliferation41 and survival42, pointing out the clinical relevance of targeting enzymes 

metabolizing these LMs. Latter the biological effects of EETs are discussed in chapter 

3.2.  

 

Figure 2. AA metabolism to 14,15-DHETs. 

 

1.2 Lysophospholipids  

PAF is produced from 1-O-alkyl-lysophosphatidylcholine (LPC) by LPA2 followed by its 

acetylation by LPC acyltransferase 243. It is a particular LM in inflammation and 

allergy44,45. LPA is produced extracellularly from LPC by autotaxin and it is degraded by 

a class of lipid phosphates46 (possibly sEH phosphatase domain, discussed in chapter 

3.1). LPA is involved in brain development, neuropathic pain and pulmonary fibrosis. 

S1P is structurally similar to LPA47 and both have relatively long half-lives (minutes to 

hours), it is synthesized by sphingosine kinase48 (1 and 2) and it regulates different 

biological processes such as anaphylaxis49, cancer50 and lymphocyte egress51 from 

both primary and secondary lymphoid tissues through binding to S1P receptor (S1P1). 

Modulation of S1P1 through the use of agonism, leads to an immunosuppressive52,53 

response. A crosstalk between S1P and eicosanoids has been found since S1P 

CYPs 

sEH 
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stimulates the induction of COX-254, while ceramide-1-phosphate (C1P)55 (further 

discussed in chapter 4) is important for PLA2 activation at the Golgi membrane. 

1.3 ω-3 PUFA derivatives 

Discovered by Serhan56 and Bazan, these ω-3 LMs such as resolvins, protectins, 

maresins and lipoxins (derived from ω-6 AA) have recently attired the attention due to 

their critical role in inflammation57,58. Biosynthesis of these anti-inflammatory LMs from 

PUFAs involves 15/5-LO and other enzymes like COX-2 (Figure 3).  

 

Figure 3. Bioactive eicosanoids derived from the ω-3 family. 

1.4 Receptors for lipid mediators  

Nearly 350 different GPCRs have been identified. From this large number, 30 

correspond to lipid receptors10. On the basis of homology with TP (thromboxane 

receptor59, the first cloned) seven additional PG receptors60 have been discovered. The 

most well-known are EP receptors that have been related to PGE2 recognition. 

Regarding LT receptor, LTB4 is the most potent chemotactic compound for neutrophils, 

eosinophils and macrophages, it binds to BLT1 and BLT2, latter can also bind other 

HETEs61. Also for the monohydro(pero)xylated eicosanoids (5-HpETE and for 5-oxo-

ETE, Figure 6), the existence of specific GPCRs (called OXE62 receptors) have been 

described. The cannabinoid receptors CB1 and CB2 also interact with lipid ligands. CB1 

expressed in central nervous system and CB2 primarily in immune cells they bind bile 
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acids, lysophosphatidylserine, or lysophosphatidylinositol; they can also bind EETs in a 

low micromolar range: 20 µM for 5,6-EET63.  As a last group, nuclear receptors as LM 

receptors64 can be found, that interact together to modulate some pathophysiological 

state of cellular system. In certain cases, certain PG and their metabolites65 bind to 

nuclear receptors such as peroxisome proliferator-activated receptors (PPAR). Nuclear 

receptors are further discussed in chapter 3.3.   

1.5    Lipid mediators in health and diseases 

LMs have been historically considered terminal mediators66, causing symptoms like 

fever, pain, edema, muscle contraction and inflammation. However, recent studies 

have revealed that LMs play a fundamental role as signaling molecules67–73. Moreover 

enzymes and receptors involved in LM signaling have been and are still being targeted 

pharmacologically to alleviate the symptoms of various diseases (asthma, allergy, etc.). 

A discussion of the pathophysiological roles of LMs66 is beyond the scope of this study 

and therefore the main focus is the relationship of LMs in cancer.  

1.5.1 Lipid mediators in cancer 

Epidemiological data supports that about 20% of cancer deaths are linked to 

inflammation and chronic infections74. As an example, inflammatory bowel diseases 

can lead to colorectal cancer75,76; prostatitis can lead to prostate cancer77. Most 

precancerous and cancerous tissues have the typical hallmark of inflammation78: 

cytokines and chemokines. Tumor growth79–83 requires intercellular communication that 

is conducted by several soluble factors like vascular endothelial growth factor (VEGF), 

fibroblast growth factor 2 (FGF2), transforming growth factor-β (TGF-β), tumor necrosis 

factor-α (TNF-α), interleukin-1 (IL-1) and oxygen free radicals. One of the main focuses 

of this work is to synthesize inhibitors of enzymes producing LMs with an important role 

in cancer, nevertheless with special emphasis on eicosanoids. Animal studies provide 

evidence that activation84,85 of COX and LO pathways during chronic inflammation and 

carcinogenesis results in aberrant metabolism of AA, which may be one mechanism for 

the contribution of dietary fats to carcinogenesis. 

Moreover, COX and PG have been demonstrated to be involved in tumorigenesis86, 

tumor progression, metastasis and angiogenesis. PGE2 is the most common PG found 

in different human cancers including colon, lung, breast, head and neck cancers. The 

up-regulation87 of PGE2 is associated with poor prognosis88. Cancer patients with 
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tumors having increased COX-2 expression exhibit decreased survival rates. Recent 

studies have evaluated the role of PG and COX in tumor progression under hypoxic 

conditions89,90 and moreover, COX-2 is up-regulated by hypoxia in human vascular 

endothelial cells. Genetic deletion of microsomal PGE2 synthase 1 (mPGES-1), which 

generates PGE2, results in suppression of intestinal cancer growth by 66-95%91. In 

addition to inhibition of PG production to overcome tumor growth, another strategy is 

the overexpression of eicosanoid metabolizing enzymes like 15-hydroxyprostaglandin 

dehydrogenase92 (15-PGDH), responsible for the degradation of PGE2. 15-PGDH is 

down-regulated93 in numerous human cancers. Lack of 15-PGDH expression in these 

tumors results in increased endogenous PGE2 levels. PGE2 up-regulates B-cell 

lymphoma 2 (BCL-2)94, an antiapoptotic protein, and induction of nuclear factor κΒ (NF-

κΒ). It has been demonstrated the effective anti-tumor activity of COX-2 inhibitors in 

inflammation-associated cancers, like colorectal carcinoma95,96. Celecoxib reduced the 

adenoma size and number in patients with familial adenomatous polyposis97,98 (FAP). 

Two clinical trials (NCT00151476, NCT00685568) demonstrated significant reduction 

of adenoma growth but they were terminated due to cardiovascular toxicity99 and 

death. Nevertheless, the Food and Drug Administration (FDA) approved celecoxib for 

the treatment of colon and rectal polyps in patients with FAP that did not have 

atherosclerotic disease.  

The LO pathway has also an important role in tumor progression100 and survival101,102. 

LOs mediate invasion of intrametastatic103 lymphatic vessels and lymph node 

metastasis in mammary carcinoma. Abundance of 5-LO mRNA104 has been 

investigated in human brain tumors, the increased expression of 5-LO has been linked 

with the progression and development of pancreas, breast, kidney cancers100. LTB4 

can promote the growth of melanoma. Moreover, a LTB4 antagonist, LY293111051 

inhibited colon cancer growth and induced apoptosis in vitro. Another metabolite 

produced by 5-LO, 5-HETE can stimulate the proliferation of prostate cancer cells and 

act as survival factor when added exogenously106. The combination of COX-2 and 5-LO 

inhibitors inhibited tumor growth in several tumor models107–109 (lung, colon, skin and 

pancreas). This inhibition110 was accompanied by the down-regulation of LTB4 and 

PGE2, which stimulate both epithelial and stromal cells to produce VEGF and FGF-2. 

These angiogenic products induce COX-2 and in turn PGE2 and PGI2 creating a 

feedback loop. 12-HETE has been shown to be involved in cancer cell growth, 

inhibition of 12-LO blocks cell proliferation and induces apoptosis (Figure 4). Moreover, 

12-LO is highly expressed in ovarian cancer111 patients. Another LO that contributes to 
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inflammation and cancer development is 15-LO-1112,113, which is expressed in cancers 

like Hodgkin lymphoma and colorectal cancer. While 5-HETE and 12-HETE have pro-

tumorigenic activity, HETEs such as 8-HETE and 11-HETE are reported to have anti-

tumor activity. 8R-LO114 has been identified as an anti-tumorigenic, tumor suppressing 

enzyme and its metabolite 8-HETE induces growth inhibition in premalignant epithelial 

cells. 

 

Figure 4. Eicosanoids in cancer and the tumor environment
115

. PGE2 and LTB4 stimulate to 

produce VEGF and FGF-2 in an autocatalytical loop.  

Most of LO-derived HETEs116 inhibit apoptosis, stimulate angiogenesis and enhance 

proliferation. 20-HETE produced by the CYP ω-hydroxylation pathway is a pro-

inflammatory mediator that stimulates IL production: IL-8, 12, 4 and PGE2. 20-HETE 

has pro-angiogenic activities117 and plays an important role in VEGF dependent 

angiogenesis.  

5-LO gene (Alox5) has recently attired the attention as possible target gene to treat 

leukemia, in particular chronic myeloid leukemia (CML). CML118 is the first malignancy 

to be linked to a genetic abnormality, a chromosomal translocation: t(9:22) known as 
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the Philadelphia chromosome. As a result part of the BCR119 (“breakpoint cluster 

region”) gene from chromosome 22 is fused with the ABL (V-abl, Abelson murine 

leukemia viral oncogene homolog 1) gene on chromosome 9. The resultant abnormal 

protein is a tyrosine kinase that can be inhibited by tyrosine kinase inhibitors such as 

imatinib, dasatinib or nilotinib. Alox5 gene resulted to be a critical regulator for leukemia 

stem cells (LSCs) in BCR-ABL induced CML120. In the absence of Alox5 gene, BCR-

ABL failed to induce CML in mice. This deficiency did not cause impairment in the 

function of normal hematopoietic stem cells, highlighting Alox5 and the corresponding 

gene product 5-LO as a possible treatment for CML stems cell that are not sensitive to 

BCR-ABL kinase inhibitors. Moreover, Chen et al. demonstrated121,122 that treatment 

with zileuton123 (a well-known 5-LO inhibitor, approved by the FDA) suppressed 

leukemia stem cells in CML mice, inhibited Alox5 function and coadministration with 

imatinib had a better therapeutic effect that zileuton or imatinib alonea. An in vitro study 

also supports the role of Alox5 in CML, with the study of CML blast cell in culture with 

5-LO inhibitors which reduced cell proliferation124.   

2. Leukotriene signaling 

LTs are part of the lipid signaling that uses information in an autocrine or paracrine 

form to regulate immune responses and other pathophysiological processes125. They 

are expressed126 in leukocyte, macrophagues and other tissues126,127 and cells in 

response to immunological and nonimmunological127 stimuli. LT production is normally 

accompanied by the production of histamine and PGs. Nevertheless LTs are three to 

four orders of magnitude more potent and with longer half-times comparing to 

histamine128. LOs metabolize AA into the corresponding 5-, 8-, 12- and 15-HETE and in 

the context of tumor development they can be divided into pro-tumor (5-HETE, 12-

HETE) and antitumor LTs (15-HETE). In this work 5-LO inhibitors have been 

extensively studied and discussed in the following chapter. 

                                                 

a
 University of Massachusetts Medical School, Phase I Study to Evaluate the Safety of 

Zileuton (Zyflo) in Combination With Imatinib Mesylate (Gleevec) in Patients With Chronic 
Myelogenous Leukemia, Clinical trial identifier:NCT01130688 
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2.1. 5-lipoxygenase  

AA appears in the cell as an esterified phospholipid in the sn-2 position129. To increase 

intracellular levels of AA for the LT biosynthesis a phospholipase is required to release 

the fatty acid. Typically, PLA2 a cytosolic PLA2 group15 IV (cPLA2α)
130 is in charge of 

starting the LT machinery. Mice deficient in this enzyme are unable to synthetize LT 

regardless131 which stimuli was used. cPLA2α possesses in its amino terminal part, a 

putative Ca2+- dependent phospholipid binding. As mentioned before, cPLA2α is 

activated by C1P and by phosphorylation of Ser505. It hydrolyzes the ester bond by a 

so-called “serine protease” mechanism in which the Ser228-Asp549 dyad plays a 

major role and Arg200 a secondary.   

5-LO is a dioxygenase (EC 1.13.11.34) that catalyzes the incorporation of both atoms 

of molecular oxygen into AA (previously released by cPLA2α and transferred via 5-LO 

activating protein (FLAP)132,133 in two steps134,135: in a concerted reaction to give the 

hydroperoxide 5(S)-hydroperoxy-6-trans-8,11,14-cis-eicosatetraenoic acid (5-HpETE) 

which accounts a pseudoperoxidase activity, as well as the following dehydration to the 

unstable epoxide LTA4
11,136. The second step is a pseudolipoxygenation and it involves 

the abstraction of hydrogen at C-10 followed by a radical migration to C-6 and 

rearrangement (Figure 5). The radical combines with the 5(S)-hydroperoxy group which 

leads to a dehydration.  

  

Figure 5. A. Biosynthesis of LTA4 from AA
137

. B. Catalytic cycle involving lipid peroxides 
(LOOH)

138
. 

The subsequent conversion of LTA4, by LTA4 hydrolase leads to LTB4, and/or the 

conjugation with glutathione (GSH) by LTC4 synthase yields the LTC4, depending on 

the cell type and the enzymes present6,30. In addition to the conversion to LTA4, the 5-

HpETE can be reduced to the resultant alcohol 5-HETE139 (Figure 6).  

B A 
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5-HETE can be further oxidized by 5-hydroxyeicosanoid dehydrogenase (5-HEDH) 

obtaining 5-oxo-eicosatetraenoic acid (5-oxo-ETE) a highly potent granulocyte 

chemoattractant140, eliciting a response time higher than PAF and 30-40 times higher 

than LTB4 and LTD4.  

 

 

Figure 6. LTs biosynthesis. 

The human 5-LO (Figure 7) consists of 673 aminoacids with a molecular weight of 78 

kDa. 5-LO can form dimers141 and the recently resolved crystal structure of the stable 

form of the 5-LO (PDB: 3o8y)142 has revealed two distinct domains: the N-terminal 

regulatory domain so called “C2-like” domain (114 amino acids, 115-663), which in 5-

LO confers Ca2+-dependent membrane143,144 binding (18–21 amino acids), and the 

larger catalytic domain. The C2-like domain, organized in a β-sandwich is important145 

for the membrane, Ca2+ and diacylglycerides146 binding. The binding site for cellular 

membrane or phosphatidylcholine (PC) is defined by three tryptophan residues147 

(Trp13, 75 and 102). The catalytic domain (121-673) is primarily α-helical and harbors 

5-LO (oxygenase) 

5-LO (LTA4 synthase) 5-HEDH 

LTC4 synthase LTA4 hydrolase 
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the non-heme catalytic iron142. The iron is coordinated148 by three conserved histidines 

(His 367, 372, and 550), as well as the main-chain carboxylate of the C terminus 

(Ile673) forming a 2-His-1-carboxylate-triade.  

Two other amino acids in 5-LO, Glu376 and Gln558 are functionally important and they 

were discovered through mutagenic studies. 5-LO has an ATP binding site located 

between the C2-like domain (Lys73 to Lys83) and the catalytic domain (Phe193 to 

Phe209) in the dimeric form. In the inactive form of the enzyme, the iron is Fe2+ 

(ferrous) and the enzyme is not capable of converting AA to the corresponding LTs. 

Fe2+ has to be oxidized by lipid hydroperoxides (LOOH) to the active Fe3+ to perform 

the catalytic cycle149 (Figure 5). 5-LO activity is strongly stimulated by Ca2+, which binds 

to the C2-like domain and thus increases the affinity for binding AA150 to facilitate 

membrane association and binding to PC vesicles and appears to reduce the 

requirement of 5-LO for activating LOOH.  

The enzyme 5-LO is a soluble enzyme that can reside in either in the cytoplasm or the 

nucleus151. The subcellular location of 5-LO is regulated, with nuclear import commonly 

leading to increased LT biosynthesis152 (Figure 9). 5-LO can be found153,154 in blood 

leukocytes (granulocytes), monocytes/macrophagues, mast cells, B-lymphocytes and 

dendritic cells but not in platelets, endothelial cells and erythrocytes.   

2.1.1. 5-LO regulation 

It has been shown that 5-LO activity can be regulated by several cellular stimuli (Figure 

9). Stimulation by relevant agonist such as Ca2+-mobilizing agents (ionophores) and 

soluble agonists (previously described PAF, formyl-methionyl-leucyl-phenylalanine 

(fMLP)). 5-LO activity is strongly dependent of FLAP148 in intact cells, in vitro 5-LO can 

be activated in the absence of FLAP150,155. FLAP is a protein without known catalytic 

activity that belongs to the MAPEG family (membrane-associated proteins in 

eicosanoid and glutathione metabolism) and it is expressed in the nuclear envelope 

where it facilitates the transfer of AA from cPLA2α  to 5-LO. 

2.1.1.1. Ca2+ regulation 

Native 5-LO purified from human leukocytes156 is activated by Ca2+ in a 2:1 

stoichiometry. Ca2+ binds to the N-terminal C2-like domain and increases the affinity of 

5-LO towards AA and also towards activating LOOH. It stimulates 5-LO translocation to 

the nuclear membrane and causes binding to PC. Nevertheless, in homogenates of 
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C 

human polymorphonuclear leukocytes (PMNL) and rat basophilic leukemia-1157 cells 

(RBL-1) 5-LO product formation is detected in the absence of Ca2+. Activation of 5-LO 

by Ca2+ requires the presence of PC or coactosin-like protein158 (CLP) that promotes 

the LTA4 synthase function of 5-LO. 

 

Figure 7. A. Crystal structure of “stable” 5-LO published by Gilbert et al. 
B. Catalytic center of 5-LO in the catalytic domain. C. 5-LO cocrystallized with AA (3v99)

159
.  

A 

B 
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2.1.1.2. ATP regulation 

The mechanism of ATP activation is unclear and it involves the binding of the 

nucleotide to 5-LO. 5-LO is the only LO whose catalytic activity is stimulated by ATP 

and in a less extent by other nucleotides (ADP, AMP, cAMP, CTP and UTP)160. ATP 

has a Ka value of 31 µM, the activation is Ca2+-dependent and leads to a typical two to 

six fold activation. The stoichiometry is equimolar, and 5-LO161 has two binding sites 

(Figure 7). The amino acids involved are Trp75 and Trp201.  

2.1.1.3. Regulation by phosphorylation   

Several kinases such as p38 mitogen-activated protein kinase (MAPK), other MAPK 

activated protein kinases and extracellular signal-regulated kinase (ERK) 1/2 have 

been identified as kinases162,163 that phosphorylate 5-LO (Figure 8). The p38 MAPK-

regulated MAPK-activated protein kinase (MK)-2/3 and ERK1/2 can phosphorylate the 

enzyme at Ser271 and Ser663 in vitro which is connected to the nuclear import148,163,164 

and therefore with an increased LT production. However, protein kinase A (PKA), that 

phosphorylates 5-LO at Ser523, has a effect165 in decreasing 5-LO catalytic activity and 

prevents the nuclear import of the enzyme to the nucleus. Recent publications159 

showed that after mimicking phosphorylation at Ser663 by mutating the Ser663 to an 

Asp, 5-LO activity was shunted to a 15-LO activity, suggesting that phosphorylation of 

5-LO at Ser663 could not only down-regulate LT biosynthesis137 but stimulate lipoxin 

production in cells lacking 15-LO. 
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Figure 8. Phosphorylation sites of 5-LO.  

2.1.1.4. Regulation by lipids 

5-LO is regulated by membrane preparations166 (phospholipids). Synthetic PC vesicles 

act as a stimulatory factor for 5-LO. Like many C2 domains, C2 like domain induces 

Ca2+-induced membrane association. Binding of 5-LO to synthetic PC lysosomes is 

mediated by three Trp residues (Trp13, Trp75 and Trp102). Diacylglicerides like 1-

oleoyl-2-acetylglycerol (OAG)146 stimulate 5-LO product formation in the absence of 

Ca2+, probably by acting at a phospholipid binding site located within the C2-like 

domain.  

2.1.1.5. Regulation by other factors 

Serio et al. showed another167 pathway to induce LT biosynthesis, prolonged exposure 

to the bacterial component, lipopolysaccharide (LPS) increased FLAP gene 

transcription, mRNA expression, protein expression and LT biosynthesis in human 

monocyte like  THP-1 cell line. Other agents include growth factors164, cytokines, 

phorbol esters or Epstein-Barr virus which may enhance AA availability, increasing the 

expression of FLAP or elevating Ca2+ levels. 
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Several glutathione peroxidases like monocyte-derived soluble protein can inhibit the 5-

LO and this effect is suppressed144 by adding a glutathione peroxidase inhibitor.  

Gender-related differences in LT biosynthesis and 5-LO have been recently observed 

in human whole blood (HWB) and neutrophils due a regulation of 5-LO by 

androgens168. In cells from females, 5-LO product formation was 1.8 fold higher in 

female cells than in cells from males. Moreover, 5α-dihydrotestosterone repressed LT 

biosynthesis in female cells down to the level of male cells.  

 

Figure 9. Cellular regulation of 5-LO. 

2.1.2. Development of 5-LO inhibitors 

As mentioned before, in the inactive form of the enzyme, the iron is ferrous (Fe2+) and 

has to be oxidized by LOOH to the active Fe3+ to perform the catalytic cycle. This 

principle has been used to develop 5-LO inhibitors. They are classified into four groups: 

redox-active, non-redox type, iron ligand inhibitors and diverse inhibitors169 (Figure 10).  

2.1.2.1. Redox-active  

The first class involves reducing agents that reduce Fe3+ required to catalyze the 

incorporation of molecular oxygen into AA. As an example: many natural plant derived 

agents such as nordihydroguaretic acid (NDGA), caffeic acid, coumarins and several 

polyphenols, e.g. AA-861, commercial available phenidone, BW-755C170 (Burroughs-
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Wellcome). They show high potency in vitro but they lack an appropriate oral 

bioavailability, interact with several redox cellular reactions and exert severe side 

effects (like methemoglobine formation171) due to the production of reactive radical 

species.  

2.1.2.2. Iron ligands  

The second class of 5-LO product biosynthesis inhibitors are the iron ligand inhibitors, 

which are represented by hydroxamic acid172 or N-hydroxyurea that chelates the active 

site iron and possess weak reducing properties. BWA4C173 and (±)-1-(1-Benzo[b]thien-

2-ylethyl)-1-hydroxyurea also called zileuton174 (Zyflo®) (Abbott) was the first 5-LO 

inhibitor that entered the US123 market in 1997 for the chronic treatment and 

prophylaxis of various clinical phenotypes of asthma. Nevertheless, zileuton exhibits 

liver toxicity that is unrelated to the inhibition of 5-LO and short half-life175,176 requiring a 

large dose four times a day, thus its clinical use is limited. Nevertheless, zileuton 

showed in clinical trials beneficial effects in rheumatoid arthritis, inflammatory bowel 

disease (IBD), psoriasis and allergic rhinitis177.  

ABT-761178 (VIA-2291) is a structural optimization (introduction of a rigidity element) 

that improved the potency five-fold as well as the oral bioavailability. It has been 

recently investigated in several clinical trials in cardiovascular diseases (vascular 

inflammationb and acute coronary syndrome) 

2.1.2.3. Non-redox type 

Non-redox type inhibitors compete with AA179 for binding to 5-LO without any redox 

properties, and due to their chemical diversity, it is unclear whether they bind or not to 

the active site of the protein (AA substrate-binding cleft) or in allosteric cleft of the 

protein, for example the C2-like domain. They compete with AA or LOOH for binding to 

5-LO180. Representatives of this third class are ZD 2138181 and CJ-13,610 (Pfizer)179. 

They reduce acute inflammatory responses but they have lower potency depending on 

the physiological stimulus.  They are also called active site-directed inhibitors and 

                                                 

b
 Tallikut Pharmaceuticals, Clinical Study Protocol No. VIA-2291-01, A Phase 2 Randomized, 

Double-blind, Parallel-group, Placebo-controlled, Dose-ranging Study of the Effect of VIA-2291 
on Vascular Inflammation in Patients After an Acute Coronary Syndrome Event, NCT00358826 
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some of them lack of selectivity, display poor efficiency and oral bioavailability like 

ICI211965182 (methoxyalkyl thiazoles).  

2.1.2.4. Diverse 5-LO inhibitors 

A novel 5-LO inhibitor has been described, although it has not a defined mechanism, 

AKBA183 (3-O-acetyl-11-keto-boswellic acid) had appropriated inhibitory potency but 

failed to inhibit LT formation in vivo.  

Another strategy to develop 5-LO inhibitors is to target FLAP that is required to 

metabolize AA released by cPLA2. FLAP inhibitors like MK-886184 and AM103185. MK-

886186 shows an interaction with LTC4 synthase and with mPGES-1 that point out its 

lower selectivity in the AA cascade. Another early compound was Bay-X1005187,188, 

which was tested in clinical trials for treatment of myocardial infarction. A major 

pharmacological strategy is the dual inhibition of the 5-LO/COX pathway to overcome 

several side effects. Celecoxib is a known 5-LO/COX-2 dual inhibitor that reduced the 

blood level of LTB4
189. It has been published180 that the inhibition of 5-LO product 

formation is dependent on the enzyme stimulation. Especially in the presence of high 

concentration of exogenous AA, the inhibition of LT biosynthesis cannot be 

accomplished.  
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Figure 10. 5-LO four types of inhibitors: redox active, iron ligand, non-redox type, diverse and 

FLAP inhibitors as different strategy
c
. 

Consequently, there is a need for the design and development of new direct inhibitors 

of 5-LO that exhibit a high potency in vivo irrespective the mode of activation.   

                                                 

c
 Structures mentioned in text but not appearing in Figure 10 are depicted in the Appendix.  
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2.1.3. Leukotriene biosynthesis and roles in disease  

LTs are mainly produced by stimulated leukocytes190. Epithelial and endothelial cells 

can also generate LTB4, LTC4 and LTD4 at inflammatory sites through transcellular 

metabolism by which these cells use LTA4 that is released from immune cells 

(neutrophils) as endothelial and epithelial cells express LTA4 hydrolase191. The 

chemotactic and chemokinetic agent LTB4 leads to recruitment of T-lymphocytes and 

causes phagocytosis32,31. Cys-LTs play an important role in asthma and allergic rhinitis, 

chronic inflammation, vascular permeability192 and regulation of adaptive immune 

response. The combined action of 5-LO and 12-LO or 15-LO can lead to lipoxins that 

act as stop signals for inflammatory responses193. 5-LO plays an important role in acute 

and chronic inflammation, asthma, rhinitis, atherosclerosis and arthritis194. 

LTs, in general, are involved in asthma, allergic rhinitis, glomerulonephritis, rheumatoid 

arthritis, IBD, sepsis, cancer d  and atherosclerosis (Figure 11). LTs metabolizing 

enzymes are highly expressed in the wall of human abdominal aortic aneurysms195. 

Moreover, genetic variants in the genes of the 5-LO pathway have been associated 

with the risk of development of acute myocardial infarction and stroke196. Eicosanoids 

are increased in infectious exacerbations of chronic obstructive pulmonary disease 

(COPD)e. They are also elevated in the airways of stable COPD patients compared to 

healthy subjects197. 

 

Figure 11. Diseases associated with overproduction of LTs. 

                                                 

d
 National Cancer Institute, Randomized Phase II Study of Eicosanoid Pathway Modulators and 

Cytotoxic Chemotherapy in Advanced Non-Small Cell Lung Cancer, NCT00070486 
e

 National Heart, Lung, and Blood Institute (NHLBI), Antileukotriene Therapy for COPD 
Exacerbations, NCT00493974 
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3. EET signaling 

In response to endothelial cell activation, AA can be converted by CYP epoxygenases 

to EETs which have potent vasodilator and anti-inflammatory properties198–200. EETs 

are produced primarily by endothelial cells or other types like astrocytes or 

cardiomyocites. Alteration in EET pathway is described in various animal models of 

cardiovascular diseases such as hypertension, blood pressure elevation, endothelial 

dysfunction and end-organ damage. EETs have several activities both as paracrine 

and autocrine mediators. EETs and their diols DHETs are PPARα agonists, further 

discussed in chapter 3.3.1.1. The regioisomers of EETs activate several other 

enzymes201 like tissue plasminogen activator, PI3 kinase, PKA and their glycerol 

derivatives activate cannabinoid receptors CB1 and CB2. On the contrary, EETs inhibit 

other signaling pathways like TXA2 signaling, L-type calcium channels and cardiac 

sodium channels and diminish inflammation by inhibiting NF-κΒ202. Many vascular 

effects of EETs are modulated by nitric oxide203. EETs are mainly further metabolized 

by sEH discussed in the next chapter. 

3.1. Soluble epoxide hydrolase 

Epoxide hydrolases (EC 3.3.2.7-11) catalyze the hydrolysis of epoxides to the 

corresponding vicinal 1,2-diols. Two mammalian epoxide hydrolase204 (EH) enzymes 

microsomal (mEH) and sEH have been fully characterized over the past 30 years in the 

field of xenobiotic metabolism. Both enzymes belong to the family of α/β hydrolase 

fold205, two tyrosines residues which place the epoxide within the active site distinguish 

epoxide hydrolases from other members of this family.  

mEH is highly expressed206 in liver, lungs, kidneys, intestine, brain, prostate and testes 

and its expression is inducible by a number of compounds (e.g. phenobarbitone). 

Classically it plays an important role in xenobiotic metabolism due to its broad 

substrate selectivity and prominent expression in the liver mEH also metabolizes 

numerous endogenous fatty acids epoxides207 such as epoxystearic acid. 

sEH is encoded by the human gene EPHX2 and it is expressed as a homodimeric 

enzyme consisting of two 62 kDa monomers. The N-terminal domain is a phosphatase 

domain capable of hydrolyzing lipid phosphates such as LPA208. C-terminal domain 

contains the hydrolase catalytic center and both domains are separated by a proline 

rich linker (Figure 12). The C-terminus of sEH transforms four regioisomers of EETs: 
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5,6-, 8,9-, 11,12- and 14,15-EETs to the corresponding209 DHETs, by which the 

biological effects of EETs are diminished. sEH is located in the cytosol and 

peroxisomes. 

 

 

Figure 12. Monomer of sEH. 

EETs are preferred substrates of sEH and 14,15-EET is the regioisomer that is 

hydrolyzed with the highest Vmax (9.03 µmol/min/mg protein) and most potent Km (5 

µM)210. sEH is also able to metabolize211,212 epoxyeicosadecenoic acids (EPOMEs) to 

the more toxic and inflammation inducing dihydroxyoctadecenoic acids (DHOMEs). 

The catalytic mechanism of oxirane ring opening follows via an SN2-type reaction 

where the epoxide is activated by general acids Tyr381 and Tyr 465 with simultaneous 

nucleophilic attack by Asp333 to form an alkylenzyme intermediate. A water molecule 

activated by His523 attacks the intermediate, forming a tetrahedral intermediate which 

collapses to release the diol213. Favored sEH substrates are trans-substituted214 over 

cis-substituted epoxides. The amino acid residues forming the catalytic triad of the sEH 

are Asp333/His523/Asp494 (Figure 13).  
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Figure 13. A. Catalytic center of sEH hydrolase domain (1zd3) with 4-
((cyclohexylamino)carbonyl)aminobutanoic acid. B. Catalytic mechanism. 

The N-terminal domain shows phosphatase activity. This class of phosphatase belongs 

to the family of the haloacid dehalogenase, class IV, a group that uses Asp as 

nucleophile; this group comprises a number of phosphatases, dehalogenases and 

other hydrolases. sEH phosphatase (sEHp) reveals215 an hexacoordinated Mg2+, the 

A 

B 
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first step is a nucleophilic attack by Asp9 on the phosphoester group and protonation of 

the leaving group. In a second step, the phosphoenzyme intermediate (acylphosphate) 

is hydrolyzed via a nucleophilic attack by an activated water molecule216 (Figure 14).  

 

 

Figure 14. A. Catalytic center of sEHp. B. Proposed mechanism of sEHp by Cronin and 

coworkers
216

. 

In contrast to sEH hydrolase domain, little is known about the biological role of sEHp, 

Hou et al. postulated an important role in the regulation of the endothelium nitric oxide 

A 

B 
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synthase (eNOS) activity217. Endothelium-derived nitric oxide (NO) is a regulator of 

vascular tone, controlled by eNOS. Dysregulation of this enzyme has been related to 

hypertension218. More recently, opposite functions of the phosphatase activity and EH 

activity were reported (Table 1) in the regulation of cholesterol levels219. Oguro et al. 

determined that both domains217 are important for cell growth but the phosphatase 

domain was necessary for VEGF expression.  Overexpression of a sEH mutant mice 

lacking phosphatase activity did not decrease VEGF expression, indicating that lipid 

signaling molecules may be the substrates for the sEHp, which activate the growth of 

cells. sEHp is able to dephosphorylate LPA220, nevertheless the phosphatate activity 

towards S1P was lower in comparison to LPA indicating that sEH can selectively 

hydrolyze LPAs. cPLA2 also produces lysophospholipids which are converted to LPA 

by autotaxin, moreover cPLA2 releases AA that is necessary to produce EETs, 

substrates of sEH hydrolase; this last finding suggests the possibility of an interesting 

interaction of the both different domains of sEH.  

Table 1. Biological functions of the different domains of sEH.  

 sEH phosphatase sEH hydrolase 

Cholesterol regulation -/-  significant lowering -/-  40% increase of cholesterol 

VEGF expression important irrelevant 

Cell growth important important 

3.1.1. Development of sEH inhibitors 

The main strategy to develop sEH inhibitors is to mimic the reaction intermediates or 

transition states, as observed for other α/β hydrolases fold enzymes. Therefore, 

various ureas, amides and carbamates (with the appropriated substituents) have been 

developed as successful sEH inhibitors (sEHIs)221. Trp334 niche and Phe265 can 

accommodate a variety of functional groups of sEHIs (Figure 15). The binding pocket 

exists as an L-shaped hydrophobic tunnel.  

Structure-activity relationships show that the secondary urea as central pharmacophore 

must have a relative small substituent such as phenyl, hexyl, or cyclohexyl on one side; 

nevertheless a large group can be tolerated on the other side of the molecule222. This 

strategy has been developed in the case of 12-(3-adamantan-1-ylureido)dodecanoic 
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acid (AUDA)223, known as sEHI of reference but lacking of the desired pharmacokinetic 

properties and susceptible to cellular metabolism.  

 

Figure 15. X-ray cocrystal structure of human sEH showing the binding pocket (1zd3)
213

. 

Compounds like AUDA are potent and competitive inhibitors with low nanomolar Ki 

values, but the lack of solubility in water implies the use of common formulation 

solvents or the incorporation of a second pharmacophore: polar functional groups 

(carbonyl, ester, ether, sulfonamide or amide) in a 7 Å distance that typically improved 

pharmacokinetic (PK) properties while maintaining potency (Figure 16).  

Another strategy to improve physical properties like solubility is to conformationally 

constrain the substituted ureas. For example piperidine moiety224 was identified to 

rigidify the linker between the primary and secondary pharmacophores or spirocyclic 

ureas with high oral exposure and low clearance. The main problem of compounds 

carrying an adamantyl moiety is the rapid hydroxylation of these substances that are 

not suitable for in vivo studies225. Nicotinamide moiety was discovered by researchers 

at Boehringer Ingelheim in a high-throughput screening226. Pyridine ring binds to a 

unique site in the Trp334 niche and the diphenyl group takes advantage of the large 

binding pocket, nevertheless the compound does not have optimal PK properties (poor 

absorption)226. A novel pyrazole aniline derived amide was discovered by the same 

company with the desired pharmacokinetic properties, co-crystallized (3otq)227 sEH 

with the inhibitor showed that one pyridyl group was facing solvent, therefore it 

improved the solubility and the other group interacts with Trp336 as π-π stacking. 
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Novel sEHIs were identified as a rigidified urea structure that exhibited the same 

interactions as urea inhibitors: Tyr381 and Tyr465 interact with the nitrogen of the 

benzisoxazole and the substituted amino group with Asp333. This novel class of 

compounds exhibited better potency and improved PK properties with a relative low 

molecular weight (<400 g/mol).  

Despite of the current research and development of sEHIs with high potency, 

selectivity, oral exposure and high therapeutic index with few side effects in animals; 

only one compound has been analyzed228 in a clinical trial (AR9281) for the treatment 

of patients with mild to moderate hypertension and impaired glucose tolerance. The 

clinical outcome of this trial was the lack of efficacy of AR9281 to treat hypertension or 

diabetes.  
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Figure 16. sEH inhibitors developed by several pharmaceutical companies with different 
pharmacophores (depicted in red), secondary pharmacophore introduced to improve PK 
properties is depicted in blue.  

sEHIs have been tested in several animal diseases221 with promising results. In the 

field of inflammation, deletion of sEH genes reduced the inflammatory response to 

endotoxin pointing out the role of sEH in inflammation. The first evidence of EETs role 

in inflammation was the fact that 11,12-EET prevents the TNF-α induced activation of 

NF-κΒ expression in mice229 (chronically active in many inflammatory diseases230). 

Moreover sEH inhibitors may synergize with classical anti-inflammatory drugs including 

COX and LO inhibitors231. 
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Another field that attired the attention of sEHI development concerns cardiovascular 

diseases. Inhibition of sEH232–234 protects against hypertension, atherosclerosis and 

cardiac hypertrophy. EETs have been shown to reduce blood pressure in spontaneous 

hypertensive rats235. They regulate blood pressure by acting on vascular tone in 

arteries as well as by acting on the kidney through enhanced natriuresis (sodium 

excretion). Low EET levels and high sEH levels have been associated with cardiac 

hypertrophy236. They also modulate blood clotting, specifically 11,12-EET and 14,15-

EET reduce platelet aggregation through membrane hyperpolarization. It has been 

proposed that sEHIs could improve the safety237 of coxibs (a class of NSAIDs); that 

caused a higher incidence of strokes by decreasing platelet stability by shifting to an  

increase of 20-HETE as a consequence of COX-2 inhibition. sEHIs are able to return 

this ratio to a normal level after COX-2 inhibition237. Another therapeutic area of interest 

for sEHIs is the neuropathic and inflammatory pain238. An sEHI (APAU, 1-(1-

acetylpiperidin-4-yl)-3—adamantylurea) showed239 similar efficacy in comparison to 

morphine in a pain alleviation model. They synergize with COX and 5-LO inhibitors and 

in a pain model after LPS exposure they appeared to be similar for Vioxx (a class of 

coxib, NSAID). The main advantage of these inhibitors is, in comparison with 

gabapentin (used in the treatment of neuropathic pain), the fact that sEHI do not cause 

changes in behavior or coordination often associated with opioids240. sEHIs have been 

successfully used in the treatment of angiotensin II-dependent hypertension241, smoke-

induced chronic obstructive pulmonary disease (COPD)242, share cardioprotective 

properties243, ameliorate metabolic syndrome244. 

 

3.2. EET signaling in cancer 

EETs are produced by CYP epoxygenases, epoxidation can occur at any of the four 

double bonds of AA resulting in the four regioisomers mentioned before245. EETs are 

synthesized in the endothelium and active large-conductance Ca2+-activated K+ 

channels, causing hyperpolarization of the vascular smooth muscle and 

vasorelaxation246. Therefore, they are called endothelium derived hyperpolarization 

factors. 14,15-EET interacts with transient potential cation channel, subfamily V 

member 4 (TRPV4)247. The mechanism248 was rather unclear and Behm et al. showed 

that the three remaining EET regioisomers might function as thromboxane receptor 

(TP) antagonists with Ki value of 3.3 µM (for 14,15-EET). This ability is in concordance 
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with the fact that EETs function as anti-inflammatory agents possible through a 

prostanoid pathway mediated inflammatory process, inhibiting NF-κΒ mediated 

inflammation249. In summary, EETs have beneficial effects on inflammatory and 

vascularization processes, nevertheless in the recent five years, it has been postulated 

that EETs play critical250 roles in cellular proliferation, angiogenesis and migration. 

EETs have been shown to promote endothelial cell251 migration via eNOS, MEK/MAPK 

and PI3-K. 11,12-EET and 14,15-EET promote angiogenesis41 via sphingosine kinase 

1 or through Src, PI3K/AKt signaling and also enhancing the effects of VEGF 

angiogenesis. Moreover, Panigrahy et al. recently published252 that EETs stimulate 

multiorgan metastasis and tumor dormancy escape in mice (Figure 17). They 

demonstrated that using genetic and pharmacological manipulation of endogenous 

EET levels led to a promotion of primary tumor growth and metastasis. Furthermore, 

sEH pharmacological inhibition with sEHI (discussed in chapter 3.1.1), elevated EETs 

levels253, accelerated primary tumors and revealed an increase in the number of tumor 

cells expressing VEGF. 

 

Figure 17. Schematic representation of how EETs can affect tumor growth. 

Nevertheless, they had no significant effects on basal endothelial migration but 

increased VEGF-mediated endothelial migration. Systemic administration of sEHI 

stimulated lung, liver, and axillary lymph node metastasis in murine models. In 

summary, EETs promote metastasis by triggering secretion of VEGF by the 

endothelium, which is critical for EET cancer stimulating activity. They represent a 

novel class of LM that act as a double-edged sword in cardiovascular diseases (due to 

their beneficial effects) and cancer (due to recent concerning publications). The 
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postulated mechanism254 for EETs to promote tumor growth is via EGFR/PI3K/Akt and 

EGFR/MAPK pathways255 to promote cancer cell survival (Figure 18). 

 

Figure 18.  EETs downstream signaling pathways in cancer. 

Angiogenesis is mainly produced by VEGF, expression of VEGF gene is enhanced 

under hypoxic conditions and controlled by hypoxia inducible factor 1 (HIF-1). HIF-1256 

is composed by HIF-1α and Arnt. Under hypoxia, HIF-1α dimerizes with Arnt and binds 

to the hypoxia response element in the promoter region of genes such as VEGF. The 

addition of EETs or overexpression of CYP epoxygenases induced VEGF 

expression257.  

3.3. Nuclear receptors 

Nuclear receptors258,259 are proteins located inside the cells that are able to detect 

steroid and thyroid hormones (Figure 19). They contain three major domains260: a 

variable amino-terminal domain, a highly conserved DNA-binding domain (DBD)261, 
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and a less conserved carboxyl-terminal ligand binding domain (LBD). The superfamily 

is sub-divided into three classes. Class 1 is the steroid receptor family, and includes 

the progesterone receptor, the estrogen receptor, the glucocorticoid receptor, the 

androgen receptor and the mineralocorticoid receptor. Class 2, or the thyroid/retinoid 

family262, includes the thyroid receptor, vitamin D receptor, the retinoic acid receptor 

and the PPAR. PPARs263 are members of the nuclear steroid hormone receptors 

superfamily264 that transduce a variety of nutritional and inflammatory signals. Class 3 

corresponds to the orphan receptors265.  

 
Figure 19. DBD contains two zinc fingers that binds to specific DNA sequences and N-terminal 

domains containing the activation function 1 (AF-1) whose action is independent of the 

presence of a ligand. 

3.3.1. Peroxisome proliferator-activated receptors  

Similar to other nuclear hormone receptors, PPAR acts as a ligand activated 

transcription factor. Upon binding with a ligand, PPAR heterodimerizes with retinoid X 

receptor (RXR)266, bind to the response elements (RE) arranged as direct repeats 

spaced by one nucleotide, termed peroxisome proliferator response elements (PPREs) 

and regulates the expression of target genes. The PPAR/RXR complex (Figure 20) can 

be activated by the ligand of either receptor267, and the simultaneous binding of both 

ligands is more efficient. PPARs play an important role in cell proliferation268 and 
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inflammation signaling. Among these functions PPARs contribute to regulation of 

glucose, lipid and cholesterol metabolism and are the ideal target to treat metabolic 

syndrome269. There are three known subtypes of PPAR receptors depending on their 

expression in tissues270: PPARα, γ and β/δ. They all share structural and functional 

organization similar to that of other nuclear receptors.  

 

Figure 20. Mode of action of PPAR in the cell: repressor (R), RNA polymerase (RNAp). 

Regarding their selectivity, compounds that activate any of PPARs are reported as 

agonists, antagonists, partial and selective PPAR modulators (SPPARMs), dual 

agonists, and PPARα,γ, β/δ pan-agonists. PPARα is expressed at high levels in liver 

where it promotes fatty acid oxidation, ketogenesis, lipid transport and 

gluconeogenesis271. This receptor regulates lipid metabolism and modulates 

inflammation by its effect on genes which control reverse cholesterol transport. PPARα 

is the molecular target mainly of hypolipidemic fibrates272 including clofibrate273 and 

bezafibrate273. PPARα agonists are used in the treatment of dyslipidemia associated 

with atherosclerosis and dyslipidemia primarily associated with type 2 diabetes 

mellitus. The second subtype PPARγ is the most widely investigated due to its 

important role in adipogenesis274, where PPARγ activation275 leads to the generation of 
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adipocyte-specific genes276. PPARγ also participates in glucose homeostasis, cell cycle 

regulation, inflammation, atherosclerosis275, apoptosis and carcinogenesis277. PPARγ is 

also activated by synthetic ligands including the thiazolidinedione class (TZD) like 

pioglitazone and rosiglitazone of clinically used anti-type 2 diabetic drugs278 (Figure 

21). Simultaneous activation of PPARγ and PPARα alters the tissue distribution of fatty 

acids by stimulating their uptake and use in adipose tissue, liver and skeletal muscle. 

Whereas PPARγ agonists increase adiposity and body-weight gain279, it has been 

reported that PPARα agonists decrease food intake280 and fat depots induced by 

PPARγ agonist treatment. Dual combination of PPARα/γ ligands exerts complementary 

activities and has been used as new therapy for the treatment281 of diabetes type 2 and 

metabolic syndrome282.   

PPARδ can be ubiquitously found in all kind of tissues but it is the highest expressed 

PPAR subtype in brain and the cerebral vasculature. PPARδ stimulates fatty acid 

oxidation in heart and skeletal muscle, and plays a role in cell differentiation, placental 

development, cancer, wound repair, and atherosclerosis. The main representative of 

PPARδ agonist is L-165041283 that shares the L-shape needed for PPARδ activation. 

As previously showed, PPAR plays an important role in different processes for the cell 

and therefore compounds that activate selectively PPAR subtype can lead to novel 

clinical therapeutic effects. 
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Figure 21. Known PPARα,γ,δ agonists.Depicted in blue acidic head group identified as PPAR 

general pharmacophore. Depicted in red thiazolidinedione group.  

3.3.1.1. PPAR endogenous ligands 

The diversity and high concentrations of agents required for receptor activation led to 

the hypothesis that PPAR activators work by either being metabolized284 in the cell to 

an active form or by inducing the release or biosynthesis of endogenous PPAR ligands.  

As an example of natural ligands285, PGI2 can transactivate PPARδ and PGD2 

dehydration product 15-deoxy-Δ12,14-PGJ2 is a natural ligand for PPARγ286. PGE2 can 

also indirectly activate PPARδ in certain contexts287. The specific action of each PG is 

tissue dependent. LTB4 a natural inflammation mediator is a PPARα ligand. Krey et al. 

showed that another AA metabolite that strongly activates PPARα is 8(S)-HETE that 

stereoselectively activates the receptor over its 8(R)-enantiomer64. A search for natural 

ligands revealed that PPARα is activated by long-chain fatty acids such as DHA and 
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EPA, linoleic acic, linolenic acid and AA288. Competition binding assay revealed the last 

three to be ligands for PPARα and PPARγ in the micromolar range288.  Moreover EPA 

has been co-crystallized into the LBD of PPARδ (pdb:1gwx)289.  

3.3.2. Role of PPAR in metabolic syndrome 

The metabolic syndrome (MetS)290 is a cluster of symptoms mainly consisting291 of the 

so-called “Deadly Quartet’’ of hyperglycemia, hypertriglyceridemia, hypertension, and 

obesity. Due to its complex nature, the current treatment strategies292 of MetS require 

multiple pharmacological compounds regulating lipid and glucose homeostasis as well 

as blood pressure and coagulation. MetS is a clustering of factors with an increased 

risk for atherosclerotic cardiovascular disease and diabetes293. This clustering has also 

been related with non-alcoholic fatty liver disease294, sleep apnoea and some forms of 

cancer295. The symptoms295 commonly occurring on patients with MetS are: obesity 

(body fat is concentrated around the waist; obesity is defined by having a waist 

circumference of 102 cm for men and 89 cm for women), increased blood pressure 

(systolic 130 mm Hg or more, diastolic 85 mm Hg or more), high blood sugar level 

(fasting test 100 mg/dL) and high cholesterol (150 mg/dL of triglycerides, 1.7 mmol/L 

HDL and less than 40 mg/dL for men and 50 mg/dL for women). Up-to-date treatment 

for MetS is a patient lifestyle change of the to increase physical activity, initiation of 

drug therapy with statins to reduce LDL, diuretics to decrease blood pressure to treat 

diabetes type 2 and to handle obesity are currently being used (Table 2). Certainly, 

evidence exists296 to support the notion that the diet, exercise, and pharmacologic 

interventions may inhibit the progression of metabolic syndrome to diabetes mellitus. 

MetS is increasing in prevalence297, paralleling an increasing epidemic of obesity. In 

the United States, data from a 1999-2000 survey showed that the age-adjusted 

prevalence of metabolic syndrome among adults aged 20 years or older had risen from 

27% (data from 1988-1994) to 32%. 
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Table 2. Treatment currently used in patients with MetS. 

Class of medication
f
 Drug Mode of action 

Antidiabetics, 
biguanidines 

 Metformin (insulin-
sensitizing agent) 

Reduces hepatic glucose output, 
increases glucose uptake and triggers 

weight reduction. 

Antidiabetics, TZD  Rosiglitazone 
(Avandia) 

 Pioglitazone 
(Actos) 

 Stimulates glucose uptake and 
lowers insulin plasma levels. 

 Improves cell response to insulin. 

Lipid lowering agents, 

statins 

 Atorvastatin 
(Lipitor) 

 Fluvastatin 
(Lescol) 

Statins are (3-hydroxy-3-methylglutaryl 
coenzyme A [HMG-CoA] reductase 
inhibitors that affect the lipid profile. 

ACE inhibitors  Captopril 

 Enalapril 

They prevent the conversion of 
angiotension I to angiotensin II, a potent 

vasoconstrictor. 

Lipid lowering agents, 

other 

 Fenofibrate 
(Lipofen) 

 Niacin (Niacor) 

These agents are used to iprove lipid 
profile, fenofibrate increases VLDL 

catabolism. 

Antiplatelet agents, 

cardiovascular 

 Aspirin Strong inhibitor or PG synthesis and 
platelet aggregation (improves 

thrombosis). 

Nevertheless, the combination of several drugs for individual risk factors can decrease 

the efficacy and enhance the toxicity of each drug. Therefore, there is a strong unmet 

medical need in reliable and efficient drugs targeting multiple symptoms of MetS over 

the long term, thereby minimizing problems with polypharmacy298. 

 

3.3.3. PPAR modulators and sEH inhibitors in the treatment of MetS 

An important part of this work was the development of dual modulators inhibiting sEH 

and activating PPAR as a possible strategy to treat MetS, due to the important role of 

sEH in the metabolic syndrome. Moreover, sEH inhibitors have been shown to reduce 

symptoms of diabetes in several models299. Trans-4-[4-(3-adamant-1-ylureido)-

cyclohexyloxy]-benzoic acid (t-AUCB) alleviated the signs of MetS in vivo including 

glucose, insulin and lipid abnormalities; furthermore inhibition or deletion of sEH 

prevents hyperglycemia, promotes insulin secretion, reduces islet apoptosis and 

decreases adipogenesis300,301. This inhibitor increased systolic blood pressure, 

cardiovascular and hepatic structural and functional dysfunction. Kim et al. showed that 

                                                 

f
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treatment with EETs decreased adipocyte differentiation via increasing levels of heme-

oxygenase-1 and adiponectin (involved in glucose regulation and fatty acid 

oxidation)300. Nevertheless the absence of a theoretical mechanism of action in treating 

diabetes caused the failure of AR9281228 (Arête Therapeutics) in phase II trial to 

improve blood markers of metabolic syndrome302.  

Based on this knowledge sEH has attired the attention as a possible target to treat 

metabolic syndrome301 in conjunction with selective PPAR activation. 

PPARs and sEH are related through the modulatory action of sEH substrates and 

metabolites on PPAR. Recent publications showed that EETs are PPARγ and PPARα 

ligands303,304. Competition and direct binding assays revealed that EETs bind to the 

ligand-binding domain of PPARγ specifically 14,15-EET (Ki = 3 ± 1 nM)305. 

Furthermore, latest publications discovered that DHETs have a higher potency to 

activate PPARα304 suggesting that DHETs may have additional vascular actions as a 

result of its effect on PPARα.  

 

Figure 22. Mode of action : sEH inhibitor leads to a decrease DHETs which may lead to a 
decreased PPAR activation. This effect is compensated by sEH/PPAR dual modulation. PPAR 
activation leads to a decrease in plasminogen activator inhibitor-1 (PAI-1)

306
, leptin and to an 

increase in adiponectin. 

Figure 22 summarizes the expected mode of action of dual acting compounds which 

should lead to increased EETs level due to sEH inhibition and substitute the beneficial 

activation of PPAR by DHETs. Fang et al. discovered an activation of PPARα by 



Introduction 

 

39 

 

substituted urea-derived sEHIs after cellular metabolism284. The described compounds 

experienced β-oxidation that reduced their ability to inhibit sEH but contributed their 

ability to bind and activate PPARα. Further development of compounds inhibiting sEH 

and selectively activating PPAR could lead to agents with beneficial action on 

hyperglycemia, hypertriglyceridemia and hypertension which can serve as a starting 

point for development of polypharmacological compounds for treatment of metabolic 

syndrome307. 

4. Sphingolipid signaling  

Within the past decade, sphingolipids (SL)308, a family of biologically active compounds, 

found in eukaryotic cell membranes, emerged as active participants in the regulation of 

key biologic functions that regulate the proliferation, survival, and death of cells309. 

Exogenous application of ceramide is cytotoxic, and exposure of cells to radiation or 

chemotherapy is associated with increased ceramide310 levels due to enhancement of 

the de novo synthesis, catabolism of sphingomyelin, or both. SLs contain a long-chain 

sphingoid base (such as sphingosine), an amide linkage to a long-chain fatty acid and 

one of different polar head groups (Table 3).  

Table 3. Types of SLs. 

 

 

 

 

 

 

 

The head group defines the various SL classes, with a hydroxyl group found in 

ceramides, phosphatidylcholine in sphingomyelin and carbohydrates in the several 

glycosphingolipids. It has been long assumed that SLs, concentrated in the cell 

Name of SL Name of X 

Ceramide H 

Sphingomyelin Phosphocholine 

Neutral glycolipids, glucosylcerebroside Glucose 

Lactosylceramide Di-, tri-, or tetrasaccharide 

Ganglioside  Complex oligosaccharide 
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membrane, to have only structural roles in the cell. However the rapid actuation of 

sphingomyelinase (SMase)311 to different stimuli pointed out the existence of a SL 

signaling pathway3,69,312–314. 

4.1. Ceramide metabolism 

Ceramide can be metabolized to less toxic forms by glycosylation, acylation, or by 

catabolism to sphingosine, which is then phosphorylated to the anti-apoptotic S1P 

(Figure 23).  Glycosylceramide synthase overexpression has been shown to enhance 

resistance to doxorubicin or imatinib, suggesting that ceramide metabolism or 

catabolism might enhance cancer chemotherapy315.  Combination of chemotherapeutic 

compounds and modulators of ceramide action and/or metabolism demonstrated 

increased anti-tumour activity in preclinical models with minimal toxicity for non-

malignant cells316. 

While ceramide has been proposed as a messenger for events as diverse as 

differentiation, senescence, proliferation and cell cycle arrest, most research has 

focused on apoptosis317–321. Evidence supporting ceramide as messenger for apoptosis 

induction is based on data obtained from many different cell systems322,323. Moreover, 

agonist- and stress-induced increases in ceramide levels precede biochemical and 

morphologic manifestations of apoptosis in many systems. Incubation of cancer cells in 

the presence of SL analogues324 (like B13, adamantyl-ceramide, C18 and thiouracil-

ceramide) triggered caspase activation and apoptosis. The mechanisms by which SLs 

induce caspase activation325 likely involve mitochondrial events such as cytochrome c 

release since overexpression of Bcl-2 or Bcl-xL counteracts SL cytotoxic effects326. 

Ceramide can be formed de novo, involving serine palmitoyl transferase (SPT), 

(dihydro)ceramide synthase (CerS 1-6). The genes encoding CerS are also name Lass 

(longevity assurance)327,328. The biological functions of these Lass-generated 

ceramides in regulating cell growth and/or pathogenesis have been investigated. 

Defects in the Lass-1 dependent generation of C18-ceramide were implicated in the 

pathogenesis and/or progression of squamous cell carcinomas of the head and 

neck329. 

Specifically, it has been shown that the majority of these tumours contained lower 

levels of C18-ceramide compared to their normal counterparts, suggesting that defects 

in the Lass-1/C18-ceramide pathways might be important for tumour progression.  
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Interestingly, it has been demonstrated that the levels of C16-ceramide are significantly 

up-regulated in some tumors330, compared to their normal adjacent tissues. These data 

suggest that endogenous ceramides with different fatty acid chain lengths might have 

distinct biological functions. For example, while C18-ceramide induces anti-proliferative 

responses, C16-ceramide might exert pro-survival responses331.  

 

Figure 23. De novo and salvage pathway to biosynthesize ceramide. 

There are three main pathways for ceramide synthesis. De novo synthesis takes place 

at the endoplasmic reticulum and it involves the condensation of L-serine with 

palmitoyl-CoA by SPT generating 3-ketosphinganine. After the action of 3-

oxosphinganine reductase, sphinganine is obtained which is further acetylated yielding 
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dihydroceramide by ceramide synthase. The last step is the conversion of 

dihydroceramide to ceramide by dihydroceramide desaturase332.  

The salvage pathway involves the degradation of complex SLs to form ceramides and 

afterwards sphingosine. Alternatively, sphingosine can be phosphorylated to obtain 

S1P which is cleaved by S1P-lyase to obtain phosphatidylethanolamine and fatty 

aldehydes333.  

A third pathway involves SMase (acid, neutral or alkaline) which hydrolyses 

sphingomyelin, yielding ceramide. Ceramide levels also may be elevated by inhibiting 

acid, neutral, or alkaline ceramidase yielding sphingosine. Ceramide, sphingosine and 

S1P have emerged as key LM and ceramidase plays an important role in maintaining a 

balance between their pro- or anti-apoptotic functions. 

 

Figure 24. Ceramide structure and fatty acids alkylic chain. 

All CerS have similar values for Km for sphinganine (1.8-4.8 µM)334 but differ in their 

selectivity for acyl-CoAs based on different fatty acids335 (Figure 24).  

The expression of the different CerS is tissue specific. In particular, CerS1 is highly 

expressed in brain, skeletal muscle and testis, whereas CerS2 (kidney, liver), CerS3 

(testis, skin) and CerS4-6 are low expressed in other tissues336–339. Decreased levels of 

endogenous ceramide, caused by the overexpression of one of its metabolizing 

enzymes, results in the development of multidrug resistance phenotype in many cancer 

cells. Increased levels of glycosylated ceramide have been found in resistant tumor-

cells suggesting that shunting to glycosylation may decrease the cytotoxic effects of 

chemotherapy316.  
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More interesting is the fact that biosynthesized ceramides have opposite effects when 

triggering apoptosis or promoting cell survival. Treatment of cells with different 

apoptosis inducing agents like ionizing radiation, UV light, TNF-α, VEGF or 

chemotherapeutic agents (etoposide, vincristine, daunorubicin, doxorubicin, 

fludarabine, placlitaxel, fenretinide, etc)310 leads to an accumulation of ceramide and 

therefore they are called “tumor suppressor” LMs. Chemotherapy-mediated increase 

results from the stimulation de novo pathway of ceramide biosynthesis increase in 

SMase activity or disruption of ceramide catabolism. Ceramide mediates 

antiproliferative responses by regulating its down-stream targets like cathepsin D, 

ceramide-activated phosphatase and kinases such as the kinase suppressor of Ras, 

MAPK, RAF (proto-oncogene serine/threonine-protein kinase), protein kinase C ζ 

(PKCζ) and MAPK/ERK. Down-stream indirect targets of ceramide are caspases, c-

Myc and telomerases340.  

Hartmann et al. showed in MCF-7 breast cancer cells and HCT-116 human colon 

cancer cells that overexpression331 of CerS4 and CerS6 inhibits cell proliferation by the 

up-regulation of long chain ceramides C16:0, C18:0 and C20:0. On the other hand, up-

regulation of CerS2341 and therefore increase on C24:0 and C24:1 promotes cell 

proliferation. Moreover an increase of long chain ceramides342 is accompanied by the 

induction of apoptosis (Figure 25). The balance between C16:0 and C24:0/C24:1 ceramides 

is important for induction of apoptosis in several cancer cell lines. CerS5 plays an 

important role in sphingosine salvage pathway343 signaling and in the response to 

cellular stress. 

 

Figure 25. Chain length-specific function of ceramides
341

 (according to Grösch et al.). 

4.1.1. Sphingolipids analogues and inhibitors of ceramide metabolism 

As a potential therapy for the treatment of cancer330 in conjunction with 

chemotherapeutic agents, SL enzymes play an important role and the discovery of SL 

analogues and/or ceramide metabolism inhibitors (Figure 26) is essential to success. 
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Potential drug targets in the sphingomyelin pathway344 are SPT, CerS, ceramidase, 

glucosylceramide synthase and sphingosine kinase as the key enzymes345.  

As SPT inhibitors that impair the condensation of serine and palmitoyl CoA to produce 

3-ketodihydrosphingosine include sphingofungins, lipoxamycin and myriocin, which are 

natural products are really selective346,347.  

Catabolism of ceramide occurs by the action of ceramidases which hydrolyze the 

amide bond to yield the sphingosine moiety and fatty acids. They can be classified 

depending on the optimum pH of reaction into acidic, neutral and alkaline348. The main 

representative of neutral/alkaline ceramidase inhibitor is (1S, 2R)-D-erythro-2-(N-

myristoylamino)-1-phenyl-1-propanol (D-MAPP) and N-oleoylethanolamine (NOE) as 

acidic ceramidase inhibitor349,350.  

Known inhibitors of CerS include sphingosine analogues such as fumonisin B1
351, AAL 

toxin, australifungin (a product of the fungus Sporormiella australis) and the synthetical 

FTY720352 (fingolimod) a myoricin analogue currently in clinical trials for the treatment 

of multiple sclerosis353,354.  

For example as glucosylceramide synthase inhibitors two classes can be found: 

ceramide analogues such as 1-phenyl-2-decanoylamino-3-morpholino-propanol 

(PDMP)355 and iminosugars like N-butyldeoxynojirimycin (NBDNJ)356. Both inhibitors 

classes are the most efficient SL metabolism inhibitors. 

There are a large number of compounds structurally not related to SMases that act as 

inhibitors, probably by inducing proteolytic degradation. As an example, desipramine 

has been used to inhibit ceramide formation357. Amitriptyline, a tricyclic antidepressant 

too, only inhibits the acidic SMase358. 

In general SL metabolism inhibitors (Figure 26) are often natural products with difficult 

synthesis (because of several stereocenters) and poor pharmacological properties with 

the exception of sphingosine kinase inhibitors having more “drug like” chemical 

structures like thiazoles, pyrazoles and coumarines359.  
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Figure 26. Inhibitors of ceramide metabolism. 
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4.2. Crosstalk between arachidonic acid and sphingolipid 

metabolism 

A number of research groups demonstrated that AA was released36 from cells 

undergoing apoptosis induced by TNF-α and that cPLA2 activity was necessary for cell 

death360. A number of hypotheses have been postulated to explain the contribution of 

AA and cPLA2 in cell death. For example AA might activate the neutral SMase causing 

production of ceramide and apoptosis. Alternatively LO pathway has been suggested 

to be important for TNF-α induced apoptosis361. AA has been reported to be toxic in 

different cell lines like A-549, MCF-7, HeLa, HepG2 (when they are not overexpressing 

CYP)360.  

Chen et al. demonstrated that AA induced apoptosis36 in BM3 cells via activating 

neutral SMase, after blocking AA-induced apoptosis by adding the SMase inhibitor 

scyphostatin. The blockade of this effect provided direct evidence that unesterified AA 

induces apoptosis through the activation of neutral SMase resulting in conversion of 

sphingomyelin to ceramide. 

Remarkably, it has been recently published that an increase in ceramide results from 

blockade of the COX, LO, and CYP metabolic pathways362 which have AA as a 

substrate, would result in elevated levels of AA, and subsequent increases in 

ceramide/apoptosis resulting from increased function of neutral SMase. Specifically, it 

is postulated that a combination of agents blocking COX-1 (e.g. indomethacin, 

ketoprofen), COX-2 (celecoxib), 5-LOX (e.g. AA-861, ketoconazole) and/or the p450 

pathway (miconazole) would have a synergistic effect on clinical glioma cell killing by 

either radiation, or chemotherapeutic therapy363 (Figure 27). Kwon et al. demonstrated 

that exposure of cultured cortical neurons to AA (50 µM) yielded apoptosis which was 

attenuated by LO inhibitors or CYP450 inhibitors rather than COX inhibitors364. 
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Figure 27. Postulated mechanism by Omahen et al. augmentation of cell apoptosis by blockage 
of AA metabolism. 

Moreover, overexpression of LO, and its metabolites has been shown in many 

tumours, including meningiomas and malignant gliomas, natural LO inhibitors such as 

the boswellic acids induce apoptosis in high grade gliomas365. It would appear that 

investigating the efficacy of COX/LO/CYP inhibition366 in augmenting currently 

accepted cytotoxic therapies for malignant tumours has the potential to produce 

clinically relevant results. Furthermore, exposure of cultured cortical neurons to AA (50 

µM) yields neuronal apoptotic cells through364 LO and CYP pathway rather than COX.   

5. Affinity chromatography as a tool for target identification 

To understand the regulation of complex cellular events like lipid signaling, functional 

analysis of each protein involved in the signaling cascade is required367.  

Identification of novel validated targets remains a top priority in modern drug 

discovery368. Chemical proteomics369,370 is a powerful approach to discovery new 

targets or to elucidate possible side effects of a lead candidate. Unlike the traditional 

target-based drug discovery that starts from the identification and validation371 of a 

target that is often poorly validated and fails to give the full picture of a disease, 

chemical proteomics cannot be realized without the establishment of reliable 

mechanism for target indentation by performing a phenotypic screening (Figure 28).  
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Figure 28. Conventional target-based drug discovery versus chemical proteomics approach. 

 

Failures in drug development programs were related to unspecified mechanism of 

action, poor PK properties and safety issues. Chemical proteomics has also been used 

to discover new targets for known drugs, allowing the expansion into new disease 

indications and the understanding of off-target liabilities. Chemical proteomics is a key 

approach for target identification and one of the most powerful methods for detecting 

interactions between a compound and target proteins372.  
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Figure 29. Drug-affinity chromatography strategy followed in this work to unravel off-target 
effects. 

It combines drug-affinity chromatography and mass spectrometry (MS) analysis for 

protein identification. The affinity beads contain via suitable linker (Figure 29) and 

functional group the desired small molecule to be used for obtaining bound proteins373. 

A protein bond to the affinity beads is washed and then eluted with the free compound. 

In the case the small molecule is not soluble in a buffer system the beads are 

inactivated in loading buffer and analyzed by SDS-PAGE and the bands of interest are 

then cut off proteolitically digested and analyzed by LC-MS/MS374–378.  
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Aims and objectives 

Lipid signaling cascades are a complex, interconnected and self-regulated systems. 

Targeting one or more enzymes implicated in several pathophysiological conditions of 

the cell could lead to alleviation of symptoms of various diseases. LMs are basically 

involved in inflammation but they play an important role in diseases such as cancer, 

pain, atherosclerosis, metabolic syndrome, auto-immune responses (rheumatoid 

arthritis, multiple sclerosis), Alzheimer’s disease, etc. Since cancer has been referred 

as a chronic inflammation that acts as a key regulator of tumor promotion and 

progression including evasion from apoptosis, enhanced angiogenesis and metastasis; 

targeting LMs involved in inflammation such as eicosanoids and ceramide metabolism 

could lead to a therapy to treat cancer related malignancies86.  

The main objective of the present thesis is the synthesis of lipid signaling modulators 

and their evaluation in vitro as therapeutic strategy to overcome pathophysiological 

conditions (cancer, metabolic syndrome) where LMs play an important role. AA 

metabolism and ceramide signaling are related379 through the fact that AA induces 

apoptosis by activating the neutral SMase pathway. In this regard, it has been 

suggested that COX and LO inhibitors may be cancer-preventive not only by inhibiting 

specific antiapoptotic AA metabolites but also by facilitating accumulation of AA which 

promotes neutral SMase activity and increases the proapoptotic ceramide36.  
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Material and Methods 

The following methods can be found in the different publications resulted from this PhD 

thesis.  

Method Paper 

Chemical synthesis Paper I, III, IV, V, VI 

sEH purification and activity assay Paper V, VI 

Annexin V/PI staining Paper V 

Log P measurement Paper IV 

1. Experimental methods 

1.1 Chemistry 

The structures of the synthesized compounds were confirmed by 1H, 13C NMR and 

mass spectrometry (ESI). The purity of the synthesized compounds was determined by 

HPLC or combustion analysis and was found > 95%. Starting materials and solvents 

were purchased from Sigma-Aldrich, Apollo Scientific, Alfa Aesar or Acros Organics 

and were reagent grade and were used without further purification. Products were 

purified using a Varian 971-FP Flash Purification System on silica gel with 50 µm 

particle size. Thin layer chromatography was performed on Merck aluminium backed 

plates, precoated with silica (0.2 mm, 60F254), which were developed using UV 

fluorescence (254 nm). 1H and 13CNMR spectra were measured in DMSO-d6 or MeOH-

d4 on a Bruker AV 250 (250 MHz for 1H-NMR and 63 MHz for 13C-NMR), Bruker AMX 

400 (400 MHz) (75 MHz for 13C-NMR) and Bruker AV300 (282 MHz for 19F-NMR). 

Chemical shifts (δ) are reported in parts per million (ppm) using tetramethylsilane 

(TMS) as internal standard. All coupling constants (J) are given in Hertz and the 

splitting patterns are designed as follows: s (singlet), d (doublet), dd (doublet of 

doublets), t (triplet), dt (doublet of triplets), q (quartet), and m (multiplet) Mass spectra 

were obtained on an Electrospray-Ionization Fisons (VG Platform II) spectrometer 

measuring in the positive- or negative-ion mode (ESI-MS system). High resolution 

mass spectra were measured by a MALDI LTQ Orbitrap XL spectrometer from Thermo 

Scientific. Combustion analysis was performed by the microanalytical laboratory of the 

Institute of Organic Chemistry and Chemical Biology, Goethe University Frankfurt, on 

an Elementar Vario Micro Tube CHNO rapid elemental analyzer. HPLC analysis was 
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performed using LC2020 (Shimadzu, Duisburg, Germany) on a Kinetex 2.6 μm C18 

100 Å, 100 x 2.1 mm (Phenomenex, Aschaffenburg, Germany). This method included a 

water/methanol gradient run of 5-95% and detection at 254 nm and 280 nm. 

1.2. Cell culture 

Cell lines were obtained from the Deutsche Sammlung von Mikroorganismen und 

Zellkulturen (DSMZ). HeLa, MCF-7 and A549 cell lines were grown in Dubelcco’s 

modified Eagle’s medium (DMEM) containing 10% fetal calf serum (FCS), 100 units/mL 

each of penicillin and streptomycin and 1 mM sodium pyruvate. HepG2 was grown in 

DMEM containing 10% FCS, 0.1 mM non-essential aminoacids and 100 units/mL each 

of penicillin and streptomycin. U937 and A498 cell lines were grown in RPMI 1640 

medium containing 10% inactivated FCS and 100 units/mL each of penicillin and 

streptomycin. Capan-2 cell line was grown in McCoy’s 5A medium containing 10%FCS 

and 100 U/mL each of penicillin and streptomycin. All cell lines were grown at 37°C in 

an atmosphere containing 5% CO2. Cells were count using a Neubauer chamber and 

trypan blue as staining dye. 

Table 4. Cell lines used in this work. 

Cell line Morphology Doubling time Cell type 

Capan-2 
Adherent, epithelial-like cells 

growing in uniform monolayers 
50-70 h 

Pancreas 

adenocarcinoma 

HeLa 
Epithelial-like cells growing in 

monolayers 
aprox. 48 h Cérvix carcinoma 

U937 Single cells in suspension 30-40 h 
Histiocytic 

lymphoma 

HepG2 

Adherent, epithelial-like cells 

growing in monolayers and in small 

aggregates 

50-60 h 
Hepatocellular 

carcinoma 

A549 
Epithelial cells, growing adherently 

as monolayer 
40 h Lung carcinoma 

A498 
Epithelial-like, adherent cells 

growing as monolayers 
>60 h Kidney carcinoma 

MCF-7 
Epithelial-like cells growing as 

monolayers 
50 h 

Breast 

adenocarcinoma 

1.2.1. WST-1 assay 

Cell viability in Capan-2, A549 and MCF-7 was determined using the water soluble and 

stable tetrazolium salt WST-1 (Roche, Mannheim, Germany) which is cleaved to a 
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soluble formazan by a complex cellular mechanism that occurs primarily at the cell 

surface. This bioreduction is largely dependent on the glycolytic production of NAD(P)H 

in viable cells. Therefore, the amount of formazan dye formed directly correlates to the 

number of metabolically active cells in the culture. Cells were seeded into 96-well 

plates to a density of 3-5 x 103 cells/100 µL well (Capan-2, A549, MCF-7). After 48 h of 

growth to allow attachment of cells to the wells, compounds were added at various 

concentrations (0.3-30 µM) with a maximal DMSO concentration of 1%. After 48 h of 

growth, 10 µL containing WST-1 reagent was added and incubated at 37°C during 30 

min. Cell viability was assessed using a microplate reader (infinite M200, Tecan Group 

Ltd., Crailsheim, Germany) according to the manufacturer’s protocol (absorbance of 

the formazan product at 450 nm with a reference wavelength at 620 nm). Results are 

expressed as a percentage relative to vehicle-treated control (1% DMSO was added to 

untreated cells). 

1.3. Affinity chromatography 

- Preparation of sepharose beads: 

28 mg of epoxy sepharose beads 6B (GE Healthcare) were soaked in distilled water (5 

ml) and washed several times with distillated water (10 ml). Compound 19, was solved 

in 1 ml coupling buffer (1 M Na2CO3/1,4-dioxane (1:1), pH 13) and added to the 

sepharose beads (to achieve 200 µmoles ligand per ml medium). The reaction was 

stirred on an orbital shaker at 40°C during 16 h at 450 rpm. Modified beads were 

washed with coupling buffer (2 x 10 ml) to remove excess of ligand. To block any 

remaining active groups, negative beads and modified beads were stirred at 50°C, 

during 4 h and 450 rpm with 1 M ethanolamine, pH 8.0. The beads were washed with 

at least three cycles of alternating pH (4.0 and 8.0). Each cycle consisted of a wash 

with 0.1 M acetate buffer pH 4.0 containing 0.5 M NaCl followed by a wash with 0.1 M 

Tris-HCL buffer pH 8.0 containing 0.5 M NaCl. For pull down assays, purified 

recombinant 5-LO was incubated with the negative and modified beads, o/n at 4°C. 

Afterwards, centrifugation at 2,400 x g, 5 min, 4°C and three washing steps with 1 ml 

PBS/EDTA 1 mM, 1 ml PBS/EDTA 1 mM with 0.5 M NaCl and 1 ml PBS/EDTA 1 mM.  

In the case of celecoxib and DMC, same procedure was used. 

When lysate cells were used, lysate was applied directly to the beads or pre-incubation 

with negative beads at 4°C during 4 h followed prior to direct application.  
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- Lysis buffer: 

Lysis buffer for PMNL (EP6 experiment): 50 mM HEPES, pH 7.4, 200 mM NaCl, 1 mM 

EDTA, 1% Triton X-100, 2 mM PMSF, 10 µg/ml leupeptin, 120 µg/ml STI, sonicated (3 

x 10 sec, MS 72, Sonoplus HD 200, Bandelin electronic) and centrifugated (2,400 x g, 

10 min, 5°C) 

Lysis buffer for MCF-7 cells (celecoxib, dimethycelecoxib experiments): 137 mM NaCl, 

25 mM MOPS, 0.1% Triton X-100, 15 mM EGTA, 100 µM PMSF, 2 µg/ml Leupeptin, 

0.1 mM Na3VO4, 15 mM MgCl2, sonicated (3 x 10 sec, MS 72, Sonoplus HD 200, 

Bandelin electronic) and centrifugated (2,400 x g, 10 min, 5°C) 

Lysis buffer for HeLa cells (celecoxib, dimethycelecoxib experiments): 50 mM HEPES, 

pH 7.4, 200 mM NaCl, 1% Triton X-100, 100 µM PMSF, 20 µM leupeptin.  

HeLa cells (6 x 106 cells) were seeded in normal growth media and allowed to attach 

for 24h at 37°C, 5% CO2. To start the stimulation, medium was replaced by DMEM 

medium containing TNF-α (5 ng/ml) and IL-1β (1 ng/ml) during 16 h to overexpress 

COX-2, sonicated (3 x 10 sec, MS 72, Sonoplus HD 200, Bandelin electronic) and 

centrifugated (5,000 x g, 10 min, 4°C). 

In all cases, prior SDS-PAGE, beads/eluted fractions were heated at 95°C during 5 min 

in loading buffer (250 mM Tris-HCl, pH 6.8, 5 mM EDTA, 50% glycerol, 10% SDS, 

0.05% bromophenol blue, 10% β-mercaptoethanol).  

1.4. SDS-PAGE and Western Blotting  

Protein extracts (equal amount) were separated by 10% SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE) and were electrophoretically blotted onto a nitrocellulose 

membrane (GE Healthcare). Membranes were dried prior being incubated overnight in 

Odyssey blocking buffer. Afterwards, membranes were treated (5 ml, 1:1000) with the 

primary antibody against COX-2 (anti-human COX-2, mouse, monoclonal in 1:1 

PBS/blocking buffer + 0.1% Tween-20) at 4°C overnight. Membranes were washed 

four times with PBS/0.2% Tween-20 and were treated (5 ml, 1:5000) with a secondary 

antibody (anti-mouse, IRDye680 or IRDye800 conjugated). After several washing steps 

with PBS/0.2% Tween-20, the blots were visualized on an Odyssey Infrared Imaging 

System.  
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1.5. Statistics 

Data are expressed as mean values with S.E. All IC50 and EC50 values are means with 

S.E. or S.D. of the IC50 or EC50 values obtained from measurements at five different 

concentrations of the compounds in three to five independent experiments.  IC50 and 

EC50 values were determined using a sigmoidal dose response (variable slope) 

equation from GraphPad Prism® (GraphPad Software, LaJolla, USA) software. Data 

were analyzed taking a P-value < 0.001 as significant (n=3) (one way ANOVA and 

Dunnett’s post hoc test). 
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1. Paper I: Structure–activity relationship of nonacidic 

quinazolinone inhibitors of human microsomal prostaglandin E2 

synthase-1 (mPGES-1) 

Background and rationale: mPGES-1 is an inducible enzyme of the AA cascade and 

mainly coupled to the expression of cyclooxygenase-2 (COX-2). mPGES-1 is a 

member of the MAPEG family an exhibits glutathione-dependent PGE synthase 

activity.380 Proinflammatory stimuli such as lipopolysaccharide (LPS) upregulate the 

protein level of both enzymes. The major product, prostaglandin E2 (PGE2), plays an 

important role in the mediation of pain,381,382 fever,383 the development of various 

cancer types (including intestinal tumors and prostate and lung cancers,86 and several 

inflammatory diseases like rheumatoid arthritis384. mPGES-1 deletion modulates 

evoked pain inflammation and ameliorates the experimental autoimmune 

encephalomyelitis which is thought to be a model of multiple sclerosis. PGE2 

production is inhibited by nonsteroidal anti-inflammatory drugs (NSAIDs), specifically 

selective and nonselective COX-inhibitors. To overcome the side-effects observed 

when inhibiting COX enzymes, inhibition of mPGES-1 might improve the 

pharmacological profile of current analgesic, anti-inflammatory, and antipyretic 

medication due to a reduction of side effects as compared to known NSAIDs.  

Enzyme inhibition can be accomplished following two aproaches, down-regulation of 

mPGES-1 expression or inhibition of the enzyme activity. Often inhibitors of the human 

mPGES-1 failed to inhibit on the rat enzyme in vitro resulting the performance of 

preclinical animal models impossible385. In a previous study, several scaffolds 

(quinoline, quinazolinone) were identified as mPGES-1 inhibitors using a multistep 

virtual screening protocol386. Quinazolinone (FR20) provided the structure for an 

extensive structure-activity relationship.  

Results: The inhibitors were synthesized in a two step approach starting with a 

multicomponent reaction between 5-iodoanthranilic acid, carboxylic acid and a benzylic 

amine to yield 2,3-disubstituted-3H-iodoquinazolin-4-one which reacted in a copper-

catalyzed related Golberd reaction with an aromatic amide to yield the desired 

quinazolinone structure. This compound set includes variations at three residue 

positions with (halogenated) aromatic and heterocyclic groups (like thiophene) as well 

as aliphatic side chains. It turned out that variations at R1 in most cases considerably 

reduced the activity compared to the initial scaffold. Only aromatic residues with an o-

chloro-substitution were tolerated, which points to the importance of a hydrophobic 
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interaction with the o-chlorine atom in contrast to unsubstituted phenyl moiety and o-

fluor. Moreover, a reduced inhibition was observed when R1 is an aliphatic residue; 

larger substituents like phenethyl further impaired activity. Bioisosteric replacement of 

the o-substituted phenyl-residue R1 by a thiophene resulted in a less potent inhibitor. 

Apparently, the R2 residue may be exchanged for a smaller substituent without losing 

potency. Simplification of the [1,1′-biphenyl]-4-ylmethyl-group to a benzyl-group, is also 

tolerated, with no detrimental effect on activity. Variations of the R3 residue were only 

possible for some derivatives: methyl and a benzyl residues yielded comparable 

activities, while a replacement with cyclopropyl abolished inhibition. Therefore it was 

concluded R1 is critical for the activity of this class of inhibitors, while R2 and R3 play a 

minor role (Figure 30). Regarding in vitro eicosanoid profiling, neither COX-1 nor COX-

2 were affected at 1 µM concentration. Whole blood eicosanoid screening revealed a 

distinct profile for each compound including many fatty acids of the three major AA 

subcascades: the prostanoids, leukotrienes, and HETEs. 

 

Figure 30. Quinazolinone scaffold. 

 

2. Paper II: SAR-study on a new class of imidazo[1,2-a]pyridine-

based inhibitors of 5-lipoxygenase 

2 Paper III: Molecular characterization of EP6, a novel imidazo[1,2-

a]pyridine based direct 5-lipoxygenase inhibitor 

3 Paper IV: Structure activity relationship and in vitro 

pharmacological evaluation of imidazo[1,2-a]pyridine-based 

inhibitors of 5-lipoxygenase 

 

Background and rationale: LTs also play a prominent role in chronic inflammation 

and in regulation of the adaptive immune response387. Still also anti-inflammatory 

properties of the 5-LO have recently been shown as the enzyme is involved in the 

biosynthesis of the resolvins, agents that trigger mechanisms of natural resolution of 

inflammation,388 based on the multiple pathophysiological actions of LTs, there are, 
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increasing therapeutic indications for 5-LO inhibitors including acute and chronic 

inflammation, asthma and rhinitis, atherosclerosis and arthritis,194 however its 

contribution to carcinogenesis is under debate101,102.  The other major LOs, 12-LO, 15-

LO1 and 15-LO2 are also discussed in this context and 15-LO activity is reported to 

have tumor suppressive effects112,113. Zileuton (Zyflo®) is the only 5-LO inhibitor that 

entered the US market in 1997 for the chronic treatment and prophylaxis of various 

clinical phenotypes of asthma. It has also been tested in the treatment of allergic 

rhinitis with promising results. Nevertheless, zileuton exhibits liver toxicity and an 

unfavorable pharmacokinetic profile with a short half-life;175,176 as a consequence its 

clinical use is limited. Thus, there is a need for the design and development of new 

inhibitors of 5-LO. Potential drug candidates should exhibit high efficacy in vitro and in 

vivo; as well as desired pharmacological properties such as high selectivity for 5-LO 

low hepatotoxicity and good oral bioavailability.  

Results:  Within these three publications, an initial structure-activity relationship of 

imidazo[1,2-a]pyridine based inhibitors was described. This scaffold derived from a 

virtual screening for cyclooxygenase (COX)/5-LO dual inhibitors389. Several inhibitors 

were synthesized by means of the multicomponent reaction Gröbke Blackburn 

Bieynammé. In the first publication, different inhibition studies in a cell-based and study 

cell-free assay, led to a heterocyclic scaffold, which after medicinal chemistry, directed 

to the lead structure EP6.  The initial EP6 lead compound was pharmacologically 

evaluated in the second publication and Wisniewska390 et al. could conclude that EP6 

suppresses 5-LO activity in intact PMNL with an IC50 value of 0.16 µM and it exhibits 

full inhibitory potency in cell free assays (IC50 = 0.05 µM for purified 5-LO). The efficacy 

of EP6 is not affected by the redox tone or the concentration of exogenous AA and 

interacts with the regulatory domain of 5-LO, the C2-like domain. EP6 suppressed 5-

LO activity independently of the inflammatory stimulus or the activation pathway. The 

main drawback of EP6 was its inactivity in human whole blood assays due to its poor 

solubility and high plasma binding (98%). In the third publication, an extensive SAR 

(Figure 31) is described with the optimization of our in vitro pharmacologically 

evaluated lead compound (EP6). Several parts of the structure were chemically 

modified: small substituents at different positions of the imidazo[1,2-a]pyridine core and 

diverse functionalities at the eastern phenyl moiety. Although it was not possible to 

introduce a solubility group without impairing the 5-LO inhibitory activity, combination of 

small polar groups lead to a more favorable solubility and in vitro metabolic stability. 
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Furthermore, the cytotoxic potential of the initial lead structure could be abolished. This 

study demonstrated that imidazo[1,2-a]pyridines are a versatile scaffold for the 

development of novel, direct and selective 5-LO inhibitors with a favorable 

pharmacokinetic and toxicological profile.  

 

Figure 31. Summary of the structure-activity relationship of imidazo[1,2-a]pyridine as 5-LO 
inhibitors. 

3. Paper V: From a multipotent stilbene to soluble epoxide 

hydrolase inhibitors with antiproliferative properties 

Background and rationale: sEH is in the focus of pharmaceutical research for 

numerous indications including cardiovascular disorders, diabetes and inflammatory 

processes219,222,391–393 Although several inhibitors reached clinical trials (AR9281, in 

patients with mild to moderate hypertension) no clinical outcome has been reported. 

Several publications have stressed the possible role of EETs and sEH in cancer growth 

and metastasis which is rather ambiguous.394 EETs promote metastasis by triggering 

secretion of VEGF by the endothelium, which is critical for EET cancer stimulating 

activity. The postulated mechanism254 for EETs to promote tumor growth is via 

EGFR/PI3K/Akt and EGFR/MAPK pathways255 to promote cancer cell survival. In this 

study, it has been intended to discover chemical compounds exhibiting cytotoxic profile 

and simultaneously target sEH. Moreover, polypharmacological compounds (e.g. 

sorafenib) have gained a special attention in the field of cancer treatment due to the 

complexity of pathways involved in cancer pathogenesis395–397. The principle of 

addressing multiple targets by polypharmacological compounds can be transferred to 

cancer treatment.398 In this study we intended to discover chemical compounds 

exhibiting cytotoxic profile and simultaneously target soluble epoxide hydrolase.  

Results: an initial screening a small library of compounds isolated from 

entomopathogenic bacteria, namely Photorhabdus and Xenorhabdus lead to the 
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discovery that one of the metabolites,  the pluripotent isopropylstilbene (IPS) from 

Photorhabdus399 exhibited the desired properties by inhibiting sEH with an IC50 of 10 

µM. After an in-house screening of a small collection of compounds exhibiting the 

stilbene scaffold (chalcones and resveratrol analogues), the scaffold (E)-styryl-1H-

benzo[d]imidazole was identified as a potential new sEH inhibitor. Compounds were 

synthesized in two steps: condensation of a substituted o-phenyldiamine with the 

appropriated (E)-cinnamic acid and the cyclization of the resulting amide in the 

presence of hydrochloric acid. Synthesized compounds exhibited IC50 values ranging 

from 0.6-32.1 µM, resulting ortho-substituted compounds (on the styryl moiety) in the 

highest inhibition (Figure 32). The structure-activity relationship of the compounds on 

sEH was rather flat, which correlated with the possible binding mode proposed by the 

molecular docking study. The effect of most potent compounds on cell viability was 

evaluated on several cancer lines (HepG2, HeLa, MCF-7, A498 and U937), resulting in 

EC50 values ranging from 1.1 to 21.8 µM. In conclusion, following a natural product-

inspired design approach400 the desired biological activity of a bacterial secondary 

metabolite was transferred to a synthetic compound series. The natural product 

inspired drug design extends the valuable role of natural products as drugs and drug 

precursors to templates for fully synthetic bioactive molecules.  

 

Figure 32. Natural product-inspired design of stilbene-derived sEH inhibitors. 

4. Paper VI: Design and synthesis of dual modulators of soluble 

epoxide hydrolase and peroxisome proliferator-activated 

receptors 

Background and rationale: MetS treatment is to change lifestyle of the patient to 

increase physical activity and initiation of drug therapy. Nevertheless, the combination 

of several drugs for individual risk factors can decrease the efficacy and enhance the 

toxicity of each drug. Therefore, efficient drugs targeting multiple symptoms of MetS 

over the long term are needed, thereby minimizing problems with polypharmacology298. 

Simultaneous activation of PPARγ and PPARα alters the tissue distribution of fatty 
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acids. Whereas PPARγ agonists increase adiposity and body-weight gain279, it has 

been reported that PPARα agonists decrease food intake280 and fat depots induced by 

PPARγ agonist treatment. Dual agonism of PPARα/γ ligands exerts complementary 

activities and has been used as new therapies for the treatment of diabetes type 2281 

and metabolic syndrome282. On the other hand sEH ameliorates MetS244 and sEH 

knockout models as well as sEH inhibitors prevent hyperglycaemia, promote insulin 

secretion, reduce islet apoptosis and decrease adipogenesis300,401. Based on this 

knowledge sEH has attired the attention as possible target to treat metabolic 

syndrome244 in conjunction with selective PPAR activation. 

Results:  In the present work novel compounds that are able to inhibit sEH and 

activate PPAR, regardless their metabolism, were presented. Compounds were 

synthesized via a combinatorial approach: phase transfer catalysis was used to obtain 

the N-alkylated products. These were reduced on Raney nickel remaining the 

corresponding amines which reacted with several isocyanates yielding the equivalent 

urea derivatives. Eventually, ester derivatives were hydrolyzed to obtain the carboxylic 

acids and therefore introduce the PPAR pharmacophore. Compounds were connected 

through a diethylphenyl linker between the pyrrole ring and the urea (sEH 

pharmacophore). Compounds exhibited IC50 values ranging from 23 nM to 2 µM on 

sEH; EC50 2-5 µM on the different PPAR subtypes. Several subtype of PPAR agonists 

were developed, yielding pan-modulators, α/γ agonists or selective agonists.   

5. Synthesis of 5-LO inhibitors 

5.1 Synthesis of NO-NSAIDs 

Besides of the three publications presented in this thesis, another type of 5-LO 

inhibitors have been developed and synthesized. The first group of compounds are 

NO-NSAIDs that have been proposed as 5-LO inhibitors (Dr Steinbrink, PhD thesis: 

“Identification and characterization of sulindac sulphide as a novel type of 5-

lipoxygenase inhibitor with clinical relevance”). NO-NSAIDs consist of a conventional 

NSAID moiety linked, in most cases, via a spacer to an NO-releasing moiety in this 

case a –ONO2 (nitrate) group. They are a new class of anti-inflammatory and analgesic 

drugs and have been investigated in cancer402. The combination of balanced inhibition 

of the two main COX isoforms with release of NO confers to NO-NSAIDs reduced 

gastrointestinal more safety. It is suggested that the NO, which is released as the 
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compounds are metabolized, may counteract the consequences of the NSAID-induced 

decrease in gastric mucosal prostaglandins403. 

The synthesis (Figure 33) of NO-sulindac and NO-naproxen started with an 

esterification of the carboxylic acids of sulindac and naproxen404 using 1,4-

dibromobutane as spacer and K2CO3 as a base and it was refluxed during 3h to obtain 

(Z)-4-bromobutyl 2-(5-fluoro-2-methyl-1-(4-(methylsulfinyl)benzylidene)-1H-inden-3-

yl)acetate (2) and (S)-4-bromobutyl 2-(6-methoxynaphthalen-2-yl)propanoate (5) in 

53% and 50% yield respectively. 

 

Figure 33. Synthesis of NO-sulindac (3) and NO-naproxen (Naproxcinod) (6). 



Results and discussion 

 

64 

 

The last step consisted of nucleophilic substitution using silver nitrate to obtain the 

nitrate derivatives: NO-sulindac (3) and NO-naproxen (6) in 50% and 84% yield 

respectively. Both compounds were tested g  on several systems: on intact PMNL, 

recombinant purified 5-LO and human whole blood. Examinations on PMNL could 

evoke inhibition of 5-LO only by the NO-derivative and not by the corresponding 

NSAIDs. NO-sulindac inhibited 5-LO product formation with an IC50 value of 2 µM, 

whereas NO-naproxen inhibited 5-LO product formation in intact PMNL by 61% at 50 

µM; naproxen did not exhibit any inhibition (Figure 34). A dose-dependent inhibition 

was observed in the case of NO-sulindac. BWA4C was used as positive control.  

 

Figure 34. 5-LO product formation in PMNL (cell-based assay). 5 x 10
6
 intact cells (PMNL) 

were preincubated with NSAIDSs respectively NO-derivatives at 4°C with concentrations 
indicated for 15 min. Samples were then stimulated with 2.5 µM A23187 (calcium ionophore) 
and supplied with 20 µM AA. Analysis of 5-LO products by HPLC was performed n=3. Values 
are expressed as mean + SEM. 

Regarding purified 5-LO, sulindac did not affect 5-LO product formation whereas NO-

sulindac led to an IC50= 1 µM pointing out the importance of the NO releasing moiety 

(depicted in red, Figure 35). In the case of NO-naproxen the inhibition was lower (40% 

at 50 µM).  

                                                 

g
 All test were performed by Dr Steinbrink at the Pharmaceutical Chemistry Department, Goethe 

University Frankfurt am Main in the group of Professor Dr Steinhilber.  
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Figure 35. 5-LO product formation on recombinant purified 5-LO. Recombinant 5-LO protein 

was incubated with the indicated concentrations for 15 min at 4°C. 5-LO activity was started by 
the addition of 2 mM Ca

2+
 and 20 µM AA. Analysis of 5-LO products by HPLC was performed 

n=3. Values are expressed as mean + SEM. 

HWB, experiments were carried out using as physiological stimulus: LPS and fMLP. 5-

LO product formation (LBT4 and 5(S)-HETE) were inhibited by 50% at 100 µM 

concentration of both NO-sulindac and NO-naproxen (Figure 36). The concentrations 

tested were higher than in the previous experiments in order to see inhibitory effects 

despite of protein plasma binding. In summary, NO-sulindac, NO-napoxen and NO-

ASA (NO-aspirin) represent a new class of 5-LO inhibitors that could circumvent the 

undesired effects of COX inhibition and additionally reduce inflammatory processes. 

 

Figure 36. 5-LO product formation (LTB4 and 5(S)-HETE in HWB. Venous whole blood freshly 

from healthy volunteers was preincubated (30 min) with compounds at the concentrations given 
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at 37°C. After adding 10 mg/ml LPS and 1 µM fMLP reaction was performed for 1h at 37°C and 
stopped by cooling the samples on ice. LT levels were measured by LC-MS/MS (n=1). 

 

5.2 Synthesis of CJ 13,610 

5-LO is involved in the regulation of leukemia stem cells (LSC)  activity after having 

found that 5-LO activity is indispensable for the induction of a CML-like disease by 

BCR/ABL in vivo121,405. Both, genetic targeting of 5-LO in Alox-/- mice and 

pharmacological targeting by a selective 5-LO inhibitor, abolished the leukemogenic 

potential of BCR/ABL. In this model 5-LO has been identified as a critical regulator of 

LSC in the CML-like disease. CJ 13,610179 is a non-redox type 5-LO inhibitor that has 

been synthesized to prove: if the effects of 5-LO targeting the LSC in CML, are 

extendible to the LSC in acute myelogenous leukemia (AML) and whether 5-LO is 

involved in the regulation of the Wnt-signaling406 (important pathway in the 

maintenance of cancer stem cells), in order to better understand how NSAID inhibit 

Wnt-signaling and the aberrant self-renewal of LCS in AML and CML. 

 

Figure 37. Synthesis of CJ 13,610 (13) (Pfizer). 

The synthesis407–410 followed a four step approach (Figure 37). A tetrahydropyran ring 

was introduced in 3-bromophenylacetonitrile (7) catalyzed by tetrabutylammonium 

sulphate (TBAHS) to obtain the desired product 4-(3-bromophenyl)tetrahydro-2H-
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pyran-4-carbonitrile (8) in 56% yield. Subsequent hydrolysis using concentrated H2SO4 

led to 4-(3-bromophenyl)tetrahydro-2H-pyran-4-carboxamide (9) in 78% yield that was 

used in a palladium (0) catalyzed cross-coupling involving a 4-fluorothiophenol and 4-

(3-bromophenyl)tetrahydro-2H-pyran-4-carboxamide (9) and Pd(PPh3)4  to yield 4-(3-

((4-fluorophenyl)thio)phenyl)tetrahydro-2H-pyran-4-carboxamide (11) in 65% yield. 

Introduction of a 1-methylimidazole group led to the desired product (13) in only 5% 

yield due to a complicated purification by LC-MSh. 

Roos et al. showed i  that the pharmacological inhibition of 5-LO suppresses the 

aberrant stem cell capacity of hematopoietic stem and progenitor cells in vitro and in 

vivo. These effects were seen not only with CJ-13,610 but also using zileuton. 

Therefore, suppression of aberrant stem cell capacity should result from the drugs 

ability to specifically target 5-LO and not derive from pleiotropic effects. Taken together 

it has been established that the pharmacological inhibition of 5-LO is a novel approach 

of stem cell therapy in leukemia, by targeting the Wnt-signaling. 

6. Affinity chromatography experiments 

6.1 EP6 pull down assay 

Pull down experiments were carried out to elucidate the possible off-targets effects 

when using EP6 as a 5-LO inhibitor. Wisniewska et al. recently published that EP6 

affected the cell viability of U937 cells (lacking 5-LO expression) resulting in a EC50 = 

14 µM411. The reduction of cell viability seems to be an 5-LO independent mechanism 

and a potential anticancer effect. Imidazo[1,2-a]pyridine scaffold have been already 

identified as topoisomerase Iiα inhibitors412 and this target could possible the off-target 

effect observed on U937 cell line. In order to elucidate the possible mechanism, affinity 

chromatography combined with mass spectrometry was used. Since the second SAR 

of imidazo[1,2-a]pyridine pointed out that the secondary amine was necessary to inhibit 

                                                 

h
 The synthesis was performed according to Pfizer (EP1029865 A2, 2000, US6194585 B1, 

2001). 
i
 Submitted manuscript: 5-lipoxygenase as a novel principle of stem cell therapy in acute 

myeloid leukemia, Jessica Roos, Claudia Oancea, Maria Heinßmann, Hannelore Held, Astrid S. 

Kahnt, Estel.la Buscató, Ewgenij Proschak, Dieter Steinhilber, Thorsten J. Maier, and Martin 

Ruthardt 
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5-LO product formation, an analogue of EP6 was synthesized by modifying the 

morpholine ring to introduce a functional group to be coupled to the sepharose beads.  

 

Figure 38. A. EB82 (19) analogue of EP6. B. Epoxy-activated Sepharose 6B. 

The sepharose used was an epoxy-activated Sepharose 6B (GE Healthcare) that has 

an epoxy linker to be coupled to different chemical groups. Ligands (small molecules to 

be investigated) can be coupled through hydroxyl, amino or thiol groups. A hydroxyl 

group was chosen due to synthetical accessibility. The synthesis of EB82 (19) started 

by generating the aldehyde (16) necessary to perform Gröbke-Bienaymé 

multicomponent reaction413. 4-fluorobenzaldehyde (14) was treated with piperidin-4-

ylmethanol (15) to yield 4-(4-(hydroxymethyl)piperidin-1-yl)benzaldehyde (16) in 35%. 

This intermediate was used to perform the next reaction to obtain EB82 (19) in 53% 

yield (Figure 38). 

 

 

 

Figure 39. Synthesis of EP6 analogue (19) to perform pull down assays. 
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To evaluate if this chemical modification affected the affinity of this compounds towards 

5-LO, the inhibitory activity of EB82 on PMNLj cells (Figure 40) was measured. EB82 

(19) exhibited an IC50 = 0.34 µM. EP6 had a similar inhibitory potency (IC50 = 0.16 µM) 

and therefore the chemical modification did not affect the affinity. 

 

Figure 40. Inhibitory activity of EB82 (19) on PMNL cells. 5-LO activity assay was performed 
with homogenates of 7.5 x 10

6
 PMNL. Homogenates were incubated in PBS/EDTA 1 mM and 1 

mM ATP and the reaction was started with 20 µM AA and 2 mM CaCl2. The inhibitory activity of 
EB82 (19) was measured as % of control (DMSO). 100% of control corresponds to 50.55 ± 18.5 
ng 5-LO product/10

6
 PMNL. Product formation was analyzed by HPLC (n=3, ± SEM). 

 

In order to discriminate specific binding proteins from nonspecific binders, parallel 

experiments were performed: incubation with negative beads (previously cleaved with 

ethanolamine to remove active epoxides). In this pull-down mode, the specific binding 

proteins were removed while the nonspecific binding proteins remain. In order to 

assess if the modified beads are chemically modified and the analog (19) shows 

specific binding, recombinant 5-LO was incubated with negative and positive beads 

(Figure 41). 

                                                 

j
 Test on PMNL/pull down assays were performed by/with Dr Wisniewska (Pharmaceutical 
Chemistry department, Goethe University Frankfurt am Main) 
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Figure 41. 10% SDS-PAGE with Coomassie staining, comparison of negative or unmodified 
beads (A) with coupled beads with EB82 (19) (B) and their affinity towards 5-LO (recombinant, 

purified, 0.25 µM). Marker used: All Blue. S: supernatant of the centrifugation after incubation 
with 5-LO, W1: wash step with PBS/EDTA 1 mM, W2: wash step with PBS/EDTA 1 mM and 0.5 
M NaCl, W3: wash step with PBS/EDTA 1 mM, B: beads after boiling at 95°C during 5 min in 
loading buffer 2x.  

After coupling of beads with compound 19 (3 µM), different concentrations of 5-LO 

were tested (0.25, 0.5, 1, 3 and 6 µM). Unspecific binding could be detected 

nevertheless; it was lower in comparison with positive beads (modified with compound 

19). Therefore, the experiment was repeated with the PMNL lysate. Lysates were 

incubated at 4°C with the beads and they were analyzed on a 10% SDS-PAGE. 

Several specific interactions (Figure 42) could be detected and after comparing the 

intensity of the different bands, they were cut off and analyzed after a tryptic digestion 

by MALDI-TOF MS in the group of Professor Karas. However, proteins could not be 

detected due to a high content of lipid membrane.   
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Figure 42. 10% SDS-PAGE stained with Coomassie. 1 x 10
8
 PMNL were lysated and the 

supernatant was incubated with positive beads (19-B) or negative beads (B). Afterwards, beads 
were washed with the same washing steps (W1, W2, W3) and boiled in loading buffer 2x during 
5 min. S: supernatant after lysis and centrifugation, 19-B: proteins that interact with positive 
beads (after boiling in loading buffer 2x), B: proteins that interact with negative beads (after 
boiling in loading buffer 2x), marker used: All Blue.  

6.2 Celecoxib and dimethylcelecoxib pull down assay 

Celecoxib (Celebrex®, Onsenal, Pfizer) and dimethylcelecoxib (DMC) belong to the 

drug family COXIBS, selective COX-2 inhibitors. Whereas celecoxib represents a 

potent COX-2 inhibitor, DMC is not active on COX-2414. Both compounds decreased 

tumor cell viability with IC50 of 73 and 53 µM respectively (A549)415. The mechanism 

has not been yet explained416–421, several hypothesis have been proposed422 and 

therefore pull down experiments have been performed to explain the off-target effect 

observed in these compounds (Figure 43).  

  

Figure 43. DMC and its analogue DMC-OH, Celecoxib and its analogue Cele-OH. 
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The synthesis followed to produce both free ligands and compounds to be coupled was 

already published414 by Penning et al. The first step involved an Claisen condensation 

between acetophenones (19, 24) and 2,2,2-trifluoroacetate (20) using 1.2 eq NaOMe in 

MeOH to obtain  1-(2,5-dimethylphenyl)-4,4,4-trifluorobutane-1,3-dione (21) and 4,4,4-

trifluoro-1-(p-tolyl)butane-1,3-dione (24) in 53% and 54% (Figure 44).  

 

 

Figure 44. Synthesis of DMC, overall yield 18%. 

The next step involved the reaction of the 1,3-dicarbonyl adducts (21 and 24) with 4-

hydrazinylbenzenesulfonamide-HCl (22) to yield the desired 1,5-diarylpyrazole: 4-(5-(p-

tolyl)-3-(trifluoromethyl)-1H-pyrazol-1-yl)benzenesulfonamide (25) in 8% yield after 

separation of isomers and 4-(5-(2,5-dimethylphenyl)-3-(trifluoromethyl)-1H-pyrazol-1-

yl)benzenesulfonamide (23, DMC) in 33% yield (Figure 44 and Figure 45). 

 

Figure 45. Synthesis of celecoxib, overall yield 4%. 
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To synthesize celecoxib and DMC analogues, a similar synthetic approach has been 

used but introducing a -CH2OH moiety to facilitate the coupling to the beads. The first 

step involved a Claisen condensation between acetophenone (19) and 2,2,2-

trifluoroacetate (20) using 1.2 eq NaOMe in MeOH using ultrasound bath to obtain (E)-

1-(2,5-dimethylphenyl)-3-hydroxy-3-methoxyprop-2-en-1-one (27) in 72% yield.  

 

Figure 46. Claisen condensation and 1,5-diarylpyrazole formation (28). 

The 1,3-dicarbonyl adduct reacted with 4-hydrazinylbenzenesulfonamide-HCl (22) to 

yield methyl 5-(2,5-dimethylphenyl)-1-(4-sulfamoylphenyl)-1H-pyrazole-3-carboxylate 

(28) in 53% that underwent reduction with LiAlH4 to obtain the alcohol 4-(5-(2,5-

dimethylphenyl)-3-(hydroxymethyl)-1H-pyrazol-1-yl)benzenesulfonamide (29, Cele-OH) 

in a moderated yield (43%). Cele-OH was synthesized by Andreas Lill (research group 

Professor Stark) using the same procedure. 

 

Figure 47. Reduction of 28 with LiAlH4 to yield (29). 

All synthesized compounds were evaluated using recombinant enzymes: COX-1 and 

COX-2. Figure 48 shows that COX-1 was not inhibited neither by DMC nor by DMC-

OH, the same holds true for COX-2 inhibition, where DMC inhibited COX-2 at 80 µM by 

50.6% inhibition and DMC-OH  by 41% (Figure 49). 
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Figure 48. COX-1 assay was performed by Klaus Deckmann at the Institute for Clinical 
Pharmacology, Uniklinik Frankfurt (Research group: Dr Grösch) using a COX inhibitor screening 
assay kit (Caymann Chemicals) that includes ovine COX-1 and human recombinant COX-2. 
PGF2α and PGE2 were measured by LC-MS/MS and added (n=3, mean ± SEM). SC-560 was 
used as positive

423
 control obtaining 23 ± 16.1 % inhibition at 1 µM.  

 

Figure 49. COX-2 assay was performed by Klaus Deckmann at the Institute for Clinical 
Pharmacology, Uniklinik Frankfurt (Research group: Dr Grösch) using a COX inhibitor screening 
assay kit (Caymann Chemicals) that includes ovine COX-1 and human recombinant COX-2. 
PGF2α and PGE2 were measured by LC-MS/MS and added (n=3, mean ± SEM).  

As expected celecoxib inhibited only COX-2, e.g. at 0.1 µM (30.1% inhibition) and its 

analogue showed a dose-response behavior nevertheless with less potency (Figure 50 

and Figure 51).  
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Figure 50. COX-1 assay was performed by Klaus Deckmann at the Institute for Clinical 

Pharmacology, Uniklinik Frankfurt (Research group: Dr Grösch) using a COX inhibitor screening 
assay kit (Caymann Chemicals) that includes ovine COX-1 and human recombinant COX-2. 
PGF2α and PGE2 were measured by LC-MS/MS and added (n=3, mean ± SEM). SC-560 was 
used as positive

423
 control obtaining 23 ± 16.1 % inhibition at 1 µM. 

 

Figure 51. COX-2 assay was performed by Klaus Deckmann at the Institute for Clinical 

Pharmacology, Uniklinik Frankfurt (Research group: Dr Grösch) using a COX inhibitor screening 
assay kit (Caymann Chemicals) that includes ovine COX-1 and human recombinant COX-2. 
PGF2α and PGE2 were measured by LC-MS/MS and added (n=3, mean ± SEM). SC-560 was 
used as positive

423
 control obtaining 23 ± 16.1 % inhibition at 1 µM. 

The next step was to evaluate the synthesized compounds and their analogues on a 

cell viability assay to confirm that the chemical modification (Figure 43) did not affect 

the biological properties of the compounds.   
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Compounds (celecoxib, Cele-OH, DMC and DMC-OH) were incubated with HeLa cells 

and the cell proliferation in a WST-1 assay was evaluated. DMC was the only 

compound which affected the cell viability of this cell line resulting in an IC50 = 50 µM. 

The time of incubation (24 h) was less than published in the literature and therefore, 

the effect observed with other cell lines is not to be observed in this assay. 

Nevertheless, celecoxib did not show a dose-response behavior in relationship with the 

concentration and therefore this experiment should be repeated in the future. 

 

Figure 52. Cell viability was measured using WST-1 assay (Roche) on HeLa cells, incubation 
time 26h. This experiment was performed by Klaus Deckmann at the Institute for Clinical 
Pharmacology, Uniklinik Frankfurt (Research group: Dr Grösch) (n=3, mean ± SEM). 

Two different experiments were performed with the coupled beads to DMC-OH and 

Cele-OH. In the first experiment, modified beads were placed in a syringe and lysate 

MCF-7 cells (supernatant) was applied to the beads, washed with PBS and proteins 

attached to the beads eluted with free ligands: DMC and celecoxib. Figure 53 and 

Figure 54 show the SDS-PAGE resulted from analyzing all the fractions in both cases. 

Probably due to the poor solubility of celecoxib and DMC, proteins were not eluted. 

Consequently, experimental setup was changed and in the second experiment, to 

prove that DMC-OH and Cele-OH were coupled to the beads, COX-2 should habe 

been detected to confirm the affinity of COX-2 towards the modified beads. 

HeLa cells were stimulated with TNF-α (5 ng/ml) and IL-1β (1 ng/ml) to overexpress 

COX-2 and lysated. Supernatant was applied directly to the beads (Figure 55) or pre-
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incubated with negative beads 1h at 4°C (Figure 56) to eliminate unspecific binding of 

COX -2 to the sepharose (polysaccharide polymer material extracted from seaweed). 

 

Figure 53. 10% SDS-PAGE stained with Coomassie. 7 x 10
7
 MCF-7 were lysated and the 

supernatant applied to the negative and DMC-OH placed in a syringe. After several washing 
steps, proteins were eluted with 500 µL of 2.5 mM DMC. F: flow through, W1, W2, W3: washing 
steps with PBS, E1, E2: elution with DMC (2.5 mM), marker used: All Blue.  
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Figure 54. 10% SDS-PAGE stained with Coomassie. 7 x 10
7
 MCF-7 were lysated and the 

supernatant applied to the negative and Cele-OH placed in a syringe. After several washing 
steps, proteins were eluted with 500 µL of 2.5 mM celecoxib. F: flow through, W1, W2, W3: 
washing steps with PBS, E1, E2: elution with celecoxib (2.5 mM), marker used: All Blue. 

 

Figure 55. Western blot of a 10% SDS-PAGE treated with an anti-COX-2 antibody (Caymann 
Chemicals). HeLa cells (6 x 10

6
 cells) were stimulated with TNF-α (5 ng/ml) and IL-1β (1 ng/ml) 

to overexpress COX-2. Supernatant were incubated at 4°C o/n with DMC-OH and Cele-OH 
beads.  Beads were in 100 µl (2x loading buffer + 10% β-mercaptoethanol) boiled during 5 min 
at 95°C. S: supernatant after centrifugation, W: washing step with PBS, B: beads. In blue: 
beads coupled to DMC-OH in red: beads coupled to Cele-OH. 
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Figure 56. Western blot of a 10% SDS-PAGE treated with an anti-COX-2 antibody (Caymann 
Chemicals). HeLa cells (6 x 10

6
 cells) were stimulated with TNF-α (5 ng/ml) and IL-1β (1 ng/ml) 

to overexpress COX-2. Supernatants were incubated in negative beads during 1h at 4°C prior to 
incubation at 4°C o/n with DMC-OH and Cele-OH beads. Beads were in 100 µl (2x loading 
buffer + 10% β-mercaptoethanol) boiled during 5 min at 95°C. S: supernatant after 
centrifugation, W: washing step with PBS, B: beads. In blue: beads coupled to DMC-OH in red: 
beads coupled to Cele-OH. 
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Supernatant, the fraction resulting from washing and the unmodified and modified 

beads were separated on a 10% SDS-PAGE and transferred to a nitrocellulose 

membrane to detect via Western Blott COX-2, using a monoclonal anti-COX-2 

antibody. COX-2 could not be detected in the supernatant or the first washing step of 

Cele-OH and as expected of DMC-OH (DMC is not active on COX-2 and therefore it 

should not show affinity towards the enzyme) and that meant that the beads were not 

efficiently modified with the compounds. This could probably due to a problem with the 

pH of the coupling method or the lower reactivity of the –CH2OH alcohol with the 

epoxide group on epoxide sepharose beads. This problem could be solved by 

changing the linker by a amine (-CH2NH2) or thiol (-CH2SH) or by changing the 

coupling conditions. 

7. Synthesis of ceramide metabolism modulators 

The only available inhibitors or modulators of ceramide metabolism are often lipidic 

structures containing one or two C18 alkylic moiety linked via a 2-aminobutane-1,3-diol 

moiety. The main strategy to produce ceramide metabolism modulators is to mimic the 

structural group, found in all main sphingolipids, and link it to a lengthy alkyl chain. The 

resulted structure is often difficult to be synthesized (several stereocenters) and 

possess poor pharmacological properties regarding Lipinski’s rule of 5424: high 

lipophilicity. Therefore, pharmacological tools are needed to regulate abnormal tumour 

growth. The main idea of this work was to design a novel synthesis route to produce 

ceramide metabolism modulators that possess adequate “drug like” properties such as 

solubility, metabolic stability and, on the top of that, easy chemical accessibility.  All 

compounds share structural similarities: a 3-aminopropane-1,2-diol that mimics the 

central core of ceramide (Figure 57). 

 

Figure 57. Simplification of the structure to produce “drug like” modulators of ceramide 
metabolism. 



Results and discussion 

 

81 

 

Synthesis started with the production of the key intermediate: (2,2-dimethyl-1,3-

dioxolan-4-yl)methanamine (32k, the main chemical structure that mimics the sphingoid 

base. In this chapter, the synthesis and in vitro evaluation of compounds EB72 (35) 

and EB143 (38) is presented.  

EB72 (35) (1-(4-chlorophenyl)-3-(2,3-dihydroxypropyl)urea) is a derivative synthesized 

in two steps: the first step involves (Figure 58) a reaction among the main building 

block 32 (obtained via a p-TsOH catalyzed reaction between 3-amino-1,2-propandiol 

(30) and 2,2-dimethoxypropane (31)) and 4-chlorophenylisocyanate (33) obtaining 1-

(4-chlorophenyl)-3-((2,2-dimethyl-1,3-dioxolan-4-yl)methyl)urea (34) which underwent 

hydrolysis yielding the desired 1,2-diol: 1-(4-chlorophenyl)-3-(2,3-dihydroxypropyl)urea, 

EB72, 38  (overall yield 61%). 

 

 

Figure 58. Synthesis of EB72 (35) ((1-(4-chlorophenyl)-3-(2,3-dihydroxypropyl)urea). 

Compound 35, was evaluated in an in vitro assay to measure the ceramide synthase 

activity: the microsomal fraction of HCT-116 as well cell lysates of HCT-116 cells, 

which overexpress CerS2, CerS4 or CerS6 were isolated. Palmitoyl-CoA, steraryl-CoA, 

nervonyl-CoA or lignoceryl-CoA were used for the assay (Figure 59). The inhibitors 

were incubated for 10 min at 37ºC and the reaction started with different acyl-CoAs and 

afterwards the sphingolipids were analyzed by LC-MS/MS. For the in vitro cell viability 

                                                 

k
 The synthesis was performed according to Abbott Laboratories (WO2008/76356 A1, 2008). 
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assay, HeLa (cervical cancer), a WST-1 assay was used to determine the viability and 

proliferation rate of the cells after 48 h incubation with the inhibitor (Figure 60).   

 

Figure 59. For quantitation of sphingolipids, HCT-116 cells were stimulated with 10 ng/ml TGF-

. The cells were harvested and the sphingolipids were extracted via liquid-liquid extraction with 
methanol as described previously

422
 and analyzed by LC-MS/MS (n=3, ± SEM).

l
 

                                                 

l
 Ceramide levels were measured by Sina Fuchs at the Institute for Clinical Pharmacology, 
Uniklinik Frankfurt (Research group: Dr Grösch) (n=3, mean ± SEM). 
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Figure 60. Cell viability was measured using WST-1 assay (Roche) on HeLa cells, incubation 

time 48h. This experiment was performed by Dr Astrid Khant at the Pharmaceutical Chemistry 
department, Goethe University (Research group: Professor Steinhilber) (n=3, mean ± SEM). 
Positive control used: Rev5901

425
.  

 

EB72 (35) did not affect the cell viability of HeLa cells, but it was tested in the ceramide 

synthase assay to evaluate its possible effect on ceramide metabolism. Neither of the 

sphingolipids levels were affected by the inhibitor showing that a bigger and more 

lipophilic structure is needed. In the case of cell viability, the structure is possibly to 

hydrophilic to enter inside the cells, and therefore cannot reach the apoptosis 

machinery. 

Second compound synthesized is less hydrophilic and thus should be able to enter into 

the cell membrane. The synthesis (Figure 61) of EB143, 38 (3-((3-methoxy-4-((4-

(trifluoromethyl)benzyl)oxy)benzyl)amino)propane-1,2-diol) involves three steps which 

were: firstly 3-methoxy-4-((4-trifluoromethyl)benzyl)oxy)benzaldehyde (RC3, 36) was 

produced following a typical ether synthesis with 1-(bromomethyl)-4-

(trifluoromethyl)benzene and vanillinem followed by reductive amination of the main 

                                                 

m
 Synthesis of compound 36 was done by Roberto Carrasco Gómez at the group of Professor 

Schubert-Zsilavezc, Pharmaceutical Chemistry department, Goethe University, Frankfurt am 
Main. 
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building block 32 with the latter in 82% yield. The obtained product underwent 

hydrolysis yielding EB143, 38 (36% overall yield). 

 

Figure 61. Synthesis of EB 143, 38 (3-((3-methoxy-4-((4-(trifluoromethyl)benzyl)oxy)benzyl)ami-
no)propane-1,2-diol). 

After synthesising compound 38, it was evaluated in vitro in two different assays: a cell-

based assay using HCT-116 cells (colorectal carcinoma) (Figure 63), cells were 

incubated with the inhibitors over various period of time. The sphingolipids were 

extracted with methanol and determined by liquid chromatography coupled to tandem 

mass spectrometry (LC-MS/MS) analysis (C16:0-dhCer, C18:0-dhCer, C24:0-dhCer, C24:1-

dhCer and Sph). The second assay (Figure 62) was used to measure the ceramide 

synthase activity. The inhibitors were incubated for 10 min at 37ºC and the reaction 

started with different acyl-CoAs and afterwards the sphingolipids were analyzed by LC-

MS/MS. For the in vitro cell viability assay, HeLa (cervical cancer), a WST-1 was used 

to determine the viability and proliferation rate of the cells after 48 h incubation with the 

inhibitor (64).   

SL levels of most all SL were affected by the inhibitor 38 specially dhCer16:0 and 

dhCer24:1 but not dhCer18:0 or dhCer24:0. Ceramide levels are increased and not 

decreased (inhibition), this pointed out a possible cytoxicity of compound 38 which 

increased levels in a dose-response manner. Compound 38 is not a ceramide synthase 

inhibitor and affected the cell viability of cells HCT-116 and HeLa (EC50 =50 µM) 

(Figure 64). In a cell-based assay the x-fold increase is lower but did not follow a dose-

response manner, confirming that EB143, 38 is a cytotoxic compound that does not 

inhibit ceramide synthase or affect ceramide metabolism but in an apoptotic 

mechanism. Further chemical modifications should be taken into consideration to 
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modulate this effect. These compounds may target other ceramide metabolism 

enzymes. 

 

 

Figure 62. In vitro ceramide synthase assay. HCT-116 cells were lysated and 100 µg protein 
incubated with (15 µM sphinganine, 50 µM acyl-CoA in 20 mM HEPES and 2 mM MgCl2 (pH 
7.4). Palmitoyl-CoA was used for the assay. The products were measured using LC-MS/MS 
(n=3, ± SEM). 
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Figure 63. For quantitation of sphingolipids, HCT-116 cells were stimulated with 10 ng/ml TGF-

. The cells were harvested and the sphingolipids were extracted via liquid-liquid extraction with 
methanol as described previously

422
 and analyzed by LC-MS/MS (n=3, ± SEM). 

 

 

Figure 64. Cell viability was measured using WST-1 assay (Roche) on HeLa cells, incubation 
time 48h. (n=3, mean ± SEM). 
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8. Evaluation of 5-LO inhibitors on ceramide metabolism 

It has been suggested that COX and LO inhibitors may be cancer-preventive not only 

by inhibiting specific antiapoptotic AA metabolites but also by facilitating accumulation 

of AA which promotes neutral SMase activity and increases the proapoptotic 

ceramide36. In this chapter several 5-LO inhibitors, two synthesized (5-LO inhibibitor 1 

and 5-LO inhibitor 2, Figure 65) and zileuton were tested on several cancer cell lines 

(A459, Capan-2, MCF-7) and ceramide levels were measured.  

 

Figure 65. 5-LO inhibitor 1 (4-(3-(cyclohexylamino)-6-fluoroimidazo[1,2-a]pyridin-2-yl)-2-

methoxyphenol) and 5-LO inhibitor 2 (4-(5-chloro-3-(cyclohexylamino)imidazo[1,2-a]pyridin-2-
yl)-2-methoxyphenol). 

EB143, and celecoxib were used as substance control because they have been 

previously characterized422. The first experiment was to measure the level of all 

ceramide and compare them with vehicle (DMSO) (Figure 66). Different cells lines 

were incubated with the inhibitors over 4h. The sphingolipids were extracted n with 

methanol and determined by liquid chromatography coupled to tandem mass 

spectrometry (LC-MS/MS) analysis (C16:0-Cer, C18:0-Cer, C24:0-Cer, C24:1-Cer)331.  

                                                 

n
 Ceramide levels were measured by Daniela Hartmann at the Institute for Clinical 

Pharmacology, Uniklinik Frankfurt (Research group: Dr Grösch) (n=2, mean ± SEM).  
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Figure 66. For quantitation of sphingolipids, A549 were incubated with EB143, 5-LO inhibitor 1, 

5-LO inhibitor 2, celecoxib, Zileuton at 50 µM during 4h. The cells were harvested and the 
sphingolipids were extracted via liquid-liquid extraction with methanol as described previously

422
 

and analyzed by LC-MS/MS (n=3, ± SEM). 

 

Figure 67. For quantitation of sphingolipids, MCF-7 were incubated with EB143, 5-LO inhibitor 
1, 5-LO inhibitor 2, celecoxib, Zileuton at 50 µM during 4h. The cells were harvested and the 
sphingolipids were extracted via liquid-liquid extraction with methanol as described previously

422
 

and analyzed by LC-MS/MS (n=3, ± SEM). 
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Figure 68. For quantitation of sphingolipids, Capan-2 were incubated with EB143, 5-LO inhibitor 
1, 5-LO inhibitor 2, celecoxib, Zileuton at 50 µM during 4h. The cells were harvested and the 
sphingolipids were extracted via liquid-liquid extraction with methanol as described previously

422
 

and analyzed by LC-MS/MS (n=3, ± SEM). 

In all cases, EB143 (38) affected the ceramide levels by increasing them in all cancer 

cell lines and confirming its cytotoxic profile (Figure 66-Figure 68). Celecoxib 

significantly increased the total ceramide levels, which had been already published by 

several research groups422,426,427. These two compounds served as positive controls. 

Regarding 5-LO inhibitors, they exhibited different behavior: 5-LO inhibitor 1, increased 

total ceramide levels on MCF-7, A549 but decreased on Capan-2. 5-LO inhibitor 2, 

increased in all cases ceramide levels but on Capan-2 cells. Zileuton increased 

ceramide levels moderately on MCF-7, significantly on A549 and decreased on Capan-

2.  

In order to distinguish between a cytotoxic effect of the compounds or a direct 

interaction with ceramide biosynthesis, which already occurred with inhibitor EB143, 

cell viability of the different compounds, was assessed in two different concentrations 

on all tested cancer cell lines (10 and 100 µM). Cytotoxicity profile of EB143 was again 

confirmed (Figure 69-Figure 71) and 5-LO inhibitors (1 and 2) affected the cell viability 

of Capan-2 and MCF-7 cell lines but not in the case of A549. Zileuton was only slightly 

cytotoxic when using Capan-2 cells, this might be due to the low rate of division of 

Capan-2 cells (more than 72h).  
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Figure 69. Cell viability was measured using WST-1 assay (Roche) on A549 cells, incubation 

time 48h. (n=3, mean ± SEM). Rev5901 was used as a positive control. 

 

Figure 70. Cell viability was measured using WST-1 assay (Roche) on MCF-7 cells, incubation 

time 48h. (n=3, mean ± SEM). Rev5901 was used as a positive control. 
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Figure 71. Cell viability was measured using WST-1 assay (Roche) on Capan-2 cells, 

incubation time 48h. (n=3, mean ± SEM). Rev5901 was used as a positive control. 

Due to the fact that Capan-2 does not express 5-LO they were discarded for further 

investigations (Table 5). After analyzing this results, A549 were selected to work with 

and try to prove the hypothesis postulated by Omahen363. In the next experiment A549 

cells were incubated 4h with 5-LO inhibitors and their sphingolipids levels were 

measured after extraction and LC-MS/MS analysis.  

Table 5. Enzyme expression on different used cancer cell lines. 

 
Capan-2 MCF-7 A549 

5-LO - + + 

COX-1 + + + 

COX-2 + + + 

5-LO inhibitor 1 and 5-LO selectively increased Cer-C24:0 levels compared to control 

(Figure 72 and Figure 73), this ceramide has been proposed as prosurvival 

sphingolipid.  
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Figure 72. For quantitation of sphingolipids, A549 were incubated with 5-LO inhibitor 1 at 50 µM 

during 4h. The cells were harvested and the sphingolipids were extracted via liquid-liquid 
extraction with methanol as described previously

422
 and analyzed by LC-MS/MS (n=2, ± SEM). 

 

Figure 73. For quantitation of sphingolipids, A549 were incubated with 5-LO inhibitor 2 at 50 µM 
during 4h. The cells were harvested and the sphingolipids were extracted via liquid-liquid 
extraction with methanol as described previously

422
 and analyzed by LC-MS/MS (n=2, ± SEM). 

Zileuton increased Cer-C16:0 and Cer24:1 levels, but decreased Cer-C24:0 (Figure 74). 

The balance between C16:0 and C24:0/C24:1 ceramides is important for induction of 

apoptosis is several cancer cell lines and therefore zileuton acts as 5-LO inhibitor that 

increases AA levels which could lead to increase of ceramide and therefore apoptosis. 

The observed increase of Cer-C16:0 may be a consequence of induction of the key 

enzymes of the sphingolipids pathway CerS and/or SPT. mRNA and protein expression 

of CerS and SPT in A549 cells after zileuton treatment should be investigated in order 

to confirm this hypothesis.  
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Figure 74. For quantitation of sphingolipids, A549 were incubated with zileuton at 50 µM during 

4h. The cells were harvested and the sphingolipids were extracted via liquid-liquid extraction 
with methanol as described previously

422
 and analyzed by LC-MS/MS (n=2, ± SEM). 

Ceramides are either synthesized via salvage pathway or de novo synthesis. For this 

purpose, an inhibitor of SPT transferase was used (myoricin, 150 nM) which only 

blocks the de novo synthesis. Amitryptiline and desipramine induce the degradation of 

the acid SMase and the down-regulation of acid ceramidase428 leading to a partial 

inhibition of the salvage pathway. A549 cells were incubated with 5-LO inhibitors in the 

presence of absence of myriocin (150 nM), amitryptiline (20 µM) and desipramine (20 

µM). Regarding 5-LO inhibitor 1, myoricin alone is able to reduce C24:0 levels below the 

control, a similar effect occurred when incubation the cell with 5-LO inhibitor 1 and 

myriocin. On the contrary, treatment of 5-LO inhibitor 1 together with either amitryptiline 

or desipramine led to an increase in ceramide levels. This last result should not be 

taken into consideration (Figure 75). Inconsistent results were obtained when repeating 

the same experiment with 5-LO inhibitor 2 (Figure 76). A selective increase on C24:0 

could not be observed.  
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Figure 75. Cer-C24:0 levels.  For quantitation of sphingolipids, A549 were incubated with 5-LO 

inhibitor 1 at 50 µM with/without myoricin 150 nM, amitryptiline 20 µM and despramine 20 µM 
during 4h. The cells were harvested and the sphingolipids were extracted via liquid-liquid 
extraction with methanol as described previously and analyzed by LC-MS/MS (n=2, ± SEM). 

 

Figure 76. Cer-C24:0 levels. For quantitation of sphingolipids, A549 were incubated with 5-LO 
inhibitor 2 at 50 µM with/without myoricin 150 nM, amitryptiline 20 µM and despramine 20 µM 
during 4h. The cells were harvested and the sphingolipids were extracted via liquid-liquid 
extraction with methanol as described previously and analyzed by LC-MS/MS (n=2, ± SEM). 
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Regarding zileuton, myoricin alone is able to reduce C24:1 levels below the control, a 

similar effect occurred when incubation the cell with zileuton and myriocin. Moreover, 

treatment of zileuton together with either amitryptiline or desipramine led to a decrease 

in Cer-C24:1 levels but the inhibition was not complete indicating that probably the de 

novo pathway has an important role (Figure 77). A similar behavior was observed with 

Cer-C16:0 levels (Figure 78).  

 

Figure 77. Cer-C24:1 levels. For quantitation of sphingolipids, A549 were incubated with zileuton 

at 50 µM with/without myoricin 150 nM, amitryptiline 20 µM and despramine 20 µM during 4h. 
The cells were harvested and the sphingolipids were extracted via liquid-liquid extraction with 
methanol as described previously and analyzed by LC-MS/MS (n=2, ± SEM). 

 

Figure 78. Cer-C16:0 levels. For quantitation of sphingolipids, A549 were incubated with zileuton 

at 50 µM with/without myoricin 150 nM, amitryptiline 20 µM and despramine 20 µM during 4h. 
The cells were harvested and the sphingolipids were extracted via liquid-liquid extraction with 
methanol as described previously and analyzed by LC-MS/MS (n=2, ± SEM). 
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Summary 

Lipid mediators have been referred as bioactive lipids, whose change in lipid levels 

resulted in functional or pathophysiological consequences. They are in the focus of 

biological research, nevertheless this is a late recognition due to the many difficulties of 

working with bioactive lipids due to their properties: hydrophobic, unstable and they 

occur in only in small quantities. Liquid chromatography and mass spectrometry have 

facilitated the work with them. Especially in this field, cardiovascular diseases and 

inflammatory mediated diseases and cancer are pathophysiological events where LMs 

are deregulated. Additionally, if the modulation of one LM pathway is not sufficient to 

overcome a disease, the combination of targeting two or more pathways could be 

effective. Needless to say, lipid signaling cascades are complicated pathways and 

possible shunting into other pathways when inhibiting or genetically deleting enzymes 

should be taken into consideration.  

The first part of this work has focused on enzymes that metabolize eicosanoids, like 

mPGES-1 and 5-LO. mPGES-1 is an important enzyme metabolizing PGH2 and one of 

the key players of the AA cascade. Its product, PGE2 plays an important role in 

different inflammatory processes. Inhibition of the mPGES-1 might be a promising step 

to circumvent COX dependent side effects of NSAIDs. The class of quinazoline 

compounds around the lead structure FR20 has been investigated on isolated human 

and murine enzyme, in HeLa cells and in different human whole blood (HWB) settings 

to establish the possible effects of these compounds on eicosanoid profiling. Novel 

compounds with inhibitory activities in the submicromolar range (IC50: 0.13 µM - 0.37 

µM on isolated enzyme) were obtained which were also effective in cells and HWB. 

Furthermore, pharmacological profiling of toxicity and lipid screening with LC/MS-MS 

revealed that compounds also reduce PGE2 levels in intact cells and whole blood; they 

do not impair cell viability but lack the ability to inhibit the murine mPGES-1 enzyme. 

This problem could be overcome by means of chemical synthesis varying the scaffold 

(quinoline, quinazoline) or introducing biosteric replacement in the phenyl moieties.     

5-LO is a relevant enzyme that plays an important role in eicosanoid signaling in 

particular in leukotriene biosynthesis. Leukotrienes are involved in asthma, allergic 

rhinitis, glomerulonephritis, rheumatoid arthritis, sepsis, cancer and atherosclerosis. 

Moreover, genetic variants in the genes of the 5-LO pathway have been associated 

with the risk of development of acute myocardial infarction and stroke. Eicosanoids are 
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increased in infectious exacerbations of chronic obstructive pulmonary disease 

(COPD). They are also elevated in the airways of stable COPD patients compared to 

healthy subjects. Therefore, 5-LO has attired the scientific community as a possible 

therapeutic target to treat the several disease conditions listed before. In this study an 

extensive evaluation of imidazo[1,2-a]pyridines as a suitable lead structure for novel 5-

LO targeting compounds was presented Within the three publications, 5-LO inhibitory 

activity of synthesized compounds was investigated in intact PMNL, a cell-free assay, 

in human whole blood and rodent cells to both elucidate structure-activity relationships 

and compounds were in vitro pharmacological evaluated. Chemical modifications for 

lead optimization via straight forward synthesis were used to combine small polar 

groups (hydroxy, and methoxy groups) which led to a suitable candidate with desired in 

vitro pharmacokinetic profile in terms of solubility and intrinsic clearance without 

showing any cytotoxicity. More than 70 imidazo[1,2-a]pyridine derivatives have been 

synthesized, resulting in more than 50 active compounds. Although it was not possible 

to introduce a solubility group without impairing the 5-LO inhibitory activity, combination 

of small polar groups lead to a more favorable solubility and in vitro metabolic stability. 

Overall, the development of 5-LO inhibitors with high efficacy and selectivity in vivo will 

provide a possible treatment for patients having one of the diseases where leukotriene 

biosynthesis plays an important role. 

Other types of 5-LO inhibitors have been synthesized during this work, NO-NSAIDs 

can be postulated as novel 5-LO inhibitors that could circumvent the undesired side-

effects of inhibiting COX isoforms (ulcer perforation, gastrointestinal bleeding and in 

some cases death). It is suggested that NO group is released in situ or after 

compounds are metabolized. NO-NSAIDs maintain the same anti-inflammatory 

properties by inhibiting 5-LO in clinical relevant concentrations. NO-NSAIDs are 

currently under clinical trial for the treatment of diseases where inflammation plays an 

important role. Synthesis of NO-NSAIDs is straightforward and can be applied for most 

NSAIDs recently published. Among them, the most promising candidate is NO-sulindac 

that was able to inhibit 5-LO product formation in intact PMNL, purified 5-LO and HWB 

in micromolar concentration. Additional experiments regarding their mechanism are 

currently being performed.  

The present study could show that dual inhibitors are an interesting approach that is 

practicable. It has been used in the recent years to overcome side-effects and diseases 

concerning more pathophysiological conditions. MetS is an example of a conjunction of 
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symptoms:  hyperglycemia, hypertriglyceridemia, hypertension and obesity. Due to its 

complex nature, the current treatment strategies of MetS require multiple 

pharmacological compounds regulating lipid and glucose homeostasis as well as blood 

pressure and coagulation. This study describes the first synthesis of dual sEH/PPAR 

modulators as potential agents for treatment of MetS. Following a combinatorial 

approach, an acidic head group known as a pharmacophore important for PPARα/γ 

dual agonistic activity was combined with different hydrophobic urea derivatives in 

order to introduce an epoxide mimetic (sEH pharmacophore). The resulting compounds 

yielded high inhibition of sEH and different patterns of PPAR agonistic activity. This 

study demonstrates that the pharmacophores of PPAR agonists and sEH inhibitors can 

be easily combined, resulting in a simplified blueprint of a dual sEH/PPAR modulator. 

Further in vivo pharmacological evaluation studies are needed in order to evaluate, 

which pattern of PPAR activation shows the most promising profile for treatment of 

metabolic syndrome. 

Another example of dual pharmacology has been presented in this work. Natural 

products derived compounds were able to target sEH and exhibit promising 

antiproliferative properties. The principle of addressing multiple targets by natural 

products can be transferred to synthetic multi-target ligands. In conclusion, several  

(E)-styryl-1H-benzo[d]imidazoles were synthesized and evaluated on recombinant sEH 

after an initial hit (IPS) that lead to potent sEH inhibitors exhibiting antiproliferative 

activities. Following the natural product-inspired design, the desired biological activity 

from a bacterial secondary metabolite has been enhanced and transferred to a 

synthetic compound series. The resulting compounds were accessible via an easy 

synthetic route and offered a possibility to investigate the structure-activity 

relationships. The natural product inspired drug design extends the valuable role of 

natural products as drugs and drug precursors to templates for fully synthetic bioactive 

molecules. Simplification of natural products by means of chemical synthesis could 

lead to an interesting field in the treatment of cancer. 

Affinity chromatography has been used to unravel unknown- and off-target effects 

which either contribute to the biological effect of the inhibitor or that counteract or lead 

to undesired side-effects. During this PhD work, two main projects related to this 

technique have been established. In the first one, related to an imidazo[1,2-a]pyridine 

inhibitor (EP6), it has been shown that epoxide-sepharose is a reliable material in order 

to couple compounds bearing an alcohol. Coupling of an analogue of EP6 to the 
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sepharose has been accomplished and affinity towards 5-LO was demonstrated. The 

challenging step is to discern from unspecific protein binders and analysis via SDS-

PAGE separation and mass spectrometry. Further experiments using other cell types 

or improving SDS-PAGE analysis (e.g. 2D gel analysis) should be useful to unravel 

EP6 off-target effect. During the second project related to off-target effects of celecoxib 

and DMC, the main problem was the coupling of the functional group to the sepharose. 

Affinity towards COX-2 could not be demonstrated pointing out the inefficient coupling 

method. Higher pH values during coupling reaction should be tested in further 

experiments. Nevertheless, affinity chromatography is a useful technique to unravel 

cellular mechanisms.   

Sphingolipid metabolism is also a recent area that attired the attention of cancer 

researchers, due to their important roles in cell proliferation and apoptosis. Ceramide 

metabolism inhibitors were synthesized and evaluated on different assay systems in 

order to assess their efficacy on several cancer lines. Remarkably, 2,2-dimethyl-1,3-

dioxolan-4-yl)methanamine (32) was a useful scaffold to mimic the sphingoid base. 

This key intermediate was used to produce ceramide analogues that could enter the 

cell and target apoptosis machinery. EB143 (38) increased ceramide levels in an in 

vitro ceramide synthase assay in a dose-response manner meaning that ceramide 

synthase was not inhibited but the ceramide de novo synthesis was activated. This 

effect was due to the fact that EB143 is a cytotoxic compound with an interesting 

antiproliferative profile. Further chemical modifications should be carried out to 

modulate this effect.  

COX and LO inhibitors are cancer-preventive not only by inhibiting specific 

antiapoptotic AA metabolites but also by facilitating accumulation of AA which 

promotes neutral SMase activity and increases the proapoptotic ceramide. Several 5-

LO inhibitors have been evaluated on several cancer lines and sphingolipid levels were 

measured in order to obtain a relationship. A549, Capan-2 and MCF-7 cells line were 

incubated with synthetic 5-LO inhibitors and zileuton.  Compounds were cytotoxic to all 

cancer cell lines except from A549. Needless to say, zileuton did not exhibit a cytotoxic 

profile. Synthetic 5-LO inhibitors were able to modify ceramide levels but were useless 

when coincubating with sphingolipid metabolism inhibitors (myoricin, amitryptiline etc.) 

and inconsistent results were obtained. On the contrary, zileuton selectively increased 

Cer-C16 levels and in less extend Cer-C24:1. When using a SPT inhibitor (myoricin) alone 

was able to reduce C24:1 and Cer-C16:0 levels below the control, a similar effect occurred 
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when incubation the cells with zileuton and myriocin. Interestingly, treatment of zileuton 

together with either amitryptiline or desipramine led to a decrease in Cer-C24:1 and 

levels Cer-C16:0 but the inhibition was not complete indicating that probably the de novo 

pathway has an important role. Further investigations on mRNA level should be carried 

out in order to discern which CerS is activated. 

The main objective of the present thesis was the synthesis of lipid signaling modulators 

and their evaluation in vitro as therapeutic strategy to overcome pathophysiological 

conditions (cancer, metabolic syndrome, etc). It has been accomplished on many 

relevant targets like 5-LO, mPGES-1, sEH and PPAR and these lipid signaling 

modulators could be used in the treatment of diseases conditions where lipid mediators 

play an important role. 
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Zusammenfassung 

Lipidmodulatoren (LMs) sind wichtige Mediatoren von physiologischen und 

pathophysiologischen Vorgängen. Die physikochemischen Eigenschaften bioaktiver 

Lipide erschweren ihre Erforschung, allerdings hat der Fortschritt auf den Gebieten der 

Flüssigkeitschromatographie und Massenspektrometrie die Analytik der LMs und damit 

auch die Aufklärung ihrer Rolle in pathophysiologischen Vorgängen ermöglicht. Zu 

diesen zählen kardiovaskuläre Erkrankungen, Entzündungsprozesse und  

Krebs - pathophysiologische Abläufe, bei denen Lipidmodulatoren dysreguliert sein 

können. 

Der erste Teil dieser Arbeit beschäftigte sich mit Enzymen, die Arachidonsäure und 

ihre Metabolite umwandeln. Die mPGES-1 ist ein wichtiges Enzym der 

Arachidonsäurekaskade und sein Produkt, Prostaglandin E2 (PGE2) spielt eine wichtige 

Rolle bei verschiedenen Entzündungsprozessen. Inhibition der mPGES-1 könnte ein 

vielversprechender Schritt sein, die COX-abhängigen Nebenwirkungen von NSAIDs 

(Perforation von Darmgeschwüren sowie gastrointestinale Blutungen) zu umgehen. 

Eine Klasse von Quinazolin-Verbindungen rund um die Leitstruktur FR20 wurde an 

isoliertem menschlichen und murinen Enzym, in HeLa Zellen sowie unter 

verschiedenen Bedingungen im menschlichem Vollblut untersucht, um die möglichen 

Wirkungen der Verbindungen auf das Eicosanoid-Profil zu ermitteln. Neuartige 

Substanzen mit inhibitorischem Potential im submikromolaren Bereich (IC50: 0.13 µM - 

0.37 µM an isoliertem Enzym) wurden synthetisiert, die ebenfalls in Zellen sowie im 

Vollblut aktiv waren. Weiterhin zeigten das pharmakologische Profiling der Toxizität 

und ein Lipid Screening mittels LC/MS-MS, dass die Substanzen ebenfalls den PGE2 

Spiegel in intakten Zellen sowie im Vollblut senken können und gut zellgängig sind, 

allerdings nicht in der Lage sind die murine mPGES-1 zu inhibieren. Dieses Problem 

könnte durch die Variation des Grundgerüsts (Quinolin oder Quinazolin) oder durch 

Einführung bioisoteren Ersatzes der Phenylgruppe gelöst werden.  

Neben der mPGES-1 spielt das Enzym 5-lipoxygenase (5-LO) ebenfalls eine wichtige 

Rolle in der Eicosanoid-Signaltransduktion, speziell bei der Leukotrien-Biosynthese. 

Leukotriene sind an der Entstehung von Asthma, allergischer Rhinitis, 

Glomerulonephritis, rheumatoider Arthritis, Sepsis, Krebs und Atherosklerose beteiligt. 

Weiterhin wurden Varianten in den Genen des 5-LO Signalweges mit einem Risiko zur 

Entwicklung eines akuten Myokardinfarkts oder Schlaganfalls verbunden. Erhöhte 
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Eicosanoidspiegel zeigen sich bei infektiösen Verschlimmerungen der chronisch 

obstruktiven Lungenerkrankung (COPD). Auch bei stabilen COPD-Patienten sind die 

Eicosanoidspiegel höher als bei gesunden Menschen. Aus diesen Gründen ist die  

5-LO ein interessantes Target für Therapieansätze bezüglich der eben genannten 

Krankheiten. 

In drei Publikationen wurde die Inhibition der 5-LO an intakten PMNLs, einem zell-

freien Assay, in menschlichem Vollblut (HWB) und in Nagerzellen untersucht, um 

Struktur-Aktivitätsbeziehungen aufzuklären und sie pharmakologisch in vitro zu 

evaluieren. Chemische Modifikationen zur Optimierung der Leitstruktur wurden mittels 

organischer Synthese eingeführt. Die Kopplung kleiner, polarer Gruppen (Hydroxyl- 

und Methoxy-Gruppen) brachte Verbindungen hervor, welche das gewünschte 

pharmalogische Profil hinsichtlich ihrer Löslichkeit, der intrinsischen Clearance und der 

Zytotoxizität aufwiesen. Die vorliegende Arbeit zeigt eine umfassende Evaluierung der 

Imidazo[1,2-a]pyridin als Leitstruktur neuartiger 5-LO-Inhibitoren. Über 70 Imidazo[1,2-

a]pyridin-Derivate wurden synthetisiert, von denen mehr als 50 die 5-LO inhibierten. 

Obwohl es nicht möglich war, eine löslichkeitsfördernde Gruppe einzuführen ohne das 

Inhibitionspotential zu senken, gelang es doch durch die Kombination von kleinen, 

polaren Gruppen die Löslichkeit sowie die metabolische Stabilität in vitro zu 

verbessern. Die Entwicklung neuer 5-LO-Inhibitoren mit hoher Wirksamkeit und 

Selektivität in vivo bietet einen vielversprechenden Ansatz zur Behandlung von 

Patienten mit Krankheiten, bei denen die Leukotrien-Biosynthese eine Rolle spielt.  

Im Rahmen dieser Arbeit wurden weiterhin NO-NSAIDs synthetisiert, die ebenfalls die 

5-LO inhibieren, ohne die unerwünschten Nebenwirkungen durch Inhibition der COX-

Isoformen hervorzurufen. Es wurde postuliert, dass nach der Metabolisierung der 

Verbindungen die NO-Gruppe in situ freigesetzt wird. NO-NSAIDs weisen anti-

entzündliche Eigenschaften auf indem sie in klinisch relevanten Konzentrationen die  

5-LO inhibieren. Momentan befinden sie sich in klinischen Studien zur Behandlung von 

Krankheiten, die mit Entzündungsprozessen verbunden sind. Die Synthese der  

NO-NSAIDs ist unkompliziert und kann für die meisten bekannten NSAIDs 

durchgeführt werden. Von den synthetisierten Verbindungen ist NO-Sulindac am 

aussichtsreichsten, da es in mikromolaren Konzentrationen die 5-LO-Produktbildung 

sowohl in intakten PMNL, als auch bei rekombinanter 5-LO und im Vollblut inhibierte. 

Zusätzliche Experimente bezüglich des Wirkmechanismus werden momentan 
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durchgeführt. Weiterhin soll die Wirksamkeit von NO-Sulindac in Entzündungsmodellen 

in vivo bestätigt werden.  

Eine weitere Studie konnte zeigen, dass duales Targeting ein interessanter und 

praktikabler Ansatz ist, der in den letzten Jahren verwendet wurde, um 

Nebenwirkungen zu vermindern und Krankheiten zu therapieren, die mehrere 

pathophysiologische Faktoren betreffen. Das Metabolische Syndrom (MetS) ist ein 

Beispiel für das parallele Auftreten der folgenden Symptome: Hyperglykämie, 

Hypertriglyzeridämie, Bluthochdruck und Fettleibigkeit. Aufgrund dieser Komplexität 

erfordert die aktuelle Behandlungsstrategie des MetS eine Gabe mehrerer Wirkstoffe 

zur Regulierung der Lipid- und Glukose-Homöostase, sowie zur Regulierung des 

Blutdrucks und der Blutgerinnung. Diese Studie beschreibt die erste Synthese von 

dualen sEH/PPAR Modulatoren als mögliche Wirkstoffe zur Behandlung des MetS. 

Einem kombinatorischen Ansatz entsprechend wurde eine azide Kopfgruppe 

(Pharmakophor von PPARα/γ dual Agonisten) mit verschiedenen hydrophoben 

Harnstoffen kombiniert, die als Epoxid-Mimetikum dienen (Pharmakophor der sEH). 

Die synthetisierten Verbindungen zeigten starke Inhibition der sEH und 

unterschiedliche Muster bei der agonistischen Aktivität an PPAR. Es konnte gezeigt 

werden, dass die Pharmakophore von PPAR-Agonisten und sEH-Inhibitoren leicht 

kombiniert werden konnten, um ein vereinfachtes Modell für duale sEH/PPAR 

Modulatoren zu erhalten. Allerdings sind weitere in vivo Studien nötig, um heraus zu 

finden, welches PPAR Aktivationsmuster den vielversprechendsten Ansatz zur 

Behandlung des MetS bietet.  

Als weiteres Beispiel für Polypharmakologie sind Verbindungen zu nennen, die von 

Naturstoffen abgeleitet wurden, und in der Lage sind, sowohl die sEH zu inhibieren als 

auch antiproliferativ zu wirken. Ausgehend von diesen Naturstoffen und dem 

ursprünglichen Hit Isopropylstilben wurden multi-target Liganden synthetisiert. Die  

(E)-styryl-1H-benzo[d]imidazole erwiesen sich als Inhibitoren der sEH mit 

antiproliferativen Eigenschaften. Dem Naturprodukt-inspiriertem Aufbau der 

Substanzen entsprechend, zeigten sie die gewünschte biologische Aktivität, die sich 

aufgrund ihrer Ähnlichkeit zu den bakteriellen Sekundärmetaboliten vermuten lässt. Die 

Styryl-Verbindungen sind über eine einfache Syntheseroute zu erhalten, was die 

Möglichkeit bot, die Struktur-Aktivitätsbeziehungen zu untersuchen. Der verfolgte 

Ansatz zeigt die Bedeutung von Naturprodukten als wichtige Wirkstoffe 

beziehungsweise als Ausgangspunkt, um Wirkstoffe mit hoher Bioaktivität zu erhalten. 
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Die Vereinfachung von Naturstoffen durch chemische Synthese könnte neue 

Möglichkeiten zur Behandlung von Krebs eröffnen.  

Die Affinitätschromatographie ist eine Methode, um unbekannte Effekte zu 

untersuchen, welche die biologische Wirkung eines Inhibitors verstärken oder 

schwächen können, sowie unerwünschte Nebenwirkungen hervorrufen. In dieser Arbeit 

wurde die Affinitätschromatographie in zwei Projekten angewendet. Da die Epoxid-

Sepharose ein geeignetes Material ist, um Verbindungen zu immobilisieren, die eine 

Alkoholgruppe tragen, wurde ein Imidazo[1,2-a]pyridin-Analogon (EP6) erfolgreich 

daran gekoppelt, um die Affinität von EP6 auf die 5-LO zu demonstrieren. Der 

schwierige Schritt dabei ist die Unterscheidung zwischen spezifischer und 

unspezifischer Proteinbindung sowie die Analyse mittels Massenspektrometrie nach 

der Auftrennung im SDS-PAGE. Diese Experimente wurden mit unterschiedlichen 

Zelltypen sowie optimierten SDS-PAGE-Methoden (z.B. 2D Gelanalyse) durchgeführt, 

um die unspezifischen Wechselwirkungen mit EP6 abzutrennen. In einem zweiten 

Projekt sollten die die Nebenwirkungen von Celecoxib und Dimethylcelecoxib (DMC) 

untersucht werden. Das Hauptproblem war dabei die Kopplung der funktionellen 

Gruppen an die Sepharose. Da keine Affinität der Substanzen bezüglich der COX-2 

gezeigt werden konnte, muss davon ausgegangen werden, dass die Immobilisierung 

der Substanzen nicht funktioniert hat. Höhere pH-Werte während der 

Kopplungsreaktion müssen in weiteren Experimenten getestet werden. Dennoch ist die 

Affinitätschromatographie eine interessante Technik, um zelluläre Mechanismen 

aufzuklären.  

Der Sphingolipid(SL)-Metabolismus ist ebenfalls ein Gebiet, das aufgrund seiner 

Bedeutung bei Zellproliferation und Apoptose die Aufmerksamkeit von Krebsforschern 

auf sich zieht. Inhibitoren des Ceramid-Metabolismus wurden synthetisiert und in 

verschiedenen Assay-Systemen auf ihre Effizienz bezüglich unterschiedlicher 

Krebslinien evaluiert. Bemerkenswerterweise ist 2,2-Dimethyl-((1,3-dioxolan-4-

yl)methanamin (32) ein geeignetes Mimetikum der Sphingoid-Base. Diese 

entscheidende Zwischenerkenntnis wurde genutzt, um Ceramid-Analoga zu 

synthetisieren, die zellgängig sind und in die Apoptose eingreifen. EB143 (38) erhöhte 

den Ceramid-Spiegel in einem in vitro Ceramid-Assay dosisabhängig, was darauf 

schließen lässt, dass nicht die Ceramid-Synthase inhibiert, sondern die Ceramid de 

novo Synthese aktiviert wurde. Dieser Effekt resultiert aus den zytotoxischen 

Eigenschaften von EB143 und seinem interessanten, antiproliferativen Profil. Weitere 
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chemische Modifikationen sollten vorgenommen werden, um diesen Effekt ergänzend 

zu modulieren. 

Inhibitoren von COX und LO sind krebspräventiv sowohl durch die Inhibition 

spezifischer, antiapoptotischer Arachidonsäure(AA)-Metabolite, als auch durch die 

Erleichterung der Anhäufung von AA, was die Aktivität der neutralen SMase fördert und 

den Spiegel an proapoptotischen Ceramiden erhöht. Diverse 5-LO-Inhibitoren wurden 

an verschiedenen Krebs-Zelllinien untersucht und die SL-Spiegel gemessen, um eine 

Beziehung herzustellen. Die Zelllinien A549, Capan-2 und MCF-7 wurden mit den 

synthetisierten 5-LO-Inhibitoren und Zileuton inkubiert. Zileuton zeigte 

selbstverständlich kein zytotoxisches Profil, jedoch wirkten alle anderen Inhibitoren 

zytotoxisch auf alle Zelllinien außer A549. Die synthetisierten 5-LO-Inhibitoren waren in 

der Lage die Ceramidspiegel zu modulieren, allerding nicht oder nur inkonsistent, wenn 

sie mit Inhibitoren des SL Metabolismus (Myoricin, Amitryptilin, etc.) coinkubiert 

wurden. Zileuton hingegen erhöhte selektiv die Cer-C16-Spiegel und in geringerem Maß 

auch von Cer-C24:1. Die Verwendung eines SPT-Inhibitors (Myoricin) zeigte eine 

Reduktion der C24:1- und Cer-C16:0-Spiegel unter die Kontrolle. Ein ähnlicher Effekt 

zeigte sich bei der Inkubation der Zellen mit Zileuton und Myriocin zusammen. 

Interessanterweise zeigte die Behandlung von Zileuton zusammen mit entweder 

Amitryptilin oder Despiramin eine Absenkung der Cer-C24:1- und Cer-C16:0--Spiegel, was 

die Vermutung der Aktivierung des de novo Pathways nicht komplett stützt. Weitere 

Experimente auf mRNA-Ebene sollten durchgeführt werden, um zu unterscheiden, ob 

die CerS aktiviert wird. 

Das Hauptziel der vorliegenden Arbeit war die Synthese und in vitro Evaluierung von 

Modulatoren verschiedener Lipid-Signaltransduktionskaskaden als Ansatz zur 

Behandlung pathologischer Physiologien (Krebs, Metabolisches Syndrom usw.). Für 

viele klinisch relevante Targets wie 5-LO, mPGES-1, sEH und PPAR wurde dies 

erfolgreich durchgeführt, so dass die synthetisierten Modulatoren einen Nutzen zur 

Behandlung diverser Krankheiten bieten können, bei denen Lipid Mediatoren beteiligt 

sind. 
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ABSTRACT: Microsomal prostaglandin E synthase 1 (mPGES-1) is a key enzyme of the
arachidonic acid cascade. Its product PGE2 plays an important role in various inflammatory processes,
pain, fever, and cancer. Selective inhibition of mPGES-1 might be a promising step to avoid
cyclooxygenase-related effects of NSAIDs. We studied a class of quinazolinone derivatives of the lead
structure FR20 for their effects on the isolated human and murine enzymes, human HeLa cells, and
in various settings of the whole blood assay. Novel compounds with direct enzyme inhibiting activity in the submicromolar range
(IC50: 0.13−0.37 μM) were designed using a bioisosteric replacement strategy and proved to be effective in both cells and human
whole blood. Furthermore, pharmacological profiling of toxicity and eicosanoid screening with LC/MS-MS was applied to
characterize this new class of mPGES-1 inhibitors.

■ INTRODUCTION
The microsomal prostaglandin E2-synthase 1 (mPGES-1) is an
inducible enzyme of the arachidonic acid cascade and mainly
coupled to the expression of cyclooxygenase-2 (COX-2).1

Proinflammatory stimuli such as lipopolysaccharide (LPS) up-
regulate the protein level of both enzymes. The major product,
prostaglandin E2 (PGE2), plays an important role in the
mediation of pain,2,3 fever,4 the development of various cancer
types,5 and several inflammatory diseases like rheumatoid
arthritis.6 Besides clinically relevant diseases, PGE2 is involved
in gastrointestinal protection7,8 and the onset of wakefulness
and maintenance of the circadian rhythm.9 PGE2 production is
inhibited by nonsteroidal anti-inflammatory drugs (NSAIDs),
specifically selective and nonselective COX-inhibitors. Inhib-
ition of mPGES-1 might improve the pharmacological profile of
current analgesic, anti-inflammatory, and antipyretic medication
due to a reduction of side effects as compared to known
NSAIDs.10,11 Especially patients under continuous long-term
treatment with NSAIDs may suffer from gastrointestinal ulcers
and cardiovascular complications.12,13 Permanent treatment,
however, is indicated for treatment of chronic inflammatory
diseases like rheumatoid arthritis (RA) or arteriosclerosis.
Several mPGES-1 inhibitors have been tested in vitro and in
vivo in different disease models (Chart 1).14

For mPGES-1 inhibition, two main approaches have been
pursued. On the one hand, mPGES-1 can be inhibited via
down-regulation of mPGES-1 expression. Benzothiophene γ-
hydroxybutenolide (BTH) 1 significantly reduced PGE2 levels
in the mouse air pouch and collagen-induced arthritis (CIA)

models.15 On the other hand, mPGES-1 activity is directly
affected by small-molecule inhibitors. AF3442 2 inhibited
mPGES-1 activity in LPS-stimulated human monocytes and
human whole blood.16 PF-9184 3 exhibits high potency on
recombinant human mPGES-1 with an IC50 of 16.5 nM but
loses its potency on the rat mPGES-1 in vitro (IC50 of 1080 nM
on recombinant rat mPGES-1) and in vivo (no effect in rat air
pouch model).17 A series of phenanthrene imidazole inhibitors
around the lead compound MF63 4 also showed high potency
on the human and guinea pig enzyme and in the human whole
blood assay with selectivity over several other related enzymes
but lacks the ability to inhibit mouse or rat mPGES-1.18

These data illustrate one main problem occurring during the
development of selective human mPGES-1 inhibitors, as they
are inactive regarding the inhibition of the mouse or rat
mPGES-1, thus rendering the application of preclinical animal
models impossible. This species difference is due to several
amino acid exchanges between the human and murine enzyme,
leading to variations in the active site of mPGES-1. Several dual
5-lipoxygenase (5-LO)/mPGES-1 inhibitors extend the phar-
macological profile of anti-inflammatory agents and exhibit
activity in animal models of carrageenan-induced rat pleurisy
and aortic aneurysm.19−22 In addition, natural compounds like
arzanol 5 from Helichrysum italicum have been reported to
affect inflammation and PGE2 levels in carrageenan-induced
pleurisy in rats.23 We recently reported a series of novel
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nonacidic mPGES-1 inhibitors that were found by a multistep
virtual screening protocol.24 Quinazolinone 7 (FR20) provided
the starting point for an extensive structure−activity relation-
ship study (SAR). Here we present a structure optimization
approach including chemical synthesis of quinazolinone
derivatives, detailed information about activity on human and
murine isolated mPGES-1 enzyme, in vitro nonspecific cellular
toxicity, and impact on different eicosanoids in human whole
blood. As a major outcome of this study, we present a class of
direct human mPGES-1 inhibitors with low nonspecific cellular
toxicity and a broad whole blood eicosanoid profile.

■ RESULTS

Assembly of the Quinazolinone Compound Library
and Development of a Synthesis Route. On the basis of
the reference structure 7, several derivatives (7a−7n, 7r−7x)
were purchased from Asinex (www.asinex.com, Moscow,
Russia). Three novel derivatives (7o, 7p, 7q) were synthesized
(Scheme 1) to extend the chemical diversity and provide a
synthesis route for this scaffold class. All compounds are listed
in Chart 2.

Human mPGES-1 Activity Screening. To investigate the
inhibitory potency of these substances on the human mPGES-
1, we compared the inhibition rate of each derivative at 1 μM
on isolated protein in the mPGES-1 activity assay with the
reference structure 7 (Table 1). Derivatives 7f, 7i, 7k, 7l, 7n,
7o, 7q, and 7r equipotently reduced the PGE2-level ±5% or
higher as compared to 7. For those substances, dose−response
curves (exemplary curve in Supporting Information Figure S1)
and IC50 values with 95% confidence intervals were calculated.
IC50 values were between 0.13 μM (7) and 0.37 μM (Table 1).
IC50 values of these derivatives reveal comparable potencies.

Murine mPGES-1 Activity Screening. Because the human
and murine mPGES-1 differ in their amino acid sequences, we
further investigated the influence of 7 and equipotent
derivatives 7f, 7i, 7k, 7l, 7n, 7o, 7q, and 7r on murine
mPGES-1 in vitro. The compounds were tested on the murine
mPGES-1 enzyme in the microsomal fraction of two different
cell types. Mouse macrophage cells (RAW) and mouse
fibroblast cells (NIH-3T3) were stimulated with either LPS
or IL-1β/TNFα to upregulate mPGES-1 protein levels. Protein
extracts were incubated with different concentrations of
quinazolinone series compounds or the mouse mPGES-1

Chart 1. Several Published mPGES-1 Inhibitors

Scheme 1. Schematic Synthesis Route for Compounds Based on a Quinazolinone Scaffolda

aFormation of 2,3-disubstituted 3H-quinazolin-4-one is followed by the formation of the final product by a related Goldberg reaction.
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Chart 2. Twenty-Four Derivatives around the Lead Structure 7 Were Used for Structure−Activity Relationship Studies and
Pharmacological Profilinga
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inhibitor control substance 6 (YS121).21 Neither RAW- nor
NIH-derived mPGES-1 activity was impaired by quinazolinone

compounds by more than 20% (Table 1), while 6 reduced the
activity by more than 62%.

Chart 2. continued

aThree additional compounds (7v−x) with slight variations were added.
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COX-1 and COX-2 Cross-Reactivity. Cross-reactivity of
these compounds against both COX-isoforms was tested in
vitro. Neither COX-1 nor COX-2 was inhibited by any
compound by more than 20% at 1 μM inhibitor concentration
(Table 1).
Toxicity Assessment. To generate a toxicological profile

for compound 7 and equipotent derivatives 7f, 7i, 7k, 7l, 7n,
7o, 7q, and 7r, we performed a WST-1 cell assay with human

HeLa cells. Cell viability was determined after treatment of cells
with IL-1β and TNFα and simultaneously with increasing
concentrations of the test compounds for 24 h. Stimulation was
applied to modulate an inflammatory setting. All tested
derivatives showed no or only slightly decreased cell viability
at 1 and 10 μM inhibitor concentration (Figure 1). At 100 μM
concentration, the derivatives 7k, 7l, 7n, and 7q as well as the
control substance celecoxib decreased cell viability consid-

Table 1. Measured Activity of the Quinazolinone Series on Isolated Human and Murine (from RAW and NIH Cells) Enzyme at
1 μM Final Concentration with Standard Error of the Mean (SEM)a

human murine

identifier
unit

mPGES-1
inhibition @ 1

μM [%]
SEM
[%]

IC50
[μM]

95% confidence
interval [μM]

RAW mPGES-1
inhibition @ 1 μM

[%]
SEM
[%]

NIH mPGES-1
inhibition @ 1 μM

[%]
SEM
[%]

COX-1
inhibition @ 1

μM [%]

COX-2
inhibition @ 1

μM [%]

7 66.7 4.8 0.13 0.08−0.18 8.4 3.6 10.7 7.2 ≤0 6.7
7a 32.7 6.6
7b 15.3 6.0
7c 30.0 4.6
7d 14.8 5.8
7e 18.8 10.1
7f 68.8 3.1 0.18 0.10−0.32 12.4 3.4 17.1 2.2 2.6 ≤0
7g 15.6 10.7
7h 14.7 2.6
7i 71.5 3.6 0.21 0.13−0.33 15.3 4.2 4.6 4.6 20.1 2.5
7j 61.3 8.4
7k 74.2 0.9 0.22 0.13−0.38 11.8 3.5 20.3 1.9 8.4 5.8
7l 86.3 1.7 0.36 0.17−0.77 9.5 3.5 −0.8 4.5 ≤0 ≤0
7m 41.9 0.8
7n 83.6 0.8 0.18 0.11−0.29 15.2 7.5 6.6 6.0 16.1 ≤0
7o 75.6 1.3 0.37 0.26−0.53 −8.7 1.3 10.0 5.0 ≤0 ≤0
7p 61.3 2.3
7q 63.1 3.9 0.26 0.16−0.42 6.0 2.3 0.9 1.5 ≤0 ≤0
7r 67.2 5.2 ndb 3.8 5.1 17.8 2.8 ≤0 ≤0
7s 15.9 7.2
7t ≤0 16.1
7u 14.1 13.2
7v 37.1 10.7
7w ≤0 22.8
7x ≤0 7.0
YS121 66.2 (@ 5 μM) 2.8 62.9 (@ 5 μM) 2.2

aThe 50% inhibitory concentration (IC50) on human enzyme was calculated for each derivative showing larger inhibitory potency at 1 μM than the
lead structure 7. With 95% percent probability the IC50 is in the given range of the confidence interval. Cross-reactivity against COX-1/COX-2
enzymes with 1 μM inhibitor concentration was measured in vitro. Data are the mean of n ≥ 3. bnd = not determined.

Figure 1. Cell viability assay with FR20 series compounds on stimulated human HeLa cells. Cell viability is given as percent of DMSO control with
SEM after 24 h of incubation (n ≥ 3).
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erably. The COX-2 inhibitor celecoxib is already known for its
cytotoxic effects in vitro and in vivo and was used to compare
the quinazolinone inhibitors with a reference compound used
in clinical settings.25−27

Cell-Based mPGES-1 Activity Assay. To determine the
PGE2 reducing effect of the compounds on intact HeLa cells,
the mPGES-1 inhibitors were simultaneously incubated with a
proinflammatory stimulus (IL-1β and TNFα) for 24 h. The
production of PGE2 was determined in the extracellular
supernatant and was reduced dose-dependently with all
inhibitors (Figure 2). We observed a shift in inhibitory potency
in comparison to isolated mPGES-1 enzyme activity of about
28% (7i) to 64% (7n) at 1 μM compound concentration.
Whole Blood Eicosanoid Profiling. To assemble a

preliminary pharmacological profile and to collect first
bioavailability data, we screened compound 7 and derivatives
7f, 7i, 7k, 7l, 7n, 7o, 7q, and 7r in human whole blood assays.
Three different assays were selected to check their influences
on (i) COX-1 mediated prostanoid production (mainly TXA2
and PGD2), (ii) COX-2 coupled prostanoid synthesis (mainly
PGE2 and PGF2α), and (iii) leukotriene/HETE pathways.
Table 2 summarizes the remaining levels of each eicosanoid as
compared to vehicle treated whole blood. COX-1 mediated
prostanoid production was stimulated by platelet clotting of
nonheparinized blood. Instead of the instable COX-1 related
product TXA2,

28 the stable metabolite TXB2 was measured. In
this setting, PGD2 is also slightly up-regulated. No compound
had an inhibitory or stimulating effect on the TXB2 and PGD2-
level up to 10 μM final compound concentration (Table 2A).
The selective COX-1 inhibitor SC-560 reduced both TXB2 and
PGD2 as expected. COX-2 related prostaglandin production
was induced by treatment of heparinized whole blood with
LPS, which leads to an increase of mainly COX-2/mPGES-1
coupled PGE2 levels but also to enhanced PGF2α levels. To
exclude effects mediated by COX-1, we mixed all samples with
10 μg/mL acetylsalicylic acid (in this concentration a specific
COX-1 inhibitor29). Except for 7f, all compounds reduced
PGE2 at 100 μM concentration (Table 2B). Celecoxib also
reduced PGF2α levels, while 7f increased its concentration.
To assess the influence of the compounds on the leukotriene

and HETE pathways, we treated heparinized whole blood with
calcium-ionophore to activate the 5-lipoxygenase (5-LO)/5-
lipoxygenase activating protein (FLAP) complex, leading to an
increase of LTA4 levels30 (Table 2C−E). Beside LTB4 (the

stable metabolite of LTA4) also enhanced levels of various
hydroxyeicosatetraenoic acids (HETE) were detected after
stimulation.31 The 5-LO-inhibitor zileuton,32 which was used as
control compound, reduced LTB4 and 5(S)-HETE. Derivative
7f of the quinazolinone series enhanced both LTB4 and 5(S)-
HETE levels, while the residual production of 5(S)-HETE was
reduced by 7i. All other tested compounds had no influence on
LTB4 and 5(S)-HETE. 12(S)-HETE, 15(S)-HETE, and (±)11-
HETE levels were not affected at all at 10 μM final
concentration.

■ DISCUSSION

The primary aim of this study was to generate a library of
quinazolinone compounds with different scaffold decorations,
to investigate their influence on the mPGES-1 and other
enzymes of the eicosanoid pathway, and to identify preliminary
structure−activity relationships.
We were able to establish a facile synthesis route for the

quinazolinone-based inhibitors of mPGES-1 (Scheme 1). The
presented synthesis route is timesaving, needs small amounts of
material, and enables chemical modifications of at least three
residues around the quinazolinone scaffold. Together with
several other compounds purchased from a commercial
supplier, we investigated the structure−activity relationship of
quinazolinone derivatives of the lead structure 7. The
compound set includes variations at three residue positions
with (halogenated) aromatic and heterocyclic groups (like
thiophene) as well as aliphatic side chains (Chart 2). It turned
out that variations at R1 in most cases considerably reduced the
activity as compared to 7. Only aromatic residues with an ortho-
chloro-substitution (7, 7f) were tolerated, which points to the
importance of a hydrophobic interaction with the ortho-
chlorine atom in contrast to unsubstituted phenyl moiety and
ortho-fluor (7b and 7c with 15% and 30% inhibition at 1 μM).
Additionally, para-chloro substituents led to decreased activity
(7h). Moreover, we observed reduced inhibition when R1 is an
aliphatic residue (7d, 7e); larger substituents like phenethyl
(7a) further impaired activity. Bioisosteric replacement of the
ortho-substituted phenyl-residue R1 by a thiophene (7g)
resulted in a less potent inhibitor than 7.
With 3-chlorbenzyl moiety in the R2 position, the

disubstitution at R1 was investigated; 7o (2-chloro-6-fluoro)
and 7p (2-chloro-6-chloro) exhibit similar inhibitory activity as

Figure 2. PGE2 levels were measured with LC/MS-MS technique after incubation of stimulated HeLa cells with different concentrations of test
compounds or DMSO. Inhibition is calculated as percent of DMSO control corrected by the background value (unstimulated control) with SEM (n
≥ 3; 7r, n = 2).
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7, implicating that a substitution at position 6 of the R1-phenyl
is tolerated. Apparently, the R2 residue may be exchanged for a
smaller substituent without losing potency. Simplification of the
[1,1′-biphenyl]-4-ylmethyl- (7) to a benzyl-group (7l), as well

as substitution at the [1,1′-biphenyl]-4-ylmethyl group (7i, 7j)
or at the benzyl-group at different positions (7l, 7n) is also
tolerated, with no detrimental effect on activity. Variations of
the R3 residue were only possible for some derivatives. A

Table 2. Human Whole Blood Was Incubated with Quinazolinone Series Compoundsa

aResidual production is given in percent of control. Red color indicates a residual production ≤67% (= inhibition), yellow color between 67.1% and
132.9% (= no effect), green color ≥133% (= stimulation) (A) Blood clotting induced mainly COX-1 mediated TXB2 production, but PGD2 was also
detected. (B) Stimulation of COX-2 and mPGES-1 with LPS upregulated PGE2 and PGF2α-levels. (C−E) Calcium ionophore stimulated whole
blood induces LTB4 production via 5-LO/FLAP but also several HETEs.
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methyl (7m) and a benzyl residue (7r) yielded comparable
activities, while a replacement with cyclopropyl (7t) abolished
inhibition. We therefore conclude that residue R1 is critical for
the activity of this class of inhibitors, while R2 and R3 play a
minor role. These two residues may serve as a starting point for
further chemical variations.
In the in vitro single concentration test on isolated human

mPGES-1 protein, 13 out of 25 compounds showed an
inhibition rate higher than 33%, eight of them with an
enhanced potency compared to the lead structure 7 (>66%).
These eight inhibitors were used in all further studies.
Interestingly, no inhibitor has a lower IC50 than 7 (Table 1).
To exclude COX-1/COX-2 related side effects, selectivity of
the compounds against these two enzymes was tested in a
direct inhibitor test. Neither COX-1 nor COX-2 were affected
at 1 μM concentration (inhibition ≪33%). Cellular toxicology
studies exhibit impaired cell viability at 100 μM inhibitor
concentration for four derivatives (Figure 1). All tested
compounds reduced the PGE2 level in a cell-based assay
(Figure 2) between 70% (7k) and 97% (7i) at 10 μM
compound concentration. Tests with a 10-fold higher
concentration (100 μM) did not enhance the inhibitory effect
that was also observed on isolated enzyme. We therefore
conclude that there is no major limitation in cell permeability.
Whole blood eicosanoid screening revealed a distinct profile for
each compound including many fatty acids of the three major
arachidonic acid subcascades: the prostanoids, leukotrienes, and
HETEs. It has been shown in mPGES-1-deficient mice that
PGE2 synthesis may be redirected to PGD2, PGF2α, and 6-keto-
PGF1α (stable metabolite of PGI2).

33 This mechanism may
compensate for a loss of PGE2 synthesis in nociceptive
behavior. We therefore determined the level of other
prostanoids and arachidonic acid metabolites. Besides the
desired PGE2 inhibition, no effects on TXB2 and PGD2 levels
were observed. The role of PGD2 in pathological conditions
seems to be diverse: while exogenous PGD2 sustains the
pyrogenic effects of PGE2

34 in brain tissue, the metabolite 15d-
PGJ2 is involved in anti-inflammatory responses.35 Reduction of
PGD2 might therefore delay the resolution of inflammation.36

PGF2α, which is also not affected, mediates allodynia in the
spinal cord.37 In contrast, PGF2α contributes to resolution of
inflammation in the late phase of carrageenan-induced pleurisy
in rats.38 In addition, leukotrienes and HETEs play a role in
pathological conditions, but their roles are diverse and
compound-dependent, suggesting no common mode of action.
While LTB4 and 5(S)-HETE levels were only slightly

affected by the tested quinazolinone substances, 12(S)-HETE,
15(S)-HETE, and (±)11-HETE were not reduced by any
derivative. Compound 7f contrarily enhanced PGE2, PGF2α,
LTB4, and 5(S)-HETE levels, indicating a COX-2/5-LO
mediated proinflammatory effect. Nevertheless, whole blood
assays revealed that inhibition of mPGES-1 with our
compounds is not accompanied by a redirection of COX-
derived PGH2 to other prostanoids and therefore pharmaco-
logical inhibition of mPGES-1 seems to be a promising
approach for the treatment of pain and inflammation. An
approximately 10-fold shift of decreased PGE2 inhibition
potency between activity assays with isolated enzyme and in
whole blood was observed for all compounds. A reduced
unbound fraction of the compounds due to distribution into
cells, membranes, or protein binding may be responsible for
this shift but does not automatically limit in vivo efficacy.39

■ CONCLUSIONS

In this study, we discovered that a ortho-chloro-substitued
phenyl residue at position R1 and a propyl or benzyl residue at
position R3 of the lead structure 7 promote mPGES-1
inhibition. Structural variations at position R2 seem to be less
influential on mPGES-1 inhibition. A detailed whole blood
eicosanoid screening revealed that pharmacological inhibition
of mPGES-1 is not accompanied by a redirection of COX
derived PGH2 to other prostanoids.

■ EXPERIMENTAL SECTION
Chemical Methods. Material and Reagents. Compound 7 and

respective derivatives 7a−n and 7r−x were purchased from Asinex
(Asinex, Moscow, Russia) and exhibit ≥95% purity determined by
manufacturer. Compounds 7o−q were synthesized in-house. The
structures of the synthesized compounds were confirmed by 1H , 13C
NMR and mass spectrometry (ESI). The purity of the synthesized
compounds was determined by combustion analysis and was found to
be >95%. Starting materials and solvents were purchased from Sigma-
Aldrich Chemie GmbH (Steinheim, Germany) or Alfa Aesar (Ward
Hill, USA) and were reagent grade and used without further
purification. For the microwave synthesis, a Biotage Initiator 2.0
(300 W) was used and the products were purified using a Varian 971-
FP flash purification system on silica gel with 50 μm particle size. 1H
and 13C NMR spectra were measured in DMSO-d6 or MeOD on a
Bruker AV 250 (250 MHz for 1H NMR and 63 MHz for the 13C
NMR). Chemical shifts are reported in parts per million (ppm) using
tetramethylsilane (TMS) as internal standard. Mass spectra were
obtained on an Electrospray-Ionization Fisons (VG Platform II)
spectrometer measuring in the positive- or negative-ion mode (ESI-
MS system). Combustion analysis was performed by the micro-
analytical laboratory of the Institute of Organic Chemistry and
Chemical Biology, Goethe University Frankfurt, on an Elementar
Vario Micro Tube CHNO rapid elemental analyzer.

Synthesis. The compounds were synthesized in three steps
(Scheme 1) involving the condensation of 5-iodoanthranilic acid
with butyric acid followed by dehydration to form the intermediate
benzoxazinone. Successive addition of 3-chlorbenzylamine provides
2,3-disubstituted-6-iodo-3H-quinazolin-4-one; these reactions were
carried out under microwave conditions.40 The third step comprises
a related Goldberg reaction,41 a copper-catalyzed N-arylation of
amides with a heteroaryl iodide. The reaction is mediated by copper
iodide, N,N′-dimethylethylenediamine, and K3PO4.

Synthesis of 3-(3-Chlorobenzyl)-6-iodo-2-propylquinazolin-
4(3H)-one. To a conical-bottomed microwave vial, a solution of 5-
iodoanthranilic acid (0.500 g, 1.901 mmol, 1 equiv), butyric acid
(0.167 g, 1.901 mmol, 1 equiv), and triphenyl phosphite (0.639 g,
2.091 mmol, 1.1 equiv) in 2 mL of anhydrous pyridine was added. The
mixture was irradiated in a sealed microwave vial for 10 min at 150 °C.
After cooling, 3-chlorbenzylamine (0.269 g, 1.901 mmol, 1 equiv) was
added and irradiated for 5 min at 230 °C. The solvent was removed,
and the residue was resolved in ethyl acetate, washed with saturated
NaHCO3 (2 × 10 mL), 10% HCl (2 × 10 mL), and dried over
MgSO4. The solvent was removed under reduced pressure, and the
crude product was purified by column chromatography on silica gel
with hexane−ethyl acetate (50:50, v/v), obtaining 100 mg (12% yield)
of an off-white solid.

1H NMR (MeOD): δ 8.60 (br, 1H), 8.19 (dd, J = 3.4, 8.6 Hz, 1H),
7.48 (d, J = 8.6 Hz, 1H), 7.33 (m, 3H), 5.46 (s, 2H), 2.87 (t, J = 7.8
Hz, 2H), 1.73 (q, J = 7.5 Hz, 2H), 1.00 (t, J = 7.3 Hz, 3H).

MS (ESI, 70 eV) m/z (%): 439.2 (100%).
Synthesis of 2-Chloro-N-(3-(3-chlorobenzyl)-4-oxo-2-propyl-3,4-

dihydroquinazolin-6-yl)-6-fluorobenzamide (7o). A round-bottomed
flask was charged with CuI (1 mg, 0.005 mmol, 0.01 equiv), 2-chloro-
6-fluorobenzamide (0.114 g, 0.657 mmol, 1.2 equiv), and K3PO4
(0.232 g, 1.094 mmol, 2 equiv), evacuated, and backfilled with argon.
N,N′-Dimethylethylenediamine (4 mg, 0.055 mmol, 0.1 equiv), 3-(3-
chlorobenzyl)-6-iodo-2-propylquinazolin-4(3H)-one (0.240 g, 0.547
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mmol, 1 equiv), and tetrahydrofuran (10 mL) were added under
argon. The reaction mixture was stirred at 110 °C for 23 h. The
resulting pale-brown suspension was cooled down and filtered through
a 1 cm pad of silica gel eluting with 20 mL of ethyl acetate. The filtrate
was concentrated, and the residue was purified by column
chromatography on silica gel with hexane−ethyl acetate (50:50, v/v)
provided 189 mg (71% yield) as an off-white solid.

1H NMR (DMSO-d6): δ 11.19 (br, 1H), 8.68 (d, J = 2.4, 1H), 8.05
(dd, J = 2.4, 8.8 Hz, 1H), 7.73 (d, J = 8.7 Hz, 1H), 7.79−7.43 (m, 6H),
7.17 (d, J = 5.4 Hz, 1H), 5.43 (s, 2H), 2.76 (t, J = 14.8 Hz, 2H), 1.77
(q, J = 7.3 Hz, 2H), 0.96 (t, J = 7.3 Hz, 3H).

13C NMR (DMSO-d6): δ 163.5, 161.7, 160.5, 156.8, 156.1, 143.9,
139.7, 136.6, 133.7, 132.0, 130.9, 127.9, 126.6, 125.8, 124.9, 120.3,
115.7, 114.8, 45.2, 35.8, 19.8, 13.6.
MS (ESI, 70 eV) m/z (%): 484.5 (100%).
Anal. Calcd for C25H20Cl2FN3O2: C, 61.99, H, 4.16, N, 8.68. Found:

C, 61.95, H, 4.12, N, 8.64.
Synthesis of 2,6-Dichloro-N-(3-(3-chlorobenzyl)-4-oxo-2-propyl-

3,4-dihydroquinazolin-6-yl)benzamide (7p). A round-bottomed flask
was charged with CuI (3 mg, 0.015 mmol, 0.05 equiv), 2,6-
dichlorobenzamide (0.09 g, 0.478 mmol, 1.5 equiv), and K3PO4
(0.132 g, 0.638 mmol, 2 equiv), evacuated, and backfilled with
argon. N,N′-Dimethylethylenediamine (3 mg, 0.031 mmol, 0.1 equiv),
3-(3-chlorobenzyl)-6-iodo-2-propylquinazolin-4(3H)-one (0.140 g,
0.319 mmol, 1 equiv), and THF (10 mL) were added under argon.
The reaction mixture was stirred at 110 °C for 23 h. The resulting
pale-brown suspension was cooled down and filtered through a 1 cm
pad of silica gel eluting with 20 mL of ethyl acetate. The filtrate was
concentrated, and the residue was recrystallized from EtOH/water,
obtaining 80 mg (50% yield) as a white solid.

1H NMR (DMSO-d6): δ 11.18 (br, 1H), 8.70 (d, J = 3.3 Hz, 1H),
8.05 (dd, J = 3.3, 9.2 Hz, 1H), 7.76−7.21 (m, 7H), 7.15 (m, 1H), 5.48
(s, 2H), 2.77 (t, J = 8.3 Hz, 2H), 1.78 (q, J = 9.6 Hz, 2H), 0.95 (t, J =
8.2 Hz, 3H).

13C NMR (DMSO-d6): 162.3, 161.3, 155.9, 143.5, 142.6, 139.4,
136.9, 136.0, 133.6, 131.9, 131.1, 128.2, 126.4, 125.3, 119.9, 115.4,
45.4, 35.7, 19.6, 13.3.
MS (ESI, 70 eV) m/z (%): 500.3 (100%).
Anal. Calcd for C25H20Cl3N3O2: C, 59.96, H, 4.03, N, 8.39. Found:

C, 60.19, H, 4.21, N, 8.36.
Synthesis of N-(3-(3-Chlorobenzyl)-4-oxo-2-propyl-3,4-dihydro-

quinazolin-6-yl)-2-methylbenzamide (7q). A round-bottomed flask
was charged with CuI (43 mg, 0.228 mmol, 0.2 equiv), 2-
methylbenzamide (0.185 g, 1.368 mmol, 1.2 equiv), and K3PO4
(0.484 g, 2.280 mmol, 2 equiv), evacuated, and backfilled with
argon. N,N′-Dimethylethylenediamine (40 mg, 0.456 mmol, 0.4
equiv), 3-(3-chlorobenzyl)-6-iodo-2-propylquinazolin-4(3H)-one (0.5
g, 1.140 mmol, 1 equiv), and THF (10 mL) were added under argon.
The reaction mixture was stirred at 110 °C for 23 h. The resulting
pale-brown suspension was cooled down and filtered through a 1 cm
pad of silica gel eluting with 20 mL of ethyl acetate. The filtrate was
concentrated, and the residue was purified by flash chromatography on
silica gel (hexane−ethyl acetate, 0→ 80% ethyl acetate, 4%/min)
provided 179 mg (35% yield) as an off-white solid.

1H NMR (DMSO-d6): δ 10.69 (br, 1H), 8.74 (d, J = 2.1 Hz, 1H),
8.13 (dd, J = 2.3, 8.8 Hz, 1H), 7.70 (d, J = 8.8 Hz, 1H), 7.56 (d, J = 7.0
Hz, 1H), 7.49−7.33 (m, 6H), 7.07 (m, 1H), 5.45 (s, 2H), 2.76 (t, J =
7.4 Hz, 2H), 2.48 (s, 3H), 1.76 (q, J = 7.3 Hz, 2H), 0.96 (t, J = 7.3 Hz,
3H).

13C NMR (DMSO-d6): δ 168.2, 161.4, 155.8, 143.0, 139.4, 136.9,
135.6, 133.4, 130.7, 129.9, 129.1, 126.9, 125.8, 124.7, 120.3, 115.6,
45.3, 36.0, 19.4, 19.1, 13.6.
MS (ESI, 70 eV) m/z (%): 446.5 (100%).
Anal. Calcd for C26H24ClN3O2: C, 70.03, H, 5.42, N, 9.42. Found:

C, 69.94, H, 5.33, N, 9.21.
Cell Biological Methods. Cells and Reagents. HeLa (human cervix

carcinoma) and NIH-3T3 (Swiss mouse fibroblast) cells were
purchased from Deutsche Sammlung für Mikroorganismen and
Zellkulturen (DSMZ, Braunschweig, Germany). RAW 264.7 (mouse
macrophage) cells were purchased from American Type Culture

Collection (ATCC, Manassas, USA). HeLa were incubated in RPMI
medium 1640 containing high glucose, L-glutamine, and 25 mM
HEPES, NIH in Dulbecco’s MEM containing 4.5 g/L glucose, and
pyruvate and RAW in RPMI medium 1640, containing high glucose,
GlutaMAX. All media contain 10% fetal calf serum (FCS), 100 units/
mL penicillin G, and 100 μg/mL streptomycin, which were purchased
from Invitrogen (Darmstadt, Germany). Cells were cultured at 37 °C
in an atmosphere containing 5% CO2. Recombinant human IL-1 β
(IL-1β) and recombinant human tumor necrosis factor α (TNFα)
were purchased from PeproTech (London, UK).

mPGES-1 Activity Assay. To investigate the inhibitory activity of
the quinazolinone derived compounds on the mPGES-1 enzymes in
vitro, the microsomal fraction of human HeLa, murine RAW, and
murine NIH cells were prepared. Approximately 3 × 106 cells were
incubated for 24 h at 37 °C in medium containing 10% FCS. The
medium was removed, and HeLa/NIH cells were stimulated with IL-
1β (1 ng/mL) + TNFα (5 ng/mL) for 16 h, RAW cells were
stimulated with 10 mg/mL LPS for 16 h. Cells were scraped in 2 mL
of phosphate buffered saline (PBS) and centrifuged at 5000 rpm for 2
min at 4 °C. Cell pellets were frozen in liquid nitrogen. After thawing
the cells, they were resuspended in 800 μL of potassium phosphate
buffer (Kpi buffer, 0.1 M, pH 7.4), containing 1× complete protease
inhibitor cocktail (Roche Diagnostics, Mannheim, Germany), sucrose
(0.25 M), and reduced glutathione (GSH, 1 mM). After sonification
and centrifugation at 45000 rpm for 2 h or 53000 rpm for 1 h at 4 °C,
the microsomal fraction (pellet) was stored at −80 °C. The pellet was
resuspended in 100 μL Kpi buffer (0.1 M, pH 7.4) containing 1×
Roche Complete and reduced GSH (2.5 mM). To homogenize the
solution, a sonification step was applied and total protein content was
measured using the Bradford method.42 Activity of all quinazolinone
derivates was measured at 1 μM final concentration and compared to
the lead compound. The mPGES-1 activity assay was performed on
the basis of Thoren et al.43 Briefly, 0.15 mg/mL of human HeLa
derived or murine NIH derived protein or 0.3 mg/mL of murine RAW
derived protein was incubated with each compound for 30 min on ice.
The reaction was initiated with 20 μM PGH2 (Larodan, Malmö,
Sweden) and terminated after 1 min by adding a stop solution
containing 40 mM iron chloride (FeCl2) and 80 mM citric acid. For
the solid phase extraction procedure, 100 μL of reaction solution was
mixed for 3 min with 700 μL of ultrapure water, 100 μL of 0.15 M
EDTA, 20 μL of MeOH, and 20 μL of internal standard (25 ng/mL
PGE2-d4, 50 ng/mL PGD2-d4), all from Cayman Chemical Company
(Ann Arbor, USA), centrifuged at 1200 rpm for 3 min, and passed
through a 30 mg of Bond Elut NEXUS 96 round-well plate (Agilent
Technologies GmbH, Böblingen, Germany) preconditioned with 1
mL of MeOH, followed by 1 mL of ultrapure water. The cartridge was
washed with 1 mL of 30% MeOH. Prostaglandins were eluted with 1
mL of hexane−ethylacetate−isopropranol (30:65:5, v/v/v). After
evaporating the solvent under nitrogen atmosphere, the residue was
reconstituted in 100 μL of acetonitrile−H2O−formic acid
(20:80:0.0025 v/v/v). Samples were measured by LC-MS/MS
technique (LC unit: Agilent 1200 series, Agilent Technologies
GmbH, Böblingen, Germany. MS/MS unit: AB SCIEX QTRAP
5500, Applied Biosystems, Foster City, USA) as described
previously.44 Compounds with improved inhibitory effect as compared
to the lead structure were used for further experiments. For IC50
calculation, the mPGES-1 assay was performed with increasing
compound concentrations. The IC50 was calculated using GraphPad
Prism 5 software (GraphPad Software, Inc., San Diego, CA 92130
USA) by fitting the four parameter logistic curve. With 95%
probability, the estimated IC50 is in the range of the given confidence
interval.

COX-Inhibitor Screening Assay. To distinguish between mPGES-1
and COX-1 or COX-2 derived inhibition of PGE2 production, direct
inhibition of the COX-1 (ovine) and COX-2 (human recombinant)
enzyme was measured using a COX inhibitor screening assay kit
(Cayman Chemicals, Ann Arbor, MI, USA), according to the
manufacturer’s protocol. SC-560, a selective COX-1 inhibitor, and
celecoxib, a selective COX-2 inhibitor, were used as positive controls.
The COX assay is based on the determination of PGE2, PGD2, and
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PGF2α amounts produced by SnCl2 reduction of COX-derived PGH2.
Then 100 μL of reaction solution was diluted with 200 μL of MeOH.
Finally, 70 μL of diluted reaction solution was mixed for 3 min with
700 μL of ultrapure water, 100 μL of 0.15 M EDTA, 20 μL of MeOH,
and 20 μL of internal standard (25 ng/mL PGE2-d4, 25 ng/mL PGD2-
d4, 25 ng/mL TXB2-d4, 50 ng/mL PGF2α-d4, 37.5 ng/mL 6-keto-
PGFlα-d4). The amount of prostaglandins was quantified by LC-MS/
MS analysis after solid phase extraction as described above (see
mPGES-1 activity assay).
WST-1 Cell Viability Assay. The water-soluble tetrazolium-1 salt

(Roche Diagnostics, Mannheim, Germany) was used to determine the
cell viability after treatment of cells with the compounds. HeLa cells
were seeded at a density of 3 × 103 cells in 100 μL of culture medium
containing 10% FCS into 96-well microplates and incubated for 24 h
at 37 °C. Medium was removed, and HeLa cells were stimulated with
IL-1β (1 ng/mL) + TNFα (5 ng/mL) and simultaneously treated with
increasing concentrations of the compounds (1, 10, and 100 μM) or
DMSO. After 24 h, 10 μL of WST-1 reagent was added to each well
and the cells were incubated for further 90−150 min. The formation of
the dye was measured at 450 nm against a reference wavelength of 620
nm using a 96-well spectrophotometric plate reader (SpectraFluor
Plus, Tecan, Crailsheim, Germany).
Cell-Based mPGES-1 Activity Assay. first, 2 × 104 HeLa cells were

incubated in 24-well microplates for 24 h at 37 °C. Then the medium
was replaced with fresh medium containing 1 ng/mL IL-1β + 5 ng/mL
TNFα (stimulated control) or an equal amount of PBS (unstimulated
control) and test compound (1, 10, or 100 μM) or DMSO. After
incubation for 24 h at 37 °C, cell supernatant was collected. Then
400−500 μL of supernatant was mixed with 400 μL of 45 mM H3PO4,
100 μL of 0.15 M EDTA, 20 μL of MeOH, and 20 μL of internal
standard (25 ng/mL PGE2-d4, 25 ng/mL PGD2-d4, 25 ng/mL TXB2-
d4, 50 ng/mL PGF2α-d4, 37.5 ng/mL 6-keto-PGFlα-d4). The amount of
prostaglandins was quantified by LC-MS/MS analysis after solid phase
extraction as described above (see mPGES-1 activity assay).
Whole Blood Eicosanoid Screening. To determine possible effects

of quinazolinone derivatives on different eicosanoids levels in human
whole blood, a eicosanoid profile was created for each compound.
Therefore, three different experimental settings were used to stimulate
the production of eicosanoid synthesis.
A stimulating effect of a compound was assumed when the relative

level of an eicosanoid exceeded +33% compared to control, an
inhibitory effect when levels were reduced by −33% or more, as
compared to control.
Whole Blood COX-1 Assay. Because TXA2 is the major product of

the COX-1/thromboxane-A synthase-pathway (which is activated
during blood clotting), this setting was used to investigate the effect of
mPGES-1 inhibitors on these two enzymes. Human venous whole
blood was collected in neutral monovettes without any additives
(SARSTEDT AG & Co, Nümbrecht, Germany) from healthy donors
who had not taken any NSAIDs for at least one week. Then 500 μL of
blood per sample was directly mixed with rising concentrations of test
compounds. Negative controls were immediately chilled on ice to
minimize thrombocyte aggregation. All other samples were incubated
at 37 °C for 1 h, and blood was allowed to clot.
Samples were chilled on ice for 5 min, and plasma was extracted by

centrifugation at 4 °C with 2000 rpm for 20 min. Plasma samples were
stored at −80 °C. For the extraction procedure, plasma was mixed for
3 min with 600 μL of 45 mM H3PO4, 100 μL of 0.15 M EDTA, 10 μL
of 2 mg/mL butylated hydroxytoluene, 20 μL of MeOH, and 20 μL of
internal standard (25 ng/mL PGE2-d4, 25 ng/mL PGD2-d4, 25 ng/mL
TXB2-d4, 50 ng/mL PGF2α-d4, 37.5 ng/mL 6-keto-PGF1α-d4).
TXB2 (instead of the instable TXA2) was measured together with

PGE2, PGD2, 6-keto-PGF1α, and PGF2a after solid phase extraction as
described above (see mPGES-1 activity assay).
Whole Blood COX-2 Assay. The mPGES-1 expression is mainly

coupled to COX-2 and therefore many proinflammatory stimuli,
activating the COX-2, also upregulate the protein level of mPGES-1.
For the COX-2 assay, blood was collected in NH4−heparin containing
monovettes (SARSTEDT AG & Co, Nümbrecht, Germany) which
prevent blood clotting. Then 500 μL of heparinized blood was mixed

with test compounds in DMSO. Finally, 10 μg/mL acetylsalicylic acid
was added to inhibit COX-1. After 15 min incubation at 37 °C, 500
μg/mL (10 μg/mL final concentration) lipopolysaccharide (LPS) in
10 μL autologous plasma was added to stimulate COX-2/mPGES-1.
After 24 h incubation time at 37 °C, samples were chilled on ice for 5
min and plasma was collected and prostaglandins extracted and
measured by LC-MS/MS (see Whole Blood COX-1 Assay).

Whole Blood Leukotriene/HETE Assay. To assess the influence of
quinazolinone derivatives on different enzymes in the leukotriene and
HETE pathway, 500 μL of human heparinized whole blood was mixed
with test compounds and incubated for 15 min at 37 °C. Afterward,
the whole blood was stimulated with 20 μM calcium ionophore
(A23187) in autologous plasma for a further 15 min at 37 °C. Blood
samples were chilled on ice for 5 min, plasma collected (centrifugation
at 4 °C with 2000 rpm for 20 min), and leukotrienes and HETEs
extracted by liquid−liquid extraction. Therefore, plasma was mixed
with 20 μL of EtOH and 20 μL of internal standard containing 25 ng/
mL LTB4-d4, 25 ng/mL 5(S)-HETE-d8, 25 ng/mL 12(S)-HETE-d8, 25
ng/mL 15(S)-HETE-d8, and 25 ng/mL 20-HETE-d6. Then 600 μL of
ethyl acetate was added and samples were mixed and centrifuged at
13000 rpm for 3 min. The organic upper phase was extracted.
Extraction of leukotrienes and HETEs was repeated once. Solvent was
evaporated under nitrogen atmosphere, and the residue was
reconstituted in 50 μL of MeOH−H2O (50:50 v/v). LTB4, 5(S)-
HETE, 12(S)-HETE, 15(S)-HETE, and 20-HETE were analyzed by
LC-MS/MS technique on a AB SCIEX QTRAP 5500 (Applied
Biosystems, Foster City, CA, USA) operating in multiple reaction
monitoring (MRM).45 Chromatographic separation was performed on
a Gemini-NX 5u C18 110A column (150 mm × 2 mm inner diameter,
5 μm particle size, Phenomenex, Aschaffenburg, Germany).
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Figure S1 Exemplary dose-response curve for compound 7 (FR20) on isolated human mPGES-1 

enzyme. 
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Figure S1 Exemplary dose-response curve for compound 7 (FR20) on isolated human mPGES-1 

enzyme. 
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a b s t r a c t

A novel class of 5-lipoxygenase (5-LO) inhibitors characterized by a central imidazo[1,2-a]pyridine scaf-
fold, a cyclohexyl moiety and an aromatic system, is presented. This scaffold was identified in a virtual
screening study and exhibits promising inhibitory potential on the 5-LO. Here, we investigate the struc-
ture–activity relationships of this compound class. With N-cyclohexyl-6-methyl-2-(4-morpholinophe-
nyl)imidazo[1,2-a]pyridine-3-amine (14), we identified a potent 5-LO inhibitor (IC50 = 0.16 lM (intact
cells) and 0.1 lM (cell-free)), which may possess potential as an effective lead compound intervening
with inflammatory diseases and certain types of cancer.

� 2012 Elsevier Ltd. All rights reserved.

Eicosanoids are signaling lipids derived from polyunsaturated
fatty acids which act as important regulators in immunity and
inflammation.1 Furthermore, diseases like rheumatoid arthritis,
asthma, atherosclerosis and cancer are influenced by a subgroup
of eicosanoids, the leukotrienes (LTs).2–4 For LT biosynthesis, ara-
chidonic acid (AA) is released from membrane phospholipids by
phospholipase (PL) A2 and transferred via the 5-lipoxygenase-acti-
vating protein (FLAP) to 5-lipoxygenase (5-LO).5,6 5-LO is a non-
heme iron-containing enzyme and catalyzes the oxygenation of
AA to 5(S)-hydroperoxy-6-trans-8,11,14-cis-eicosatetraenoic acid
(5-HPETE). In the following, 5-HPETE gets reduced to the corre-
sponding alcohol 5-HETE.7 Alternatively, 5-HPETE can be dehy-
drated, which leads to the unstable epoxide LTA4. LTA4 itself is
afterwards converted by LTA4 hydrolase to LTB4 which is a chemo-
tactic and chemokinetic agent as well as an activator for phago-
cytes.8 Furthermore, LTA4 can be conjugated with reduced
glutathione by LTC4 synthase. The cysteinyl-containing LTs C4, D4

and E4 cause bronchoconstriction and vascular permeability.1 LTs

also play a prominent role in chronic inflammation and in regula-
tion of the adaptive immune response.7 Though also anti-inflam-
matory properties of the 5-LO have recently been shown as the
enzyme is involved in the biosynthesis of the resolvins, agents that
trigger mechanisms of natural resolution of inflammation,9 there
are, based on the multiple pathophysiological actions of LTs,
increasing therapeutic indications for 5-LO inhibitors including
inflammation, allergic rhinitis, cardiovascular diseases, cancer
and osteoporosis.4,10 5-LO as a drug target has been validated in
many in vitro and in vivo studies4 and 5-LO inhibitors are actively
in clinical development. To date, the only 5-LO inhibitor that en-
tered the market is A-64077 (zileuton),11 which inhibits 5-LO by
chelating its active site iron.12 However, it exhibits some draw-
backs, that is, the initial need to take it several times daily and
the risk of hepatotoxicity.13 Furthermore, given that many 5-LO
inhibitory drug candidates lack sufficient selectivity or show
mechanism-based side effects,14–17 there is a strong need for novel
5-LO inhibitors.

Herein, we present the synthesis and SAR (structure–activity
relationship) studies of a novel series of 5-LO inhibitors based on a
central imidazo[1,2-a]pyridine scaffold (Fig. 1). Previously, we were
able to identify 5-LO inhibitors containing this scaffold by ligand-
based virtual screening.18 Thereby, seven imidazo[1,2-a]pyridine
based structures showed potent 5-LO inhibition (IC50 �1 lM).
Among those, compounds 1 and 2 revealed the most promising pro-
file for inhibition of the 5-LO pathway in intact polymorphonuclear
leukocytes (PMNL; IC50 = 0.9 and 0.6 lM, respectively (Fig. 1)) and
were therefore selected as structural templates of this study.
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The synthesis of compounds 5, 14–23 and 26–31 follows a mul-
ticomponent procedure as outlined in Scheme 1.19 The whole
structure series was prepared by means of these multicomponent
reactions, which are an excellent source for novel bioactive com-
pounds.20 Especially the isocyanide-based reactions have proven
to provide drug-like compounds with high diversity and optimiza-
tion potential. In brief, the respective benzaldehyde and aminopyr-
idine (or structural analogs) were dissolved together in absolute
methanol (MeOH). Next, cyclohexyl isonitrile and glacial acetic
acid were added to the solution. Overnight stirring resulted in pre-
cipitation of the product. Purification was subsequently done by
recrystallization from ethanol/ethyl acetate (EtOAc).

Benzimidazole derivatives 24 and 25 were synthesized as out-
lined in Scheme 2 within a modified two-step procedure described
by Yang et al.21 Briefly, 3-chloro-5-nitro-aniline reacted with cyclo-
hexanecarboxaldehyde in a reductive amination as described by
Abdel-Magid et al.22 In the following step, a reductive cyclization
with the corresponding aldehyde in presence of sodium dithionite
(Na2S2O4) was carried out. Compounds 24 and 25 were purified by
recrystallization from ethanol.

The characterization of all compounds for their 5-LO inhibitory
activity was carried out in intact polymorphonuclear leukocytes
(PMNL) as well as in a cell-free system (S100). The PMNL assay pro-
vides cellular conditions and is useful to assess membrane perme-
ation properties of the compounds. The latter assay (S100) was
chosen to distinguish between direct inhibition of 5-LO (compara-
ble inhibition in both assays) and indirect effects like FLAP or cPLA2

interaction (lower inhibitory activity in the cell-free assay).23 Please
consider that the discussion is focused on the IC50 values of the
PMNL assay to regard intracellular bioavailability. However, almost
all compounds were equally active in both assays, indicating direct
5-LO inhibitory effects and overall, the potencies measured by both
methods correlate well for most of the compounds. Outliers that di-
verged from this correlation (cf. correlation-plot, Supplementary
data Figure S5) are discussed in each case. Detailed information
about the assay conditions and dose-response curves of all tested
compounds are provided as Supplementary data. BWA4C,24 another
well-established iron-ligand type 5-LO inhibitor, was used as con-
trol reference compound in both assays (IC50 values of 0.05 lM
(PMNL S100) and 0.08 lM (intact PMNL) (Table 1), which is similar
to the literature24).

In order to investigate the underlying SAR and to optimize the
structure of compounds 1 and 2 with respect to 5-LO inhibition,
we investigated the influence of different substituents at the cen-
tral imidazo[1,2-a]pyridine core (part A) and the additional aro-
matic center (part B, see Fig. 1) on inhibition of 5-LO product
formation. The cyclohexyl amino moiety was kept constant within
the complete SAR study, due to the fact that this group has previ-
ously turned out as relevant feature for the potency of 5-LO
inhibition.18

In the first part of our study, we performed a preliminary
screening of commercially available compounds exhibiting the
imidazo[1,2-a]pyridine core of the Asinex database (www.asinex.
com, Moscow, Russia) (Table 1). Among those, compound 3 with
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Scheme 1. Synthesis of the imidazo[1,2-a]pyridine derivatives, exemplified at compound 17. Reagents and conditions: acetic acid (99%), MeOH; rt, overnight.

N
N

N

NH

compound 2:
IC50 (PMNL) = 0.6 µM

N

N

NH

Part A Part B

N

N

NH

compound 1:
IC50 (PMNL) = 0.9 µM

R

Figure 1. Lead compounds 1 and 218; general structure of presented compounds.
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Scheme 2. Synthesis of benzimidazole derivatives 24 and 25. Reagents and conditions: (a) nitroaniline, glacial acetic acid, NaBH(OAc)3, DCE, rt, overnight. (b) N,N-substituted
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Table 1
Inhibition of 5-LO product formation (in intact PMNL and cell-free S100) by test compounds from the preliminary screeninga

Compound Structure 5-LO product formation IC50 (lM)

PMNL S100

3⁄
N

NH

NN Cl

2.3 21.5

4⁄
N

NH

N
F

2.1 1.2

5

N

NH

N
NO2

1.53 >30

6⁄
N

NH

N
N

7.2 7.7

7⁄
N

NH

N
HO

1.9 1.8

8⁄
N

NH

N
OH

2.0 0.6

9⁄
N

NH

N

Br
OH

1.1 0.9

10⁄
N

NH

N
O

1.3 0.5

11⁄
N

NH

N
NH

O

S

0.4 0.4

(continued on next page)
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an imidazo[1,2-a]pyrazine scaffold and an electron withdrawing
para-chloro group in part B showed a decreased inhibitory activity
of 5-LO product formation (IC50 = 2.3 lM) compared to compounds
1 and 2.

The other compounds 4–13 showed broad structural variations
in part B and rather marginal modifications at the central imi-
dazo[1,2-a]pyridine core (part A). Within those, compound 4 fea-
tures a methyl-substituted (position 8) imidazo[1,2-a]pyridine
scaffold and a para-fluoro residue at part B. This compound exhib-
ited the same decreased inhibitory potential as compound 3
(IC50 = 2.1 lM).

Six compounds of this screening kept a methyl group at position 6
in part A with different substituents in part B (5–8, 10, 12). Introduc-
tion of para-nitro (5), -hydroxyl (8) or -methoxy (10) in part B
resulted in IC50 values of 1.53, 2.0 and 1.3 lM, respectively. The
hydroxyl group in ortho position (7) did not alter the inhibitory activ-
ity (IC50 = 1.9 lM) at all. On the contrary, introduction of para-hydro-
xy in part B combined with a bromo moiety in part A (position 6) (9)
resulted in a marginal higher potency (IC50 = 1.1 lM). Furthermore,
the replacement of the phenyl moiety in part B by an unsubstituted
pyridine (6) turned out to be even less effective (IC50 = 7.2 lM) but
the replacement with a bulky substituent (12) did not alter the
inhibitory potency (IC50 = 1.8 lM) in intact cells.

The introduction of a bulky substituent in para-position at part
B (11) finally led to a potent inhibition of 5-LO product formation
(IC50 = 0.4 lM). The most potent compound from this screening
was found in 13 which displays structural similarity to the previ-
ously identified compound 2, containing a para-dimethylamino
group in part B. The introduction of a chloro moiety in part A
(position 6) resulted in a six-fold higher potency in inhibiting
5-LO product formation (IC50 = 0.1 lM).

In summary, all compounds of the preliminary screening were
able to inhibit 5-LO product formation at least at low micromolar
ranges. The highest potency was achieved by introduction of a
para-dimethylamino substitution in compound 13 or by the
introduction of an additional bulky moiety in part B (11).

Considering the inhibitory activity in the cell-free S100 assay,
most compounds showed a similar potency compared to the
cellular assay. This led us to the conclusion that our presented
compounds directly interact with 5-LO. Interestingly, three
compounds 3, 5 and 12 were dramatically less active in the
cell-free assay (IC50 >20 lM) compared to intact cells. Compound

3 with the imidazo[1,2-a]pyrazine scaffold approved the impor-
tance of the imidazo[1,2-a]pyridine scaffold for direct 5-LO bind-
ing. Further the nitro group (5) or the bulky substituent of
compound 12 in part B seems to disturb the binding to the 5-LO
protein. The potent inhibitory activity in intact PMNL might be
an indicator for indirect inhibition of 5-LO product formation
possibly by an interaction with FLAP or cPLA2, which has to be
elucidated.

For systematic investigation of the SAR, we used a synthetic
strategy based on the one-pot procedure described by Groebke
et al.19 Thereby, the most potent compounds 2 and 13 served as
structural templates. Within this part of the study, we focused on
the investigation of the substitution in position 6 (part A) as well
as the amino group at the backbone (Table 2). As additional com-
putational binding studies gave us a hint for the binding mode of
these compounds,25 we designed derivatives expected to provide
shielding of the bound inhibitor from the solvent by extending
the dimethylamino moiety in part B of compound 2 to a morpho-
line group. The yielded compound 14 (IC50 = 0.16 lM) showed a
three-fold higher potency compared to compound 2 supporting
our binding mode hypothesis for this compound pair.25 Conse-
quently, we next synthesized compound 15 combining the substit-
uents of compound 14 (morpholine moiety in part B) and 13
(chloro residue in part A). The activity of 15 was comparable to
compound 13 and 14 (IC50 = 0.17 lM). The replacement of chloro-
by a slightly bigger bromo-moiety in compound 16 did not alter
activity (IC50 = 0.15 lM). Removal of the halogen in this position
(17) led only to a slightly decreased potency (IC50 = 0.42 lM) com-
pared to compound 14. Due to the promising inhibitory activity of
these morpholine derivatives, we molecular pharmacologically
characterized the inhibitory mode of action of the most potent
representative, compound 14, in a second study.25 This compound
shows direct, allosteric and selective inhibition of 5-LO.25 It has
distinct properties from the three known classes of 5-LO inhibitors
(iron-ligand type, redox type, and non-redox type inhibitors12) and
lacks several characteristic drawbacks known for the class of
nonredox type 5-LO inhibitors: The inhibitory efficacy of com-
pound 14 is neither influenced by the redox tone in the cell or
the concentration of exogenous AA nor by the stimulus for 5-LO
activation, factors crucial for the efficacy of 5-LO inhibitors in
vivo.26,27 These findings encouraged us to further investigate this
scaffold class.

Table 1 (continued)

Compound Structure 5-LO product formation IC50 (lM)

PMNL S100

12⁄

N

N

NH

NH
O

O

1.8 21.6

13⁄
N

NH

N

Cl
N

0.1 0.08

BWA4C O
N CH3
OH

O

0.08 0.05

a The asterisk (*) indicates commercially available compounds purchased from Asinex.
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To complete the sub-series based on compound 14, we kept the
chloro-residue at position 6 constant and replaced the morpholine-

ring by a piperidine moiety (18). This resulted in a marginal
increased potency (IC50 = 0.14 lM). In contrast, the introduction

Table 2
Influence of imidazo[1,2-a]pyridine substituents on inhibition of 5-LO product formation

Compound

NH

N

N
N Y

X

5-LO product formation IC50 (lM)

X Y PMNL S100

14 CH3 O 0.16 0.1
15 Cl O 0.17 0.27
16 Br O 0.15 0.77
17 H O 0.42 0.51
18 Cl CH2 0.14 0.06
19 Cl N-Boc 0.47 0.06

Table 3
Influence of heterocyclic core replacement on inhibition of 5-LO product formation

Compound NH

N

N
N O5/6

Het

5-LO product formation IC50 (lM)

PMNL S100

17 N

N

0.42 0.51

20 N

NN

3.55 6.10

21 N

N

N
1.76 2.22

22 N

NN
1.8 2.62

23 N

NS
1.50 0.61

24
N

N

Cl
N O

1.2 5.8

25

N

N
N

Cl
0.5 >10
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of N-Boc-piperazine instead of the morpholine-ring (19) caused a
slight loss of activity (IC50 = 0.47 lM). Due to synthetic difficulties
we were not able to obtain the deprotected derivative.

All tested derivatives of this sub-series were able to inhibit 5-LO
product formation in submicromolar ranges, although it remains to
be elucidated if these compounds show the same promising char-
acteristics as compound 14.

Based on the potent morpholine moiety in part A, we focused on
the central imidazo[1,2-a]pyridine part and synthesized different
bicyclic scaffolds in part A (Table 3). Therefore, we introduced an
additional nitrogen resulting in imidazo[1,2-a]-pyrimidine (20), -
pyridazine (21), -pyrazine (22) and -thiazole (23) fused scaffolds,
respectively. In summary, introduction of any additional nitrogen
to the bicyclic scaffold led to at least four- to eight-fold decreased
activity (IC50 = 1.5–3.5 lM) compared to the imidazo[1,2-a]pyri-
dine scaffold in 17 (IC50 = 0.42 lM) corroborating the promising
inhibitory potential of the morpholine derivatives.

Furthermore, two benzimidazole derivatives (24, 25) were syn-
thesized as analogs to compounds 13 and 15 which showed a two-
to seven-fold decrease of inhibitory activity (IC50 = 0.5 and 1.2 lM).
Interestingly, both benzimidazole derivatives just weakly inhibited
5-LO product formation in the cell-free assay (IC50 >10 and
5.8 lM). Therefore we conclude that additional, indirect effects
contribute to its inhibition of 5-LO product formation in the cellu-
lar assay.23 In summary, the initial imidazo[1,2-a]pyridine scaffold
turned out to exhibit the most potent inhibition of 5-LO product
formation. Additional introduction of a methyl- or chloro-residue
in position 6 resulted in an increased inhibition of 5-LO product
formation.

In order to complete the study of the SAR, we focused again on
the lipophilic backbone based on the structure of compound 10
(Table 4). Keeping the methyl group in position 6 (part A) constant,
we prepared a set of compounds featuring different ether moieties
instead of amines. Introduction of 3- (26) or 4-methoxy at part B
(10) as well as 3,4-dimethoxy-phenyl moieties (27) resulted in
low micromolar inhibition of 5-LO product formation (IC50 = 1.2–
1.3 lM). Substitution by the bulkier 3- (28) or 4-phenoxy (30) as
well as 3- (31) or 4-benzyloxy (29) moieties led to a submicromolar
inhibitory activity. The introduction at position 4 resulted in a
nearly two-fold higher potency (IC50 = 0.26 and 0.28 lM) than the
introduction at position 3 (IC50 = 0.5 and 0.43 lM). The greater flex-
ibility of the benzyloxy moieties does not seem to have influence on
the inhibitory activity compared to the phenoxy substituents. These
compounds also inhibit 5-LO product formation in submicromolar
concentration ranges in the S100 assay (IC50 = 0.03–0.72 lM). The
overall correlation between the cell-free and whole cell assay is
rather high (R2 = 0.68) for all tested compounds, however, several
outliers could be identified (cf. correlation-plot, Supplementary

data Figure S5): Compounds 19, 28, 29 and 31 exhibit significantly
(p >0.95) higher potency in cell-free assay system than expected.
While the Boc carbamate group of compound 19 might be cleaved
in whole-cell system, compounds 28, 29 and 31 might accumulate
in cell membrane due to the high lipophilicity.

In summary, we have developed a set of potent 5-LO inhibitors
characterized by a central imidazo[1,2-a]pyridine scaffold. Starting
with a preliminary screening of commercially available substances,
we investigated the SAR of broad structural modifications of the
imidazo[1,2-a]pyridine compounds. Thereby, we were able to iden-
tify a series of 5-LO inhibitors which are active in submicromolar
concentrations in intact cells and a cell-free system. Imidazo[1,
2-a]pyridines and related scaffolds were synthetically accessible
by means of multicomponent one-pot Groebke reaction. We
prepared a set of potent direct 5-LO inhibitors by systematic varia-
tion of the heterocyclic core, the core substituents and the phenyl
substituents. The most potent compounds show a five- to 10-fold
higher inhibitory potency than zileuton (IC50 = 0.5–1 lM11). This
together with the promising molecular pharmacological profile in
mind (demonstrated with compound 1425) encourages us for
further investigations to develop novel effective anti-inflammatory
drugs based on this imidazo[1,2-a]pyridine scaffold.
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I Synthetic conditions. 

The structures of all tested compounds were confirmed by 1H-NMR, 13C-NMR and mass 

spectrometry (ESI). The purities of the tested compounds were determined by combustion 

analysis and are 98% or higher. Commercial chemicals and solvents were reagent grade and 

used without further purification. 1H and 13C-NMR spectra were measured in DMSO-d6 or 

CDCl3 on a Bruker ARX 300 AV 200 spectrometer. Chemical shifts are reported in parts per 

million using tetramethylsilane (TMS) as internal standard. Mass spectra were obtained on a 

Fissous Instruments VG Platform 2 spectrometer measuring in the positive- or negative-ion 

mode (ESI-MS system). Combustion analysis was performed by the Microanalytical 

Laboratory of the Institute of Organic Chemistry and Chemical Biology, Goethe University 

Frankfurt, on an Elemental Vario Micro Cube. The analytical characterization of all 

compounds is provided in the supporting information. 

 

General procedure for preparation of imidazo[1,2-a]pyridine derivatives 5, 14-23, 26-31. 

The synthesis of compounds 5, 14-23 and 26-31 follows a multi-component procedure 

described by Groebke et al.1 N-Cyclohexyl-2-(4-morpholinophenyl)imidazo[1,2-a]pyridin-3-

amine 17: 0.30 g (3.1 mmol) 2-aminopyridine and 0.60 g (3.1 mmol) 4-morpholino-

benzaldehyde were stirred with glacial acetic acid and 35 mL anhydrous MeOH, then 0.35 g 

(3.1 mmol) cyclohexyl isocyanide was added. After 18 h the reaction mixture was quenched 

with 5 mL 2N HCl to destroy the residual isocyanide. MeOH was removed under reduced 

pressure and 50 mL saturated NaHCO3 solution was added. The product was extracted with 

EtOAc (3 x 40 mL) and the solvent was removed under reduced pressure. The purification 

was completed by recrystallization from EtOAc/MeOH yielding 0.50 g (42.2%) yellow solid. 
 

Reagents and Conditions of one-pot inhibitors 5, 14-23, 26-31 
 
 

 Amine in g 
(mmol) 

Cyclohexyl-
isonitrile in g 

(mmol) 

Aldehyde 
in g 

(mmol) 

Acetic acid 
in g (mmol) Yield in g (%) Product 

5  0.50 (4.6) 0.42 (3.9) 0.58 (3.9) 0.48 (8.0) 0.50 (37%) Orange solid 

14 1.00 (9.2) 0.84 (7.6) 1.47 (7.6) 0.89 (14.8) 1.80 (60%) Yellow solid 

15 0.27 (2.1) 0.23 (2.1) 0.4 (2.1) 0.25 (4.2) 0.49 (56.4%) Yellow solid 

16 1.50 (8.7) 0.79 (7.2) 1.38 (7.2) 0.42 (7.2) 2.3 (70%) Yellow solid 

17 0.30 (3.1) 0.35 (3.1) 0.60 (3.1) 0.37 (6.2) 0.50 (42.2%) Yellow solid 
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18 0.27 (2.1) 0.23 (2.1) 0.40 (2.1) 0.25 (4.2) 0.54 (63.1%) Yellow solid 

19 0.27 (2.1) 0.23 (2.1)  0.61 (2.1) 0.25 (4.2) 0.51 (47.9%) Yellow solid 

20 0.20 (2.1) 0.23 (2.1) 0.40 (2.1) 0.25 (4.2) 0.50 (63%) Yellow solid 

21 0.30 (3.1) 0.35 (3.1) 0.60 (3.1) 0.37 (6.2) 0.51 (43.8%) Yellow solid 

22 0.30 (3.1) 0.35 (3.1) 0.60 (3.1) 0.37 (6.2) 0.78 (67%) White solid 

23 0.16 (1.6) 0.17 (1.6) 0.30 (1.6)  0.20 (3.2) 0.15 (24.8%) White solid 

26 0.36 (3.3) 0.30 (2.7) 0.43 (2.7) 0.33 (5.5) 0.58 (64.3%) White solid 

27 0.36 (3.3) 0.30 (2.7) 0.46 (2.7) 0.33 (5.5) 0.76 (76%) White solid 

28 0.36 (3.3) 0.30 (2.7) 0.54 (2.7) 0.33 (5.5) 0.87 (80%) White solid 

29 0.36 (3.3) 0.30 (2.7) 0.58 (2.7) 0.33 (5.5) 0.82 (74.2%) White solid 

30 0.36 (3.3) 0.30 (2.7) 0.54 (2.7) 0.33 (5.5) 0.62 (57.9%) White solid 

31 0.36 (3.3) 0.30 (2.7) 0.58 (2.7) 0.33 (5.5) 0.55 (49%) White solid 
 
 

 

General procedure for the preparation of benzimidazole derivatives 24 and 25:  

4-(6-chloro-1-(cyclohexylmethyl)-1H-benzo[d]imidazol-2-yl)-N,N-dimethylaniline 24: 1.0 g 

(5.8 mmol) 5-chloro-2-nitroaniline, 1.2 g (11.0 mmol) cyclohexanecarboxaldehyde and 2.0 g 

(34 mmol) glacial acetic acid were dissolved in 15 mL 1,2-dichloroethane. Then 3.3 g (16.2 

mmol) sodium triacetoxyborohydride was added and the mixture was stirred at RT overnight. 

The reaction was quenched with 10 mL saturated NaHCO3 solution and the product was 

extracted with EtOAc (3 x 50 mL). After extraction, the residual aldehyde was removed by 

washing with 50 mL saturated sodium hydrogensulfite solution. The organic fraction was 

dried over MgSO4 and the solvent was removed under reduced pressure. The orange product 

(0.82 g; 53 %) was recrystallized from MeOH and was used directly for the reductive 

cyclization. 0.27 g (1.0 mmol) of the product, 0.15 g (1.0 mmol) of 4-N,N-

dimethylbenzaldehyde and 0.63 g (3.1 mmol) Na2S2O4 were refluxed at 80 °C for 48 h in 20 

mL EtOH/DMSO (1:1). The solvents were removed under reduced pressure and the reaction 

mixture was quenched with saturated NH4OH and washed with water (3 x 10 mL). The 

purification was completed via crystallization from diethyl ether/EtOH yielding 0.12 g (32%) 

of an off-white solid. 
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II  Analytical characterization by 1H- and 13C-NMR and mass spectrometry (ESI)  

Characterization of N-cyclohexyl-6-methyl-2-(4-nitrophenyl)imidazo[1,2-a]pyridin-3-
amine 5  

 
 

1H-NMR (300.13 MHz, (CD3)2SO): δ =  1.09-1.75 (m, 10H, Cyclohex-H), 2.31 (s, 3H, Pyr-
CH3), 2.79-2.83 (m, 1H, Cyclohex-C1H), 4.96-4.98 (d, 1H, J = 6.6Hz, NH), 7.07-7.10 (dd, 
1H, J = 1.6; 9.2Hz, Pyr-C5), 7.40-7.43 (d, 1H, J = 9.1Hz, Pyr-C4),  8.15 (s, 1H, Pyr-C7), 8.26-
8.30 (d, 2H, J = 2.2; 7.0Hz, Ph-C2/6), 8.44-8.47 (dd, 1H, J=1.9; 7.1Hz, Ph-C3/5). 13C-NMR 
(75.44 MHz, (CD3)2SO): δ = 17.87 (Pyr-CH3), 24.53 (2C, Cyclohex-C3/5), 25.31 (Cyclohex-
C4), 33.79 (2C, Cyclohex-C2/6), 56.81 (Cyclohex-C1), 116.60 (Pyr-C4), 120.85 (Pyr-C7), 
121.11 (Pyr-C6), 123.66 (2C, Ph-C3/5), 126.63 (2C, Ph-C2/6), 127.87 (Pyr-C5), 128.10 (Pyr-
C2), 131.94 (Pyr-C1), 140.14 (Ph-C1), 141.68 (Pyr-C9), 145.40 (Ph-C4). MS (ESI +) = m/e = 
351.2 [M+1]+ 

 

Characterization of N-cyclohexyl-6-methyl-2-(4-morpholinophenyl)imidazo[1,2-a] 
pyridin-3-amine 14  

 
 

1H-NMR (300.13 MHz, (CD3)2SO): δ = 1.07-1.71 (m, 10H, Cyclohex-H), 2.37 (s, 3H, -CH3), 
2.78-2.82 (m, 1H, Cyclohex-C1H), 2.18-2.22 (t, 4H, J = 4.6Hz, Morph-C2/6H2), 3.79-3.83 (t, 
4H, J = 4.9Hz, Morph-C3/5H2), 4.58-4.63 (d, 1H, J = 6.2Hz, NH), 6.95-6.98 (m, 3H, Pyr-
C6+Ph-C3/5), 7.30-7.33 (d, 1H, J = 9.1Hz, Pyr-C4), 8.04-8.09 (m, 3H, Pyr-C5+Ph-C2/6). 13C-
NMR (75,44 MHz, (CD3)2SO): δ = 18.10 (Pyr-CH3), 24.99 (2C, Cyclohex-C3/5), 25.97 
(Cyclohex-C4), 34.04 (2C, Cyclohex-C2/6), 48.01 (2C, Morph-C2/6), 56.47 (Cyclohex-C1), 
66.70 (2C, Morph-C3/5), 114.31 (2C, Ph-C3/5), 116.08 (Pyr-C4), 120.61 (Pyr-C7), 120.72 (Ph-
C1), 124.15 (Pyr-C6), 126.31 (Pyr-C5), 126.42 (Pyr-C2), 127.49 (2C, Ph-C2/6), 139.69 (Pyr-
C9), 149.72 (Ph-C4). MS (ESI +) = m/e = 391.3 [M+1]+ 
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Characterization of 6-chloro-N-cyclohexyl-2-(4-morpholinophenyl)imidazo[1,2-
a]pyridin-3-amine 15  

 
 

1H-NMR (300.13 MHz, (CD3)2SO): δ = 1.05-1.80 (m, 10H, Cyclohex-H), 2.81-2.94 (m, 1H, 
Cyclohex-C1H), 3.20-3.24 (t, 4H, J = 4.8Hz, Morph-C2/6H2), 3.78-3.82 (t, 4H, J = 4.7Hz, 
Morph-C3/5H2), 4.79-4.81 (d, 1H, J = 6.2Hz, NH), 7.03-7.07 (d, 2H, J = 9.0Hz, Ph-C3/5), 7.19-
7.22 (dd, 1H, J = 2.2; 9.0Hz, Pyr-C5), 7.50-7.54 (d, 1H, J = 9.5Hz, Pyr-C4), 8.11-8.15 (d, 2H, 
J = 8.9Hz, Ph-C2/6), 8.48-8.49 (d, 1H, J = 1.5Hz, Pyr-C7). 13C-NMR (75,44 MHz, (CD3)2SO): 
δ = 24.51 (2C, Cyclohex-C3/5), 25.37 (Cyclohex-C4), 33.46 (2C, Cyclohex-C2/6), 47.97 (2C, 
Morph-C2/6), 56.36 (Cyclohex-C1), 66.08 (2C, Morph-C3/5), 114.43 (2C, Ph-C3/5), 117.14 
(Pyr-C4), 118.36 (Pyr-C7), 120.72 (Ph-C1), 124.02 (Pyr-C6), 124.76 (Pyr-C5), 125.26 (Pyr-C2), 
127.24 (2C, Ph-C2/6), 135.86 (Pyr-C1), 138.55 (Pyr-C9), 149.96 (Ph-C4). MS (ESI +) = m/e = 
411.1 [M+1]+ 
 
 
Characterization of 6-bromo-N-cyclohexyl-2-(4-morpholinophenyl)imidazo[1,2-
a]pyridin-3-amine 16  

 
 

1H-NMR (300.13 MHz, (CD3)2SO): δ = 1.07-1.73 (m, 10H, Cyclohex-H), 2.81-2.95 (m, 1H, 
Cyclohex-C1H), 3.17-3.21 (t, 4H, J = 4.9Hz, Morph-C2/6H2), 3.72-3.75 (t, 4H, J = 4.8Hz, 
Morph-C3/5H2), 4.97-4.98 (d, 1H, J = 6.1Hz, NH), 7.02-7.05 (d, 2H, J = 8.9Hz, Ph-C3/5), 7.49-
7.58 (m, 2H, Pyr-C4/5), 8.00-8.04 (d, 2H, J = 8.9Hz, Ph-C2/6), 8.70-8.73 (d, 1H, J = 1.6Hz, 
Pyr-C7). 13C-NMR (75,44 MHz, (CD3)2SO): δ = 24.51 (2C, Cyclohex-C3/5), 25.37 (Cyclohex-
C4), 33.48 (2C, Cyclohex-C2/6), 47.98 (2C, Morph-C2/6), 56.38 (Cyclohex-C1), 66.08 (2C, 
Morph-C3/5), 105.17 (Pyr-C6), 114.43 (2C, Ph-C3/5), 117.52 (Pyr-C4), 122.80 (Ph-C1), 124.93 
(Pyr-C5), 125.08 (Pyr-C2), 125.88 (Pyr-C7), 127.25 (2C, Ph-C2/6), 135.80 (Pyr-C1), 138.76 
(Pyr-C9), 149.93 (Ph-C4). MS (ESI +) = m/e = 455.2 [M+1] 
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Characterization of N-Cyclohexyl-2-(4-morpholinophenyl)imidazo[1,2-a]pyridin-3-
amine 17  

 
 
1H-NMR (300.13 MHz, (CD3)2SO): δ = 1.08-1.71 (m, 10H, Cyclohex-H), 2.79-2.83 (m, 1H, 
Cyclohex-C1H), 3.13-3.17 (t, 4H, J = 4.7Hz, Morph-C2/6H2), 3.72-3.76 (t, 4H, J = 4.6Hz, 
Morph-C3/5H2), 4.65-4.67 (d, 1H, J = 5.5Hz, NH), 6.81-6.85 (t, 1H, J = 6.6Hz, Pyr-C6), 6.97-
6.99 (d, 2H, J = 8.9Hz, Ph-C3/5), 7.09-7.14 (t, 1H, J = 8.5Hz, Pyr-C5), 7.39-7.42 (d, 1H, J = 
8.9Hz, Pyr-C4), 8.07-8.10 (d, 2H, J = 8.8Hz, Ph-C2/6), 8.24-8.27 (d, 1H, J = 6.8Hz, Pyr-C7). 
13C-NMR (75.44 MHz, (CD3)2SO): δ = 24.45 (2C, Cyclohex-C3/5), 25.43 (Cyclohex-C4), 
33.52 (2C, Cyclohex-C2/6), 48.11 (2C, Morph-C2/6), 56.27 (Cyclohex-C1), 65.85 (2C, Morph-
C3/5), 110.93 (Pyr-C4), 114.45 (2C, Ph-C3/5), 116.31 (Pyr-C6), 123.06 (Pyr-C5), 123.21 (Pyr-
C7), 124.36 (Ph-C1), 125.59 (Pyr-C2), 127.23 (2C, Ph-C2/6), 135.25 (Pyr-C1), 140.33 (Pyr-C9), 
149.72 (Ph-C4). MS (ESI +) = m/e = 377.0 [M+1]+. 
 
 
Characterization of 6-chloro-N-cyclohexyl-2-(4-(piperidin-1-yl)phenyl)imidazo[1,2-
a]pyridin-3-amine 18 

 
 
1H-NMR (300.13 MHz, (CD3)2SO): δ =  0.87-2.26 (m, 17H, Cyclohex-H + Pip-C3-5H2), 3.21-
3.25 (t, 4H, Pip-C2/6H2), 6.98-7.01 (d, 2H, J = 9.0Hz, Ph-C3/5), 7.09-7.13 (dd, 1H, J = 2.0; 
9.4Hz, Pyr-C5), 7.38-7.42 (d, 2H, Pyr-C4 + NH), 8.10-8.13 (d, 2H, J = 9.0Hz, Ph-C2/6), 8.36 
(dd, 1H, J = 2.0Hz, Pyr-C7). 13C-NMR (75.44 MHz, (CD3)2SO): δ = 22.87 (Pip-C4), 23.56 
(2C, Cyclohex-C3/5), 24.88 (Cyclohex-C4), 33.22 (2C, Cyclohex-C2/6), 47.98 (2C, Pip-C2/6), 
56.38 (Cyclohex-C1), 66.08 (2C, Pip-C3/5), 107.87 (Pyr-C4), 112.84 (2C, Ph-C3/5), 117.38 
(Pyr-C7), 120.60 (Ph-C1), 121.48 (Pyr-C6), 127.25 (2C, Ph-C2/6), 128.36 (Pyr-C5), 135.24 
(Pyr-C2), 135.80 (Pyr-C1), 138.76 (Pyr-C9), 149.93 (Ph-C4). MS (ESI +) = m/e = 409.3 
[M+1]+ 
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Characterization of tert-butyl 4-(4-(6-chloro-3-(cyclohexylamino)imidazo[1,2-a]pyridin-
2-yl)phenyl)piperazine-1-carboxylate 19  

 
 
1H-NMR (300.13 MHz, Acetone): δ = 1.18-1.37 (m, 1H, Cyclohex-H), 1.47 (s, 9H, Boc-
CH3), 1.50-1.85 (m, 5H, Cyclohex-H), 2.95-3.07 (m, 1H, Cyclohex-C1H), 3.20-3.23 (t, 4H, J 
= 5.4Hz, Pip-C3/5), 3.55-3.58 (t, 4H, J = 4.9Hz, Pip-C2/6), 7.03-7.06 (d, 2H, J = 9.0Hz, Ph-
C2/6), 7.11-7.14 (dd, 1H, J = 2.0; 9.4Hz, Pyr-C5), 7.40-7.44 (dd, 1H, J = 0.7; 9.4Hz, Pyr-C4), 
8.14-8.17 (d, 2H, J = 9.0Hz, Ph-C3/5), 8.36 (d, 1H, J = 2.0Hz, Pyr-C7). 13C-NMR (75.44 MHz, 
Acetone): δ = 25.62 (2C, Cyclohex-C3/5), 26.54 (Cyclohex-C4), 28.55 (3C, Boc-CH3), 34.66 
(2C, Cyclohex-C2/6), 49.55 (2C, Pip-C2/6), 57.37+57.46 (2C, Pip-C3/5), 79.74 (Boc-C1), 116.51 
(2C, Ph-C3/5), 118.34 (Pyr-C4), 119.68 (Pyr-C7), 121.58 (Pyr-C6), 124.71 (Ph-C1), 127.15 
(Pyr-C5), 128.68 (2C, Ph-C2/6), 139.57 (Pyr-C1), 140.78 (Pyr-C2),151.45 (Ph-C4) 177.10 
(COO-). MS (ESI +) = m/e = 510.7 [M+1]+ 
 
 

Characterization of N-Cyclohexyl-2-(4-morpholinophenyl)-imidazo-[1,2-a]pyrimidin-3-
amine 20  

 
 

1H-NMR (300.13 MHz, (CD3)2SO): δ = 1.08-1.71 (m, 10H, Cyclohex-H), 2.81 (m, 1H, 
Cyclohex-C1H), 3.15-3.18 (t, 4H, J = 4.7Hz, Morph-C2/6H2), 3.72-3.75 (t, 4H, J = 4.5 MHz, 
Morph-C3/5H2), 4.76-4.78 (d, 1H, J = 5.7Hz, NH), 6.96-7.06 (m, 3H, Pyr-C6 + Ph-C3/5), 8.09-
8.12 (d, 2H, J = 8.8Hz, Ph-C2/6), 8.37-8.39 (dd, 1H, J = 1.9; 4.0Hz, Pyr-C5), 8.65-8.68 (dd, 
1H, J = 1.9; 6.7Hz, Pyr-C7). 13C-NMR (75.44 MHz, (CD3)2SO): δ = 24.44 (2C, Cyclohex-
C3/5), 25.37 (Cyclohex-C4), 33.49 (2C, Cyclohex-C2/6), 47.96 (2C, Morph-C2/6), 56.29 
(Cyclohex-C1), 65.76 (2C, Morph-C3/5), 107.74 (Pyr-C6), 113.71 (2C, Ph-C3/5), 122.79 (Ph-
C1), 124.80 (Pyr-C1), 127.60 (2C, Ph-C2/6), 130.98 (Pyr-C7), 136.36 (Pyr-C2), 143.59 (Pyr-
C9), 148.41 (Ph-C4), 150.09 (Pyr-C5). MS (ESI+) = m/e = 378.2 [M+1]+ 
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Characterization of N-cyclohexyl-2-(4-morpholinophenyl)imidazo[1,2-b]pyridazin-3-
amine 21 

 
 
1H-NMR (300.13 MHz, (CD3)2SO): δ =  1.09-1.76 (m, 10H, Cyclohex-H), 3.08-3.17 (m, 5H, 
Cyclohex-C1H + Morph-C2/6H2), 3.72-3.75 (t, 4H, J = 4.6Hz, Morph-C3/5H2), 4.54-4.57 (d, 
1H, J = 7.7Hz, NH), 6.99-7.06 (m, 3H, Pyr-C4 + Ph-C3/5), 7.90-7.94 (dd, 1H, J = 1.4; 9.0Hz, 
Pyr-C5), 8.08-8.11 (d, 2H, J = 8.8Hz, Ph-C2/6), 8.40-8.42 (dd, 1H, J = 1.4; 4.4Hz, Pyr-C6). 
13C-NMR (75.44 MHz, (CD3)2SO): δ = 24.94 (2C, Cyclohex-C3/5), 25.87 (Cyclohex-C4), 
33.96 (2C, Cyclohex-C2/6), 48.48 (2C, Morph-C2/6), 55.73 (Cyclohex-C1), 66.56 (2C, Morph-
C3/5), 114.97 (2C, Ph-C3/5), 115.59 (Pyr-C5), 124.75 (Ph-C1), 125.53 (Pyr-C4), 127.63 (2C, 
Ph-C2/6), 129.08 (Pyr-C1), 134.46 (Pyr-C2), 134.76 (Pyr-C9), 142.97 (Pyr-C6), 150.50 (Ph-C4). 
MS (ESI +) = m/e = 378.3 [M+1]+ 
 
Characterization of N-Cyclohexyl-2-(4-morpholinophenyl)imidazo[1,2-a]pyrazin-3-
amine 22  

 
1H-NMR (300.13 MHz, (CD3)2SO): δ = 1.07-1.71 (m, 10H, Cyclohex-H), 2.82-2.86 (m, 1H, 
Cyclohex-C1H), 3.15-3.19 (t, 4H, J = 4.6Hz, Morph-C2/6H2) 3.72-3.75 (t, 4H, J = 4.6Hz, 
Morph-C3/5H2), 4.92-4.94 (t, 1H, J = 6.7Hz, NH), 6.99-7.03 (d, 2H, J = 9.0Hz, Ph-C3/5), 7.79-
7.81 (d, 1H, J = 4.6Hz, Pyr-C7), 8.08-8.11 (d, 2H, J = 8.8Hz, Ph-C2/6), 8.30-8.32 (dd, 1H, J = 
1.2; 4.6Hz, Pyr-C6), 8.84-8.84 (d, 1H, J = 1.0Hz, Pyr-C4). 13C-NMR (75.44 MHz, (CD3)2SO): 
δ = 24.52 (2C, Cyclohex-C3/5), 25.34 (Cyclohex-C4), 33.58 (2C, Cyclohex-C2/6), 47.87 (2C, 
Morph-C2/6), 56.34 (Cyclohex-C1), 66.06 (2C, Morph-C3/5), 114.43 (2C, Ph-C3/5), 116.05 
(Pyr-C7), 124.39 (Ph-C1), 126.17 (Pyr-C1), 127.51 (2C, Ph-C2/6), 128.32 (Pyr-C6), 135.80 
(Pyr-C2), 137.21 (Pyr-C9), 141.80 (Pyr-C4), 150.31(Ph-C4). MS (ESI +) = m/e = 378.1 [M+1]+ 
 
 
Characterization of N-Cyclohexyl-6-(4-morpholinophenyl)imidazo[2,1-b]thiazol-5-amine 
23  
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1H-NMR (300.13 MHz, (CD3)2SO): δ = 1.04-1.75 (m, 10H, Cyclohex-H), 2.75-2.79 (m, 1H, 
Cyclohex-C1H), 3.09-3.12 (t, 4H, J = 4.8Hz, Morph-C2/6H2), 3.71-3.74 (t, 4H, J = 4.8Hz, 
Morph-C3/5H2), 4.49-4.51 (d, 1H, J = 6.0Hz, NH), 6.91-6.94 (d, 2H, J = 8.9Hz, Ph-C3/5), 7.10-
7.12 (d, 1H, J = 4.5Hz, Pyr-C5), 7.67-7.68 (d, 1H, J = 4.5Hz, Pyr-C6), 7.89-7.92 (d, 2H, J = 
8.8Hz, Ph-C2/6). 13C-NMR (75.44 MHz, (CD3)2SO): δ =  24.44 (2C, Cyclohex-C3/5), 25.46 
(Cyclohex-C4), 33.42 (2C, Cyclohex-C2/6), 48.30 (2C, Morph-C2/6), 48.30 (Cyclohex-C1), 
66.12 (2C, Morph-C3/5), 111.52 (Pyr-C5), 114.60 (2C, Ph-C3/5), 118.31 (Pyr-C1), 126.16 (2C, 
Ph-C2/6), 126.76 (Ph-C1), 135.61 (Pyr-C2), 143.18 (Pyr-C6), 149.10 (Ph-C4). MS (ESI +) = 
m/e = 383.3 [M+1]+ 
 
 
Characterization of 4-(6-chloro-1-(cyclohexylmethyl)-1H-benzo[d]imidazol-2-yl)-N,N-
dimethylaniline 24  
 

 
 
1H-NMR (300.13 MHz, (CD3)2SO): δ =  0.73-1.63 (m, 11H, Cyclohex-H), 3.03 (s, 6H, N-
CH3), 4.19-4.22 (d, 2H, J = 8.7Hz, Cyclohex-CH2), 6.80-6.83 (d, 2H, J = 10.4Hz, Ph-C3/5), 
7.15-7.20 (dd, 1H, 1.6; 9.0Hz, Pyr-C5), 7.56-7.62 (m, 3H, Ph-C2/6+Pyr-C4), 7.76 (d, 1H, J = 
1.8Hz, Pyr-C7). 13C-NMR (75.44 MHz, (CD3)2SO): δ = 24.95 (2C, Cyclohex-C3/5), 25.59 
(Cyclohex-C4), 29.77 (2C, Cyclohex-C2/6), 37.38 (Cyclohex-C1), 49.93 (Cyclohex-CH2), 
110.85 (Pyr-C4), 111.55 (2C, Ph-C3/5), 117.17 (Pyr-C7), 119.69 (Ph-C1), 121.75 (Pyr-C5), 
126.05 (Pyr-C6), 129.93 (2C, Ph-C2/6), 137.01 (Pyr-C8), 141.35 (Pyr-C9), 150.77 (Pyr-C2), 
155.25 (Ph-C4). MS (ESI +) = m/e = 368.2 [M+1]+. 
 
 
Characterization of 4-(4-(6-chloro-1-(cyclohexylmethyl)-1H-benzo[d]imidazol-2-
yl)phenyl)morpholine 25  

 
 

1H-NMR (300.13 MHz, (CD3)2SO): δ = 1.04-1.69 (m, 10H, Cyclohex-H), 3.21-3.23 (m, 4H, 
Morph-C2/6H2), 3.80-3.83 (m, 4H, Morph-C3/5H2),  4.26-4.29 (d, 2H, J = 8.7Hz, Cyclohex-
CH2), 7.11-7.15 (d, 2H, J = 10.5Hz, Ph-C3/5), 7.24-7.28 (dd, 1H, 1.6; 9.0Hz, Pyr-C5), 7.51-
7.65 (m, 3H, Ph-C2/6+Pyr-C4), 7.84 (d, 1H, J = 1.8Hz, Pyr-C7). 13C-NMR (75.44 MHz, 
(CD3)2SO): δ = 24.93 (2C, Cyclohex-C3/5), 25.58 (Cyclohex-C4), 29.76 (2C, Cyclohex-C2/6), 
37.39 (Cyclohex-C1), 47.35 (2C, Morph-C2/6), 51.02 (Cyclohex-CH2), 73.42 (2C, Morph-
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C3/5), 110.97 (Pyr-C4), 114.10 (2C, Ph-C3/5), 119.89 (Pyr-C7), 120.20 (Ph-C1), 121.89 (Pyr-
C5), 126.29 (Pyr-C6), 129.97 (2C, Ph-C2/6), 135.11 (Pyr-C8), 136.94 (Pyr-C9), 151.49 (Pyr-
C2), 154.79 (Ph-C4). MS (ESI +) = m/e = 410.3 [M+1]+. 
 

Characterization of N-cyclohexyl-2-(3-methoxyphenyl)-6-methylimidazo[1,2-a]pyridin-
3-amine 26  

 
 

1H-NMR (300.13 MHz, (CD3)2SO): δ = 1.08-1.71 (m, 10H, Cyclohex-H), 2.30 (s, 3H, Pyr-
CH’), 2.85 (m, 1H, Cyclohex-C1H), 3.80 (s, 3H, O-CH3), 4.70-4.72 (d, 1H, J = 5.6Hz, NH), 
6.99-7.03 (d, 1H, J = 9.1Hz, Pyr-C5), 7.26-7.39 (m, 2H, Ph-C2/6), 7.77-7.80 (m, 2H, Ph-
C5+Pyr-C4), 8.10 (s, 1H, Pyr-C7). 13C-NMR (75.44 MHz, (CD3)2SO): δ = 17.90 (Pyr-CH3), 
24.44 (2C, Cyclohex-C3/5), 25.39 (Cyclohex-C4), 33.47 (2C, Cyclohex-C2/6), 54.91 (O-CH3), 
56.36 (Cyclohex-C1), 111.27 (Ph-C2), 112.70 (Ph-C4), 116.20 (Pyr-C4), 118.74 (Ph-C6), 
120.35 (Pyr-C7), 120.58 (Pyr-C1), 125.80 (Pyr-C6), 126.77 (Ph-C5), 129.11 (Pyr-C5), 134.39 
(Ph-C1), 136.26 (Pyr-C2), 139.49 (Pyr-C9), 159.19 (Ph-C3). MS (ESI +) = m/e = 336.0 [M+1]+ 

 

Characterization of N-cyclohexyl-2-(3,4-dimethoxyphenyl)-6-methylimidazo[1,2-
a]pyridin-3-amine 27  

 
 

1H-NMR (300.13 MHz, (CD3)2SO): δ = 1.10-1.71 (m, 10H, Cyclohex-H), 2.29 (s, 3H, Pyr-
CH3), 2.80 (m, 1H, Cyclohex-C1H), 3.88 (s, 3H, O-CH3), 3.81 (s, 3H, O-CH3), 4.65-4.67 (d, 
1H, J = 5.4Hz, NH), 6.97-7.0 (m, 2H, Ph-C5/6) 7.33-7.37 (d, 1H, J = 9.1Hz, Pyr-C5), 7.73-7.81 
(m, 2H, Ph-C2+Pyr-C4), 8.1 (s, 1H, Pyr-C7). 13C-NMR (75.44 MHz, (CD3)2SO): δ = 17.8 
(Pyr-CH3), 24.42 (2C, Cyclohex-C3/5), 25.46 (Cyclohex-C4), 33.52 (2C, Cyclohex-C2/6), 
55.33+55.49 (2C, O-CH3), 56.23 (Cyclohex-C1), 110.0 (Ph-C2), 111.58 (Ph-C5), 115.92 (Pyr-
C4), 118.89 (Ph-C6), 120.17 (Pyr-C7), 120.54 (Pyr-C1), 124.43 (Pyr-C6), 126.41 (Ph-C1), 
127.72 (Pyr-C5), 134.81 (Pyr-C2), 139.45 (Pyr-C9), 147.75 (Ph-C4), 148.41 (Ph-C3). MS (ESI 
+) = m/e = 366.2 [M+1]+ 
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Characterization of N-Cycylohexyl-6-methyl-2-(3-phenoxyphenyl)imidazo[1,2-
a]pyridin-3-amine 28  

 
 

1H-NMR (300.13 MHz, (CD3)2SO): δ =  1.03-1.58 (m, 10H, Cyclohex-H), 2.28 (s, 3H, Pyr-
CH3), 2.74 (m, 1H, Cyclohex-C1H), 4.62-4.64 (d, 1H, J = 5.8Hz, NH), 6.96-7.43 (m, 9H, Ph-
H+Ph'-H), 7.85 (s, 1H, Pyr-C7), 7.96-7.99 (dd, 1H, Pyr-C5), 8.06 (s, 1H, Pyr-C4). 13C-NMR 
(75.44 MHz, (CD3)2SO): δ = 17.87 (Pyr-CH3), 24.50 (2C, Cyclohex-C3/5), 25.34 (Cyclohex-
C4), 33.34 (2C, Cyclohex-C2/6), 56.35 (Cyclohex-C1), 115.91 (Ph-C2), 116.24 (Pyr-C4), 
117.15 (Ph-C4), 118.77 (2C, Ph'-C2/6), 120.45 (Ph-C6), 120.64 (Pyr-C1), 121.34 (Ph'-C4), 
123.35 (Pyr-C7), 125.81 (Pyr-C6), 126.90 (Ph-C5), 129.76 (Pyr-C5), 130.01 (2C, Ph'-C3/5), 
133.61 (Ph-C1), 136.79 (Pyr-C2), 139.53 (Pyr-C9), 156.81 (Ph'-C1), 156.85 (Ph-C3). MS (ESI 
+) = m/e = 398.4 [M+1]+ 

Characterization of 2-(4-(benzyloxy)phenyl)-N-cyclohexyl-6-methylimidazo[1,2-
a]pyridin-3-amine 29  

 
 

 

1H-NMR (300.13 MHz, (CD3)2SO): δ = 1.07-1.70 (m, 10H, Cyclohex-H), 2.29 (s, 3H, Pyr-
CH3), 2.85 (m, 1H, Cyclohex-C1H), 4.62-4.64 (d, 1H, J=5.8Hz, NH), 5.12 (s, 2H, Ph-O-CH2), 
6.97-7.06 (m, 3H, Ph'-H), 7.32-7.48 (m, 6H, Ph-H+Ph'-H), 8.06-8.14 (m, 3H, Pyr-C4/5/7). 
13C-NMR (75.44 MHz, (CD3)2SO): δ =17.37 (Pyr-CH3), 24.25 (2C, Cyclohex-C3/5), 25.00 
(Cyclohex-C4), 32.93 (2C, Cyclohex-C2/6), 55.89 (Cyclohex-C1), 69.34 (Ph-O-CH2), 108.86 
(Pyr-C4), 111.48 (Pyr-C7), 112.60 (2C, Ph-C3/5), 115.82 (Pyr-C6), 117.20 (2C, Ph’-C2/6), 
121.77 (2C, Ph’-C3/5), 125.57 (Ph-C1), 126.48 (Ph’-C4), 127.63 (Pyr-C5), 127.77 (Pyr-C2), 
128.23 (2C, Ph-C2/6), 128.57 (Pyr-C1), 134.96 (Ph’-C1), 135.09 (Pyr-C9), 136.62 (Ph-C4). MS 
(ESI +) = m/e = 412.3 [M+1] 
 



 S12

Characterization of N-cyclohexyl-6-methyl-2-(4-phenoxyphenyl)imidazo[1,2-a]pyridin-
3-amine 30  

 
 

1H-NMR (300.13 MHz, (CD3)2SO): δ = 1.08-1.72 (m, 10H, Cyclohex-H), 2.30 (s, 3H, Pyr-
CH3), 2.76-2.90 (m, 1H, Cyclohex-C1H), 4.66-4.68 (d, 1H, J = 5.5Hz, NH), 6.98-7.18 (m, 6H, 
Ph'-H+Pyr-C5), 7.33-7.44 (m, 3H, Ph-C2/6+Pyr-C4), 8.07 (s, 1H, Pyr-C7), 8.18-8.22 (d, 2H, J = 
8.7Hz, Ph-C3/5). 13C-NMR (75.44 MHz, (CD3)2SO): δ = 17.88 (Pyr-CH3), 24.47 (2C, 
Cyclohex-C3/5), 25.40 (Cyclohex-C4), 33.44 (2C, Cyclohex-C2/6), 56.32 (Cyclohex-C1), 
116.10 (Pyr-C4), 118.13 (2C, Ph-C3/5), 118.79 (2C, Ph'-C2/6), 120.30 (Ph'-C4), 120.62 (Pyr-
C7), 123.48 (Pyr-C6), 124.98 (2C, Ph-C2/6), 126.62 (Ph-C1), 127.91 (Ph-C1), 130.04 (2C, Ph'-
C3/5), 130.22 (Pyr-C5), 134.25 (Pyr-C2), 139.56 (Pyr-C1), 155.47 (Ph'-C1), 156.53 (Ph-C4). 
MS (ESI +) = m/e = 398.4 [M+1]+ 
 

Characterization of 2-(3-(benzyloxy)phenyl)-N-cyclohexyl-6-methylimidazo[1,2-
a]pyridin-3-amine 31  

 
 

1H-NMR (300.13 MHz, (CD3)2SO): δ = 1.11-1.78 (m, 10H, Cyclohex-H), 2.36 (s, 3H, Pyr-
CH3), 2.90 (m, 1H, Cyclohex-C1H), 4.77-4.79 (d, 1H, J = 5.4Hz, NH), 5.22 (s, 2H, Ph'-CH2), 
6.94-7.1 (m, 2H, Ph-C4+Pyr-C5), 7.34-7.56 (m, 7H, Ph'-H+Ph-C5/6), 7.85 (d, 1H, J = 7.7Hz, 
Pyr-C4), 7.94 (s, 1H, Ph-C2), 8.16 (s, 1H, Pyr-C7). 13C-NMR (75,44 MHz, (CD3)2SO): δ = 
17.87 (Pyr-CH3), 24.45 (2C, Cyclohex-C3/5), 25.38 (Cyclohex-C4), 33.47 (2C, Cyclohex-C2/6), 
56.36 (Cyclohex-C1), 69.05 (O-CH2), 112.35 (Ph-C2), 113.40 (Pyr-C4), 116.19 (Ph-C4), 
119.03 (Ph-C6), 120.38 (Pyr-C1), 120.80 (Ph'-C4), 125.62 (Pyr-C7), 126.74 (Pyr-C6), 127.48 
(2C, Ph'-C2/6), 127.71 (Ph-C5), 128.38 (2C, Ph'-C3/5), 129.17 (Pyr-C5), 134.30 (Ph-C1), 136.38 
(Pyr-C2), 137.24 (Pyr-C9), 139.47 (Ph'-C1), 158.36 (Ph-C3). MS (ESI +) = m/e = 412.3 [M+1] 
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III Combustion analysis 
 

Expected Found Difference Com- 
pound 

Molecular 
Formula C, % H, % N, % C, % H, % N, % C, % H, % N, % 

5 C20H22N4O2 68.55 6.33 15.99 68.51 6.33 16.15 0.04 0.00 0.16 

14 C24H30N4O 
x 0.35HCl 71.48 7.59 13.89 71.43 7.48 13.81 0.05 0.11 0.08 

15 C23H27ClN4O2 
x0.15 C2H4O 66.92 6.57 13.23 67.22 6.69 13.06 0.30 0.12 0.17 

16 C23H27BrN4O 60.66 5.98 12.30 60.41 5.90 12.36 0.25 0.08 0.06 

17 C23H28N4O 73.37 7.50 14.88 73.21 7.71 14.87 0.16 0.21 0.01 

18 C24H29ClN4 70.48 7.15 13.70 70.37 7.12 13.65 0.11 0.03 0.05 

19 C28H36ClN5O2 65.93 7.11 13.73 65.72 7.10 13.72 0.21 0.01 0.01 

20 
C22H27N5O 
x0.45C2H4O 

x0.2H20 
68.45 7.53 17.43 68.48 7.50 17.39 0.03 0.03 0.04 

21 C22H27N5O 70.00 7.21 18.55 69.85 7.49 18.60 0.15 0.28 0.05 

22 C22H27N5O 70.00 7.21 18.55 69.72 7.32 18.60 0.28 0.11 0.05 

23 C21H26N4OS 65.94 6.85 14.65 65.82 7.12 14.44 0.12 0.27 0.21 

24 C22H26ClN3 71.82 7.12 11.42 71.52 7.01 11.41 0.30 0.11 0.01 

25 C24H28ClN3O 70.31 6.88 10.25 70.59 6.87 10.24 0.28 0.01 0.01 

26 C21H25N3O 75.19 7.51 12.53 75.29 7.74 12.76 0.10 0.23 0.23 

27 C22H27N3O2 72.30 7.45 11.51 72.19 7.58 11.51 0.11 0.13 0.01 

28 C26H27N3O 78.56 6.85 10.57 78.33 6.72 10.52 0.23 0.13 0.05 

29 C27H29N3O 78.80 7.10 10.21 78.62 6.86 10.00 0.18 0.24 0.21 

30 C26H27N3O 78.56 6.85 10.57 78.29 6.87 10.50 0.27 0.02 0.07 

31 C27H29N3O 78.80 7.10 10.21 79.04 7.23 10.29 0.24 0.13 0.08 
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IV Assay systems.  

 
Materials. Arachidonic acid and calcium ionophore A23187 were from Sigma (Deisenhofen, 

Germany). HPLC solvents were from Merck (Darmstadt, Germany). RPMI 1660 medium was 

purchased from Gibco/Invitrogen (Paisley, UK). Penicillin and streptomycin were purchased 

from PAA laboratory GmbH (Pasching, Austria). Fetal calf serum (FCS) was purchased from 

Biochrom AG (Berlin, Germany). Compounds 3-13 were purchased from Asinex 

(www.asinex.com, Moscow, Russia) and exhibited >95% purity measured by LC-MS by the 

manufacturer. 

 
Cell Preparation. Human PMNL were freshly isolated from leukocyte concentrates obtained 

at Städtische Kliniken Frankfurt Höchst (Frankfurt, Germany). In brief, venous blood was 

taken from healthy adult donors with informed consent. Leukocyte concentrates were 

prepared by centrifugation at 4,000g for 20 min at RT. PMNLs were immediately isolated by 

dextran sedimentation, centrifugation on Nycoprep cushions (PAA Laboratories, Linz, 

Austria), and hypotonic lysis of erythrocytes as described.2 Cells were finally resuspended in 

phosphate-buffered saline, pH 7.4 (PBS) containing 1 mg/mL glucose (purity > 96-97%). 

 

Determination of 5-LO Product Formation in Intact Cells. For whole-cell assay freshly 

isolated PMNL (5 × 106) were resuspended in 1 mL PBS, pH 7.4, containing 1 mg/mL 

glucose and 1 mM CaCl2. After preincubation with the test compounds for 15 min at 37 °C, 

5-LO product formation was stimulated by the addition of calcium ionophore A23187 

(2.5 µM) and exogenous AA (20 µM). After 10 min at 37 °C, the reaction was stopped with 

the addition of methanol (1 mL). HCl (30 µL, 1 N), prostaglandin B1 (200 ng) and PBS 

(500 µL) were added and the 5-LO metabolites were extracted and analyzed by HPLC as 

described in the literature.3 5-LO product formation was determined as nanograms of 5-LO 

products per 106 cells, which includes leukotriene B4 (LTB4) and its all-trans isomers, and 5-

H(P)ETE (5(S)-hydro(pero)xy-6-trans-8,11,14-cis-eicosatetraenoic acid). Cysteinyl LTs C4, 

D4 and E4 were not detected, and oxidation products of LTB4 were not determined. Each 

compound was tested at least three times, and the mean ± SE were calculated. 

 

Determination of 5-LO Product Formation in Cell-Free Systems. For determination of the 

activity of 5-LO in S100 freshly isolated PMNL cells were resuspended in 1 mL of PBS 
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containing 1 mM EDTA and the protease inhibitors soybean trypsin inhibitor (60 μg/mL), 

1 mM phenylmethylsulfonyl fluoride, and leupeptine (10 μg/mL), cooled on ice for 10 min, 

and sonicated (3 ×10 s) at 4 °C. The whole homogenate was then centrifuged (100,000g for 

70 min at 4 °C) to obtain the S100. For determination of 5-LO activity, S100 corresponding to 

7.5 × 106 PMNL was added to 1 mL of a 5-LO reaction mix (PBS, pH 7.4, 1 mM EDTA, and 

1 mM ATP). After preincubation with the test compounds or vehicle (DMSO) for 15 min at 4 

°C, the samples were prewarmed for 30 s at 37 °C, and 20 µM AA and 2 mM CaCl2 were 

added to start the 5-LO reaction. The reaction was stopped after 10 min at 37 °C by addition 

of 1 mL ice-cold methanol and the formed metabolites were analyzed by HPLC as described 

for intact cells. 

 

Cell culture. The human leukemic monocyte cells U937 were maintained in RPMI 1660 

medium containing 10% FCS, 100 µg/mL streptomycin and 100 U/mL penicillin. Cells were 

cultured at 37 °C in an atmosphere containing 5% CO2. 
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V Dose-response curves of the 5-LO activity assays 
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Figure S1. Dose-response curve of compounds 3 to 13 (Table 1) in intact PMNL (A) and cell-
free S100 (B). Values given are the mean ± SEM of three to five independent experiments. 
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Figure S2. Dose-response curve of compounds 14 to 19 (Table 2) in intact PMNL (A) and 
cell-free S100 (B). Values given are the mean ± SEM of three to five independent 
experiments. 
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Figure S3. Dose-response curve of compounds 17 to 25 (Table 3) in intact PMNL (A) and 
cell-free S100 (B). Values given are the mean ± SEM of three to five independent 
experiments. 
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Figure S4. Dose-response curve of compounds 26 to 31 (Table 4) in intact PMNL (A) and 
cell-free S100 (B). Values given are the mean ± SEM of three to five independent 
experiments. 
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VI Correlation between 5-LO inhibition in S100 and PMNL assays 
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Figure S5. Correlation-plot between IC50 values (as –logIC50) measured in cell-free S100 
assay and intact PMNL. Red dots represent outliers (more than 2-fold SD difference from the 
predicted value, p>0.95).  
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1. Introduction

Leukotrienes (LTs), inflammatory mediators formed from
arachidonic acid (AA), are associated with inflammatory and allergic
diseases like asthma and allergic rhinitis, as well as cardiovascular
diseases (atherosclerosis) and certain types of cancer [1–4]. 5-
Lipoxygenase (5-LO) catalyzes oxygenation of AA to 5(S)-hydro-
peroxy-6-trans-8,11,14-cis-eicosatetraenoic acid (5-HpETE) and
further dehydration to the unstable epoxide leukotriene A4

(LTA4). The subsequent conversion of LTA4 by LTA4 hydrolase leads
to leukotriene B4 (LTB4), and the conjugation of LTA4 with GSH by
LTC4 synthase yields the cysteinyl leukotriene C4 (LTC4) [2,5]. Due to
the role of 5-LO as a key enzyme in the biosynthesis of all LTs, 5-LO
inhibitors are of therapeutic value for the treatment of asthma,
allergic rhinitis, atherosclerosis as well as certain types of cancer
[3,6]. Also recently, it was found that the ALOX5 gene is a critical
regulator for leukemia stem cells in BCR-ABL-induced chronic
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A B S T R A C T

5-Lipoxygenase (5-LO) is a crucial enzyme of the arachidonic acid (AA) cascade and catalyzes the

formation of bioactive leukotrienes (LTs) which are involved in inflammatory diseases and allergic

reactions. The pathophysiological effects of LTs are considered to be prevented by 5-LO inhibitors. In this

study we present cyclohexyl-[6-methyl-2-(4-morpholin-4-yl-phenyl)-imidazo[1,2-a]pyridin-3-yl]-

amine (EP6), a novel imidazo[1,2-a]pyridine based compound and its characterization in several in

vitro assays. EP6 suppresses 5-LO activity in intact polymorphonuclear leukocytes with an IC50 value of

0.16 mM and exhibits full inhibitory potency in cell free assays (IC50 value of 0.05 mM for purified 5-LO).

The efficacy of EP6 was not affected by the redox tone or the concentration of exogenous AA,

characteristic drawbacks known for the class of nonredox-type 5-LO inhibitors. Furthermore, EP6
suppressed 5-LO activity independently of the cell stimulus or the activation pathway of 5-LO contrary to

what is known for some nonredox-type inhibitors. Using molecular modeling and site-directed

mutagenesis studies, we were able to derive a feasible binding region within the C2-like domain of 5-LO

that can serve as a new starting point for optimization and development of new 5-LO inhibitors targeting

this site. EP6 has promising effects on cell viability of tumor cells without mutagenic activity. Hence the

drug may possess potential for intervention with inflammatory and allergic diseases and certain types of

cancer including leukemia.
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myeloid leukemia (CML) [7]. Chen et al. could show, that the use of
the 5-LO inhibitor zileuton [8], alone or in combination with
imatinib, impairs CML (clinical trial phase I) [7]. Up to now, zileuton
is the only 5-LO inhibitor that reached the market in the US for the
treatment of asthma.

The reported crystal structure of a stable form of the 5-LO
(Protein Data Bank (PDB), http://pdb.org [9], ID: 3o8y [10]), implies
a folding of the single polypeptide chain in a two domain structure:
a N-terminal regulatory C2-like domain and a C-terminal catalytic
domain. The C2-like domain, organized in a b-sandwich, is
important for membrane binding [11,12] or binding of diacylgly-
cerides [13] and calcium [14], respectively. The binding site for
cellular membranes or phosphatidylcholine (PC), serving as
stimulating scaffolds for the 5-LO, is defined by three tryptophan
residues (W13, W75 and W102) of the C2-like domain [12]. An ATP
binding site formed by the C2-like domain was postulated as well
[15]. The catalytic domain, primarily consisting of a-helices,
contains a non-heme iron responsible for substrate conversion. In
the inactive state of the enzyme, the iron is in the ferrous (Fe2+)
form; for entering the catalytic pathway an oxidation by
hydroperoxides to the ferric (Fe3+) form is necessary [16]. Reducing
agents and iron-ligand inhibitors such as zileuton or BWA4C [17]
stabilize the ferrous form or chelate with the central iron-atom,
thereby suppressing 5-LO activity. These direct 5-LO inhibitors
exhibit high inhibitory potency in vitro, but show unselective
interactions and may interfere with cellular redox reactions
[18,19]. Another group of potent and selective 5-LO inhibitors
are nonredox-type inhibitors such as Rev-5901 [20], ZD2138 [21]
and ZM230487 [22]. This class of inhibitors reduces acute
inflammatory responses [18,23], but does not show effects on
more chronic processes [24,25]. Furthermore a decreased inhibi-
tory potency of ZM230487 in presence of elevated peroxide tone
has been observed [26]. The efficacy of ZM230487 depends on the
way of enzyme activation [27]. 5-LO can be activated by an
increase of intracellular calcium leading to translocation of 5-LO
from the cytosol to the nuclear membrane [28] or by phosphory-
lation via the p38 mitogen-activated protein kinase (MAPK) and
the extracellular signal-regulated kinase (ERK) pathway at two
serine residues [29,30]. ZM230487 exhibits impaired 5-LO
inhibition after enzyme activation via phosphorylation [27]. Some
inflammatory reactions, e.g. allergic asthma, various types of
cancer and atherosclerosis are associated with an increased
phosphorylation status of the cell [31,32], concluding that
nonredox-type inhibitors such as ZM230487 are limited in their
benefit. In addition, indirect 5-LO inhibition can regulate the 5-LO
product formation. The membrane-bound 5-LO activating protein
(FLAP), facilitates the transfer of AA within the nuclear membrane
to 5-LO [33]. Targeting FLAP, the 5-LO product formation can be
inhibited [34]. FLAP antagonists like MK-886 [35], MK-0591 [36] or
AM103 [37] inhibit 5-LO product formation in whole cell
preparation and could enter clinical phase II trials for the treatment
of inflammatory diseases [38]. Therefore, there is a need for the
development of new inhibitors with a different pharmacological
profile which potently inhibit the enzyme activity regardless of the
mode of enzyme activation. Consequently, potential drug candi-
dates should be screened in different cellular assays where both
calcium- and phosphorylation-dependent stimuli are applied.

In this study we evaluate the pharmacological profile of the
novel 5-LO inhibitor cyclohexyl-[6-methyl-2-(4-morpholin-4-yl-
phenyl)-imidazo[1,2-a]pyridin-3-yl]-amine (EP6) (Fig. 1A), an
analogue of compound 1 and 2 (Fig. 1B) derived from a virtual
screening for cyclooxygenase (COX)/5-LO dual inhibitors [39].
Compound 1 and 2, imidazo[1,2-a]pyridin derivatives, inhibit 5-LO
product formation in intact polymorphonuclear leukocytes
(PMNL) with IC50 values of 0.9 mM and 0.6 mM, respectively
[39]. Structural optimization led to EP6, which exhibits improved

inhibitory potency of 5-LO. Herein, we describe the molecular
pharmacology of this novel compound with a unique mode of
action different to other established 5-LO inhibitors using various
in vitro test systems.

2. Material and methods

2.1. Chemistry

Compound EP6 was synthesized according to ref. [40] as
described in the supplemental information.

2.2. Materials

AA, calcium ionophore A23187, BWA4C, DMSO, GSH, 1,2-
ditetradecanoyl-sn-glycero-3-phosphocholine (PC) and trypan
blue solution were purchased from Sigma–Aldrich (Munich,
Germany), Rev-5901, zileuton and human recombinant 15-LO2
from Cayman Chemical (Ann Arbor, USA). HPLC solvents were
purchased from Merck (Darmstadt, Germany), penicillin, strepto-
mycin and IMDM medium from PAA laboratory GmbH (Pasching,
Austria). Fetal calf serum (FCS) was purchased from Biochrom AG
(Berlin, Germany), RPMI 1660 medium from Gibco/Invitrogen
(Paisley, UK). Fresh blood cell concentrates were provided by
Städtische Kliniken Frankfurt-Höchst (Frankfurt, Germany).

2.3. Cell culture

The human leukemic monocyte cells U937 and human cervix
carcinoma cells HeLa were purchased from Deutsche Sammlung
für Mikroorgansimen und Zellkulturen (DSMZ, Braunschweig,
Germany), and mouse leukemic monocyte macrophage cells RAW
264.7 from American Type Culture Collection (ATCC, Manassas,
USA). Human retinal pigment epithelium (RPE) cells were isolated
as described before [41]. U937, HeLa and RAW 264.7 cells were
maintained in RPMI 1640 medium containing 10% FCS, 100 mg/ml
streptomycin and 100 U/ml penicillin. RPE cells were maintained
in IMDM medium with 20% FCS, L-glutamine, 100 mg/ml strepto-
mycin and 100 U/ml penicillin. Cells were cultured at 37 8C in an
atmosphere containing 5% CO2.

2.4. Isolation of PMNL and platelets from leukocyte concentrates

PMNL and platelets were freshly isolated from leukocyte
concentrates obtained from Städtische Kliniken Frankfurt Höchst
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Fig. 1. Chemical structures of (A) EP6 and (B) compound 1 and 2.
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(Frankfurt, Germany). Blood samples were obtained by the hospital
with informed consent. In brief, cells were isolated by dextran
sedimentation for 30 min, and 10 min centrifugation without
deceleration at 800 � g on Nycoprep cushions (PAA laboratory
GmbH, Pasching, Austria). For PMNL isolation the cells were re-
suspended in 10 ml ice-cold water for hypotonic lysis of erythro-
cytes as described previously [42]. Cells were finally re-suspended in
phosphate-buffered saline, pH 7.4 (PBS) containing 1 mg/ml glucose
(PG buffer) (purity >96–97%). Platelets were re-suspended in PBS,
pH 5.4 and centrifuged at 1849 � g for 15 min at room temperature
(RT). The cells were re-suspended in PBS/NaCl (PBS, pH 5.4 and 0.9%
NaCl, 1:1 dilution) and centrifuged at 1849 � g for 10 min at RT.
Finally platelets were re-suspended in PBS pH 5.4.

2.5. Site-directed mutagenesis, expression and purification of 5-LO

proteins and maltose binding protein (MBP) constructs

The codons for selected residues in plasmid pT3-5-LO [43] were
mutated by site-directed mutagenesis polymerase chain reaction
yielding the mutated 5-LO plasmids pT3-5-LO-W13/75/102A, pT3-
5-LO-Y81A, pT3-5-LO-Y100A, pT3-5-LO-Y81/100A, pT3-5-LO-
Y383A or pT3-5-LO-Y81/100/383A as well as in plasmid pBUF-5-
LO-C2 [44] for MBP-5-LO fusion proteins yielding the mutated MBP-
5-LO-C2 plasmid pBUF-5-LO-Y81/100A. The mutated DNA was
confirmed by DNA-sequencing (carried out by Scientific Research
and Development GmbH, Bad Homburg, Germany). Escherichia coli

BL21 were transformed with plasmid pT3-5-LO as wild-type (WT)
DNA, pBUF-5-LO-C2 DNA, pBUF1b [44] DNA and mutated DNA. The
recombinant 5-LO proteins, 5-LO C2 fusion proteins with MBP or
MBP itself were expressed at 22 8C (5-LO-Y81/100/383A at 16 8C)
and purified from 1-l cultures according to the ATP affinity
chromatography procedure as described previously [14,45] or to
the MBP affinity chromatography described by Michel et al. [44]. For
experiments investigating the effect of ATP or calcium, the 5-LO
protein was further purified via anion exchange chromatography as
described previously [46]. In brief, the ATP-eluate (10 ml) was
loaded on a ResourceQ 6 ml column (GE Healthcare, Uppsala,
Sweden). Buffer A was phosphate buffer (PB) 0.05 mM, pH 7.4
containing 1 mM EDTA, buffer B was buffer A plus 0.5 M NaCl. The
elution of the 5-LO was performed in a gradient from 0 to 100% buffer
B and the enzyme eluted at about 40% buffer B.

2.6. Determination of 5-LO product formation in intact cells

For assays in intact cells, 5 � 106 or 7.5 � 106 freshly isolated
PMNL were re-suspended in 1 ml of PBS, pH 7.4 containing 1 mg/ml
glucose and 1 mM CaCl2 (PGC buffer). After pre-incubation with the
test compound or vehicle (DMSO) at the indicated concentrations for
12 min at 37 8C, 5-LO product formation was stimulated either by
pre-incubation with 300 mM NaCl for 3 min or with 10 mM sodium
arsenite (SA) and addition of 20 mM AA, or stimulated with 2.5 mM
calcium ionophore A23187 together with exogenous AA at the
indicated concentrations after 15 min pre-incubation. For assays
with stimulation via N-formyl-methionine-leucine-phenylalanine
(fMLP), 7.5 � 106 or 107 freshly isolated PMNL were re-suspended in
PGC buffer, primed for 15 min with 1 mg/ml lipopolysaccharide
(LPS) and 0.2 U/ml adenosine deaminase (Ada) and incubated for
15 min with test compound or vehicle (DMSO). The 5-LO product
formation was started by addition of 1 mM fMLP with or without
addition of 20 mM AA. For assays with intact mouse leukemic
monocyte macrophage cells (RAW 264.7), 1.5 � 107 RAW 264.7 cells
were re-suspended in PGC buffer and pre-incubated with the test
compound or vehicle (DMSO) at the indicated concentrations for
15 min at 37 8C, 5-LO product formation was stimulated by addition
of 5 mM calcium ionophore A23187 together with 20 mM AA. After
10 min at 37 8C, the reaction was stopped with 1 ml of ice-cold

methanol. 30 ml of 1 N HCl, 200 ng of prostaglandin B1 as internal
standard and 500 ml of PBS, pH 7.4 were added. 5-LO metabolites
were extracted and analyzed by HPLC as described [46]. Metabolites
formed via fMLP stimulation without exogenously added AA were
measured by LC–MS/MS analysis as described previously [47]. 5-LO
product formation was determined as ng of 5-LO products per 106

cells, which includes LTB4 and its all-trans isomers, 5(S),12(S)-
dihydroxy-6,10-trans-8,14-cis-eicosatetraenoic acid (5(S),12(S)-
diHETE), and 5(S)-hydro(pero)xy-6-trans-8,11,14-cis-eicosatetrae-
noic acid (5-H(p)ETE). Cysteinyl LTs (LTC4, D4 and E4) and oxidation
products of LTB4 were not determined. Each experiment was
performed at least three times. Data (mean � standard error (S.E.))
are expressed as percentage of control (DMSO).

2.7. Determination of 12-LO and 15-LO1 product formation in intact

cells

Determination of 15-LO1 product formation was performed in
PMNL preparations as described for 5-LO product formation in intact
cells. For determination of 12-LO product formation 1 � 108 freshly
isolated platelets were re-suspended in 1 ml of PGC buffer (pH 7.4)
and were pre-incubated with the test compound or vehicle (DMSO)
at the indicated concentrations for 15 min at 37 8C. 12-LO product
formation was stimulated by addition of 10 mM AA. After 10 min at
37 8C, the reaction was stopped with 1 ml of ice-cold methanol. 12-
LO products include 12(S)-hydro(pero)xy-6-trans-8,11,14-cis-eico-
satetraenoic acid (12-H(p)ETE). 12-HETE and 12-HpETE elute as one
major peak. 15-LO1 products, generated from eosinophils expres-
sing 15-LO1, were 15(S)-hydro(pero)xy-5,8,11-cis-13-trans-eicosa-
tetraenoic acid, which elute as one major peak as well. Data
(mean � S.E.; n � 3) are expressed as percentage of control (DMSO).

2.8. Determination of 5-LO product formation in cell-free systems

PMNL were re-suspended in 1 ml of PBS containing 1 mM EDTA
and the protease inhibitors soybean trypsin inhibitor (60 mg/ml),
1 mM phenylmethylsulfonyl fluoride (PMSF), and leupeptin (10
mg/ml), cooled on ice for 10 min, and subsequently, the samples
were sonicated for 3 � 10 s (homogenate). To obtain 100 000 � g

supernatant (S100) the homogenate was centrifuged (100 000 � g

for 70 min at 4 8C). For determination of 5-LO activity, cell
homogenates or S100 corresponding to 7.5 � 106 PMNL were re-
suspended in 1 ml of reaction mix (PBS, pH 7.4, 1 mM EDTA, and
1 mM ATP) and additional reagents were added as indicated (e.g.
PC, GSH). For cell-free assays of mouse leukemic monocyte
macrophage cells (RAW 264.7), 2 � 107 RAW 264.7 cells were
prepared as described for PMNL S100 preparations. For determi-
nation of the activity of partially purified WT 5-LO, 5-LO-3Y mutant
or S100 of WT 5-LO or S100 of 5-LO-3W mutant from E. coli, 2–3 mg
of 5-LO were dissolved in 1 ml reaction mix. After pre-incubation
with the test compounds or vehicle (DMSO) at the indicated
concentrations for 15 min at 4 8C, the samples containing either
homogenates, S100 or purified 5-LO were pre-warmed for 30 s at
37 8C. The reaction was started after addition of 2 mM CaCl2 and
20 mM AA. After 10 min 5-LO product formation was stopped with
1 ml ice-cold methanol and the formed metabolites were analyzed
by HPLC as described for intact cells. Data (mean � S.E.; n � 3) are
expressed as percentage of control (DMSO).

2.9. Determination of 15-LO2 product formation in cell-free systems

0.5 U human recombinant 15-LO2 was added to 1 ml PBS, pH
7.4. After pre-incubation with test compound or vehicle (DMSO) at
the indicated concentrations for 15 min on ice, 15-LO2 product
formation was stimulated with 100 mM AA. After 10 min at 37 8C,
the reaction was stopped with 1 ml of ice-cold methanol. 15-LO2
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metabolites were extracted and analyzed by HPLC as described for
intact cells. Data (mean � S.E.; n � 3) are expressed as percentage of
control (DMSO).

2.10. C2-like domain competition assay

2–3 mg of partially purified 5-LO was dissolved in 1 ml reaction
mix (PBS, pH 7.4, 1 mM EDTA, and 1 mM ATP) and increasing
amounts of MBP-5-LO-C2, MBP-5-LO-C2 Y81/100A or MBP were
added (0–300 mg/ml). g-Globulin was added to adjust consistent
protein concentration of 300 mg/ml. After pre-incubation with
0.3 mM EP6 or vehicle (DMSO) for 15 min at 4 8C, the samples were
pre-warmed for 30 s at 37 8C. The reaction was started after
addition of 2 mM CaCl2 and 20 mM AA. After 10 min 5-LO product
formation was stopped with 1 ml ice-cold methanol and the
formed metabolites were analyzed by HPLC as described for intact
cells. For each sample in presence of EP6, the sample incubated
with vehicle (DMSO) with the same amount of added protein
construct was taken as control. Data (mean � S.E.; n � 3) are
expressed as percentage of control (DMSO).

2.11. COX and mPGES-1 assay

Inhibitory activity of EP6 on recombinant ovine COX-1 and
human COX-2 were assayed with a COX Inhibitor Screening Assay
Kit (Cayman Chemical, Ann Arbor, USA) according to the manu-
facturer’s protocol. All samples were tested in triplicate. Data
(mean � S.E.; n = 3) are expressed as percentage of control (DMSO).

For investigation of the inhibitory potency of EP6 on the mPGES-
1 enzyme in vitro, the microsomal fraction of HeLa cells was
prepared. 3 � 106 cells were incubated at 37 8C and after 24 h the
medium was removed and the cells where stimulated for 16 h with
fresh medium containing 1 ng/ml IL-1b and 5 ng/ml TNFa. After
separation into cytosolic and microsomal fraction described
previously by Rörsch et al. [48], the microsomal fraction was re-
suspended in 100 ml potassium phosphate buffer (0.1 M, pH 7.4),
containing 1� complete protease inhibitor cocktail and reduced GSH
(2.5 mM), and sonicated (1 � 10 s). The mPGES-1 activity assay was
performed as described by Thorén and Jakobsson [49]. Briefly,
0.15 mg/ml protein was incubated with increasing concentrations of
the test compounds for 30 min at RT. The reaction was initiated at
4 8C with 20 mM prostaglandin H2 (Larodan, Malmö, Sweden) and
terminated after 1 min by adding a stop solution containing 40 mM
iron chloride and 80 mM citric acid. After solid phase extraction the
amount of produced prostaglandin E2 was measured by LC–MS/MS
analysis as described previously [50].

2.12. In vitro cell viability assay

The WST-1 assay (Roche Diagnostic GmbH, Mannheim,
Germany) was used to determine cell viability after treatment
with test compound. U937 cells were seeded in 96-well plates at a
density of 104 cells/well and treated with increasing concentra-
tions of test compound or vehicle (DMSO) for 48 h in presence of
10% FCS. Cell viability was assessed according to the distributor’s
protocol using a microplate reader (infinite M200, Tecan Group
Ltd., Crailsheim, Germany) and was calculated as a ratio of the
absorbance values measured after 48 h (between test compound
and vehicle (DMSO)). All experiments were tested three times and
the mean � S.E. were calculated.

2.13. Lactate dehydrogenase (LDH) cytotoxicity assay

The LDH assay (cytotoxicity detection kit; Roche Diagnostics
GmbH, Roche Applied Science, Mannheim, Germany) was used to
determine cell death after treatment of U937 cells with test

compounds. LDH leakage was measured as an index of loss of cell
membrane integrity. U937 cells were seeded in 96-well plates at a
density of 1.5 � 104 cells/well and incubated with increasing
concentrations of test compounds or vehicle (DMSO) for 48 h.
Plates were centrifuged (250 � g, 4 min) and an aliquot of the
supernatant was transferred to a clean microplate. Cell toxicity was
assessed according to the distributor’s protocol using a microplate
reader (infinite M200, Tecan Group Ltd., Crailsheim, Germany). A
control detergent supplied by Sigma–Aldrich (Saint Louis, MO, USA)
was used for maximum LDH release and set to 100%. All experiments
were tested three times and the mean � S.E. were calculated.

2.14. Trypan blue exclusion

For investigation of effects on cell viability of test compounds in
U937 and RPE cells, 1.6 � 105 cells/well were seeded in 6-well plates
and treated with increasing concentrations of test compounds or
vehicle (DMSO) for 24 h, 36 h or 48 h in the presence of 10% FCS.
Afterwards, cell viability was measured by trypan blue exclusion by
a cell counter (TC10TM Automated cell counter, Bio-Rad, Munich,
Germany). For investigation of cytotoxic effects during activity
assays, 5 � 106 freshly isolated PMNL were re-suspended in 1 ml of
PGC buffer and incubated with the test compounds or vehicle
(DMSO) at the indicated concentrations for 30 min at 37 8C.
Afterwards, cell viability was measured by trypan blue exclusion.

2.15. Poly ADP-ribose polymerase (PARP) cleavage

U937 cells treated with test compounds for 24 h in medium
containing 10% FCS or untreated control cells were centrifuged
(1000 � g, 5 min). The cell pellet was washed once with ice-cold PBS.
For the detection of PARP, cells were re-suspended in sonification
buffer (PBS pH 7.4, protease inhibitor cocktail tablets (Complete,
Mini; Roche diagnostics GmbH)), and disrupted by sonification
(3 � 10 s, 4 8C). The resulting cell homogenates were centrifuged
(10 000 � g, 10 min, 4 8C). Protein concentrations in the supernatant
were determined using the Bradford method. Equal quantities of
protein extracts were separated by 10% SDS-polyacrylamide gel
electrophoresis (SDS-PAGE), proteins were electrophoretically
blotted onto a nitrocellulose membrane (Hybond-C Extra, Amer-
sham Biosciences Ltd., Little Chalfont, UK), and immunodetection of
PARP was performed as described before [51]. Western blot analysis
experiments were performed in triplicate.

2.16. Salmonella mutagenicity test

The Salmonella mutagenicity test for detecting carcinogenic
and mutagenic potential was performed with the histidine
auxotroph (his�) Salmonella typhimurium strains TA98 and
TA100 in assays conducted with and without metabolic activation
(addition of S9 liver homogenate mix) as described by Maron and
Ames [52].

2.17. Molecular modeling of the putative binding mode of EP6

For molecular modeling and docking calculations, the crystal
structure of engineered human 5-LO (Protein Data Bank (PDB, http://
pdb.org [9]), ID: 3o8y [10], chain B) was first subjected to in silico

mutagenesis to restore the WT enzyme. For enabling crystallization
and structure determination, Gilbert et al. mutated or deleted
several amino acids to obtain the so called ‘‘stable 5-LO’’ [10]. They
introduced the following mutations: W13E, F14H, W75G, L76S,
C240A, C561A, K653KK655! ENL, and DP40 to D44GS. To restore the
WT enzyme, we performed in silico mutagenesis of the modified
residues and reconstruction of the missing segment using the
software package MOE (version 2010.10; Chemical Computing
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Group, Montreal, Canada), which uses rotamer libraries, loop
prediction [53], and energy minimization to construct the missing
or modified residues. Energy minimization was performed using the
all-atom force field AMBER99 [54] with RMS gradient of 1. Docking
calculations were performed with PLANTS (version 1.1; University of
Konstanz, Germany) [55] with the scoring function chemplp with
default settings and flexible amino acid side chains (supplemental
information). For the docking study a set of 200 binding poses was
generated. For analysis of the docking pose, so called Protein Ligand
Interaction Fingerprints (PLIF) provided by the software package
MOE (version 2010.10; Chemical Computing Group, Montreal,
Canada) were used. PLIFs describe a receptor–ligand complex
regarding the interaction between the involved amino acid residues
and a bound ligand in a bit-fingerprint scheme. The fingerprint
consists of six different interaction types for each residue: side chain
hydrogen-bond donor and acceptor, backbone hydrogen-bond
donor and acceptor, ionic interactions and surface interactions.
Additionally, each type is partitioned into weak and strong
interactions, described by two separate bits. For each residue only
the strongest interaction between itself and the ligand is considered
and regarding the interaction type no bits (0 0) for the absence of the
individual interaction, the first bit for a weak (0 1) or both bits for a
strong interaction (1 1) will be set. The probability of a good
hydrogen-bond interaction is based on the distance and orientation
of the considered atom pair regarding protein contact statistics. The
ionic interactions are scored by the inverse square of the distance
between two opposite formal charged atoms. The surface contact
interactions are described by the difference of the solvent exposed
surface area of the residues in the unbound and bound protein–
ligand complex.

2.18. Statistics

Data are expressed as mean values with S.E. All IC50 values are
means with S.E. of the IC50 values obtained from measurements at
three to five different concentrations of the compounds in three to
five independent experiments. Each IC50 value of an independent
experiment is an approximation determined by graphical analysis
(linear interpolation between the points at 50% activity) using
SigmaPlot2006 (version 10.0, Systat Software Inc., Chicago, USA).
Data were subjected to one- or two-way ANOVA with Tukey post

hoc test, classification of P according to: *P � 0.05; **P � 0.01;
***P � 0.001.

3. Results

3.1. EP6 inhibits 5-LO in intact cells and cell-free systems

The inhibitory effect of EP6 on 5-LO product formation was
determined in different 5-LO preparations. EP6 inhibited 5-LO in
calcium ionophore stimulated intact PMNL, homogenates of PMNL
and S100 preparations of the homogenates with comparable IC50

values (Fig. 2, no significant differences among the IC50 values). In
intact cells and in homogenates, EP6 exhibited an IC50 value of
0.16 mM (�0.01 mM) and 0.21 mM (�0.03 mM). The IC50 values for
inhibition of S100 and partially purified 5-LO were 0.11 mM
(�0.01 mM) and 0.05 mM (�0.01 mM), respectively. EP6 inhibited
purified 5-LO with a higher potency than in intact PMNL or
homogenates (*P < 0.05 and **P < 0.01). Therefore, we conclude that
EP6 is a direct inhibitor of 5-LO.

3.2. Investigations of influence of substrate concentration on the

inhibitory potency of EP6

To investigate the type of inhibition of EP6, S100 samples were
stimulated with increasing substrate concentrations (1–30 mM).

AA had no direct influence on the inhibitory potency of EP6
(Fig. 3A). Furthermore intact PMNL were stimulated via calcium
ionophore A23187 without or with addition of exogenous AA
(20 mM). The IC50 value in presence of 20 mM exogenously added
AA was 0.18 mM (�0.06 mM), but in absence of exogenous substrate,
an IC50 value of 1.14 mM (�0.32 mM) was determined (Fig. 3B). The
ratio of the 5-LO products 5-H(p)ETE to LTB4 increased in the control if
exogenous AA (20 mM) was added, but the formation of the 5-LO
metabolite LTB4 and the formation of 5-H(p)ETE was thereby
inhibited with a similar potency (data not shown). The FLAP
antagonist MK-886 and the iron-ligand inhibitor zileuton served as
controls and exhibited IC50 values of 0.04 mM (�0.001 mM) and
0.51 mM (�0.13 mM) without exogenously added AA, and with
addition of 20 mM AA IC50 values of 0.03 mM (�0.003 mM) and
1.6 mM (�0.79 mM), respectively (data not shown). Moreover,
zileuton did not change the ratio of 5-LO products formed, regardless
the presence of exogenous AA, while MK-886 inhibited LTB4

formation more potently than 5-H(p)ETE in presence of exogenous
AA (data not shown).

3.3. Inhibition of 5-LO product formation by EP6 is stimulus-

independent

The activation of 5-LO in intact cells is modulated via increase
of intracellular calcium leading to translocation of the enzyme
from the cytosol to the nuclear envelope [56] or by phosphoryla-
tion of the enzyme [29,30]. Moreover, the cellular redox tone
regulates the enzymatic activity [57] and a certain hydroperoxide
level is required for conversion of 5-LO from the ferrous to the
ferric form [58]. The activity of nonredox-type inhibitors strongly
depends on the mode of enzyme activation and the cellular redox
tone [26]. A common in vitro stimulus for the evaluation of 5-LO
inhibitors is the non-physiological stimulus calcium ionophore
A23187 leading to cellular calcium influx. Other stimuli are cell
stress such as chemical stress (sodium arsenite (SA)) or
hyperosmotic stress (NaCl), which in turn activate 5-LO via
phosphorylation. After stimulation of intact PMNL with 300 mM
NaCl, 10 mM SA or 2.5 mM calcium ionophore A23187, the efficacy

f c
on

tr
ol

)

80

100 intact PMNL
homogenates
S100

er
ce

nt
ag

e 
of

60

purified 5-LO

O
 a

ct
iv

ity
 (p

e

20

40

EP6 [µM]
w/o 0.01 0.03 0.1 0.3 1

5-
LO 0

Fig. 2. Inhibition of 5-LO activity by EP6. 5 � 106 intact PMNL were re-suspended in

PGC buffer and pre-incubated for 15 min at 37 8C with the indicated concentrations

of EP6 or vehicle (DMSO). 5-LO product formation was started by addition of

2.5 mM calcium ionophore and 20 mM AA, after 10 min 5-LO product formation was

determined. For determination of 5-LO product formation in cell-free systems,

homogenates and S100 preparations corresponding to 7.5 � 106 PMNL, or partially

purified 5-LO were dissolved in 1 ml PBS, pH 7.4, 1 mM EDTA and 1 mM ATP and

were pre-incubated for 15 min with EP6 or vehicle (DMSO) at the indicated

concentrations at 4 8C. Samples were pre-warmed at 37 8C for 30 s and 5-LO product

formation was started by addition of 2 mM CaCl2 and 20 mM AA. After 10 min, 5-LO

product formation was determined. Data (mean � S.E.; n � 3) are expressed as

percentage of control.
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of EP6 was identical (Fig. 4A) and IC50 values of 0.2 mM were
determined. EP6 inhibits 5-LO in intact cells independently of
these three stimuli for 5-LO activation. Furthermore a more
physiological stimulus with LPS and fMLP was investigated. Intact
PMNL were primed with 1 mg/ml LPS and 0.2 U/ml Ada and
stimulated via 1 mM fMLP with or without addition of 20 mM AA
(Fig. 4B). The inhibitory activity of EP6 was reduced in intact
PMNL after stimulation via LPS and fMLP compared to the other
stimuli: an IC50 value of 0.74 mM (�0.06 mM) was determined in
presence of exogenously added AA (Fig. 4B). Without exogenously
added substrate the IC50 value even increased to 1.77 mM
(�0.74 mM). Addition of exogenous AA (20 mM) led to an increase
in the ratio of the 5-LO products 5-H(p)ETE to LTB4, but both 5-LO
metabolites (LTB4 and 5-H(p)ETE) were inhibited with similar
potency (data not shown). For the FLAP antagonist MK-886 IC50

values of 0.013 mM (�0.002 mM) in absence of exogenous AA and of
0.08 mM (�0.04 mM) in presence of exogenous AA were determined.
Zileuton inhibited 5-LO product formation after stimulation via LPS
and fMLP with IC50 values of 0.3 mM in absence of exogenous AA and
of 0.66 mM (�0.07 mM) in presence of 20 mM exogenously added AA
(data not shown). Again, while MK-886 inhibited LTB4 formation
more potently than 5-H(p)ETE in presence of exogenous AA, zileuton
did not change the ratio of these metabolites (data not shown).
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Fig. 3. Influence of substrate concentration on inhibition of 5-LO by EP6. (A) S100,

corresponding to 7.5 � 106 PMNL were incubated as described for Fig. 2 with AA at

the indicated concentrations and 5-LO product formation was determined. Data

(mean � S.E.; n � 3) are expressed as percentage of control. (B) 7.5 � 106 or 1 � 107

PMNL were incubated as described for Fig. 2 with or without 20 mM AA and 5-LO

product formation was determined. Data (mean � S.E.; n � 3) are expressed as

percentage of control. ***P < 0.001 versus controls without AA addition at

corresponding concentrations of test compound, two-way ANOVA + Tukey post hoc

test.

Fig. 4. Effects of different stimuli for 5-LO activation on 5-LO inhibition by EP6. (A)

7.5 � 106 freshly isolated PMNL were re-suspended in 1 ml PGC buffer and EP6 or

vehicle (DMSO) was added at the indicated concentrations. After 12 min at 37 8C, cells

were pre-incubated with 300 mM NaCl or 10 mM SA for 3 min and 20 mM AA was

added, or after 15 min at 37 8C cells were stimulated with 2.5 mM calcium ionophore

A23187 together with 20 mM AA. After 10 min incubation, 5-LO product formation

was determined. Data (mean � S.E.; n � 3) are expressed as percentage of control. (B)

7.5 � 106 or 1 � 107 PMNL were primed with 1 mg/ml LPS and 0.2 U/ml Ada for 15 min at

37 8C, pre-incubated for 15 min at 37 8C with the indicated concentrations of EP6 or

vehicle (DMSO) and 5-LO product formation was stimulated by addition of 1 mM fMLP

with or without addition of 20 mM AA. Data (mean � S.E.; n � 3) are expressed as

percentage of control. (C) S100, corresponding to 7.5 � 106 PMNL were incubated as

described for Fig. 2 in the absence or presence of 1 mM GSH at 4 8C. Data (mean � S.E.;

n � 3) are expressed as percentage of control.
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To investigate the influence of the redox tone on the potency of
EP6, GSH, a cysteine-containing, redox-active tripeptide, was
added in a cell free system. GSH serves as co-substrate of
glutathione peroxidases leading to reducing conditions. The
incubation of S100 samples with 1 mM GSH had no impact on
the efficacy of EP6 (Fig. 4C).

3.4. Influence of allosteric factors on the efficacy of EP6

The C2-like domain of 5-LO interacts with allosteric factors like
ATP [15] and calcium [14] and mediates binding to cellular
membranes [11] or phospholipid vesicles [12]. These allosteric
factors are thought to induce conformational changes upon
binding to 5-LO; therefore we investigated the interference of
these factors with 5-LO inhibition by EP6. No influence on the
inhibitory activity of EP6 in cell-free systems could be measured
for ATP and calcium (supplemental Fig. S1). In contrast, PC affected
the inhibitory activity of EP6: to mimic 5-LO binding to cellular
membranes, S100 of E. coli cultures of WT 5-LO were incubated
with exogenously added PC (Fig. 5A). The presence of 20 mg/ml PC
reduced the efficacy of EP6 to an IC50 value of 1.04 mM (�0.28 mM).
The IC50 value of the control, S100 of E. coli cultures of WT 5-LO
without exogenously added PC, was 0.21 mM (�0.01 mM). In order to

confirm the influence of PC on the interaction of 5-LO with EP6, the
inhibitory potency of EP6 in S100 of E. coli cultures of a 5-LO-3W
mutant was investigated (Fig. 5B). Three tryptophan residues (W13,
75, 102) facilitating binding of PC [12], are mutated to alanine in this
mutant. The 5-LO-3W mutant exhibits a reduced PC binding affinity
thus the stimulating effect of PC is lower for the 5-LO-3W mutant in
comparison to 5-LO WT [59]. For S100 of 5-LO-3W mutant, an IC50

value of 1.74 mM (�0.54 mM) without exogenously added PC and an
IC50 value of 1.43 mM (�0.53 mM) with exogenously added PC was
determined (Fig. 5B). EP6 inhibited the S100 of 5-LO-3W mutant
significantly less effective than the WT enzyme (Fig. 5B).

3.5. 5-LO C2-like domain: a putative binding region for EP6

To evaluate the interaction of EP6 with the C2-like domain of 5-
LO, a C2-like domain competition assay was performed. Partially
purified 5-LO was incubated with 0.3 mM of EP6 yielding a relative
5-LO activity of 13 � 1% (Fig. 6). Increasing amounts of C2-like
domain were added as fusion protein of MBP and C2-like domain (due
to purification requirements). Increasing amounts of MBP alone were
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Fig. 5. Influence of allosteric factors on the inhibition of 5-LO by EP6. (A) S100 of WT

5-LO expressed by E. coli was incubated as described for Fig. 2 in the absence or

presence of 20 mg/ml PC. Data (mean � S.E.; n � 3) are expressed as percentage of

control. ***P < 0.001 versus controls without PC addition at corresponding

concentrations of test compound, two-way ANOVA + Tukey post hoc test. (B) S100

of WT 5-LO or 5-LO-3W mutant expressed by E. coli was incubated as described for

Fig. 2. Data (mean � S.E.; n � 3) are expressed as percentage of control. **P � 0.01;

***P < 0.001 versus 5-LO-3W mutant at corresponding concentrations of test

compound, two-way ANOVA + Tukey post hoc test.
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Fig. 6. C2-like domain competition assay. Increasing amounts (0–300 mg/ml) of

MBP-5-LO-C2 were added to 2–3 mg partially purified 5-LO in 1 ml PBS, pH 7.4,

1 mM EDTA and 1 mM ATP. g-Globuline was added to adjust consistent protein

concentration (300 mg/ml). The samples were pre-incubated for 15 min with

0.3 mM EP6 or vehicle (DMSO) at 4 8C. 5-LO product formation was stimulated and

determined as described for Fig. 2. Data (mean � S.E.; n � 3) are expressed as

percentage of control (DMSO with the same amount of added protein). *P � 0.01;

***P < 0.001 versus MBP at corresponding amounts, two-way ANOVA + Tukey post hoc

test.

Fig. 7. (A) Structure of the restored 5-LO model of the crystal structure of engineered

5-LO [10]. Yellow: C2-like domain, blue: catalytic domain, red: active site iron, EP6
is depicted in a spherical calotte representation. (B) Docking of EP6 in the interface

of the C2-like (yellow) and catalytic (blue) domain. Putative interacting amino acids

are depicted and possible interactions are marked. EP6 and interacting amino acids

are depicted in stick representation colored by atom types.
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added as control. Addition of MBP did not impair the inhibition of 5-
LO by EP6. In contrast, the addition of MBP-5-LO-C2 led to an
abolishment of the inhibition to 70 � 8% of the relative 5-LO activity
(Fig. 6). The presence of 300 mg of fusion protein of MBP and C2-like
domain resulted in a low stimulation (118 � 2% of control without
MBP-C2-like domain, data not shown) of the purified 5-LO due to
stabilizing scaffold properties of the C2-like domain. These results
corroborate an interaction of EP6 with the C2-like domain of 5-LO.

3.6. Docking of EP6 and mutagenesis studies for identification of a

potential binding mode

For evaluation of the results of the C2-like domain competition
assay, an in silico docking was performed for EP6 with a restored 5-
LO model of the crystal structure of engineered human 5-LO [10].
The binding pocket was defined in the interface between the
catalytic and the C2-like domain of the 5-LO (Fig. 7). The docking
study of EP6 performed by a flexible side chain docking with
PLANTS generated a set of 200 binding poses. The analysis of the
conformations resulted in two different major orientations in
which EP6 was predicted to bind to the 5-LO.

To validate the statistical relevance of the different conforma-
tions and their underlying interactions PLIF were calculated for
each pose (supplemental Fig. S2). The relative frequency of the
described PLIF interactions, especially with Y81 (99.5%) and Y383
(96.5%) (supplemental Fig. S2 and Fig. 7B) is potentially indicative
for the binding pose of EP6 shown in Fig. 7B. The tyrosines are able
to interact with aromatic ring systems of EP6 via p interactions
(Fig. 7B) with the imidazo[1,2-a]pyridine core (Y383) and the
aromatic moiety neighboring the morpholine group. The morpho-
line group of EP6 which is supposed to shield the bound inhibitor
from the solvent, points out of the binding pocket (Fig. 7B and
supplemental Fig. S3).

To verify these in silico results that represent a possible binding
mode, two tyrosine residues within the C2-like domain (Y81, Y100)
were replaced by alanine via site-directed mutagenesis. Y100 was
positioned in the immediate receptor contact within the binding
pocket (supplemental Fig. S3). The competition assay with the C2-
like domain (cf Fig. 6) was repeated with a MBP-5-LO-C2 Y81/100A
mutant. The addition of MBP-5-LO-C2 Y81/100A led to a much
lower maximal reduction of the 5-LO inhibition (34 � 3% remaining
activity (Fig. 8)) compared to the addition of the WT C2-like domain
(remaining enzyme activity: 70 � 8% (Fig. 6)) confirming an
involvement of these tyrosines in EP6 binding. For specification of

this putative binding mode, the tyrosines (Y81, Y100, and Y383) were
replaced by alanine within the whole enzyme. Single mutants (Y81A,
Y100A and Y383A), a C2-like domain double mutant (Y81/100A) and a
triple mutant (Y81/100/383A, 3Y) were investigated. The replace-
ment of the tyrosines within the C2-like domain led to no change in
the inhibitory efficacy of EP6 (Table 1). The IC50 values were
comparable (no significant differences) for the 5-LO WT and the three
C2-like domain mutants (IC50 = 0.03 mM (�0.01 mM)–0.08 mM (�
0.04 mM), Table 1). However, the mutation of tyrosine at position 383
yielded an IC50 value of 0.14 mM (�0.02 mM) implying an interaction
of this amino acid with the compound. Furthermore, EP6 inhibited
the 5-LO-3Y mutant with an IC50 value of 0.23 mM (�0.08 mM),
significantly (**P < 0.01) less potent than the 5-LO WT
(IC50 = 0.05 mM (�0.01 mM)) (Fig. 9). The specific activities of 5-LO
WT and the mutants are comparable (Table 1), implying native fold
proteins with no impaired catalytic activity. The results of the 5-LO-
3Y mutant confirmed an impact of the C2-like domain (via Y81 and
Y100) and corroborate the results of the C2-like domain competition
assay.
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Fig. 8. C2-like domain competition assay. Increasing amounts (0–300 mg/ml) of

MBP-5-LO-C2 Y81/100A were added to 2–3 mg partially purified 5-LO in 1 ml PBS,

pH 7.4, 1 mM EDTA and 1 mM ATP. g-Globuline was added to adjust consistent

protein concentration (300 mg/ml). The samples were pre-incubated for 15 min

with 0.3 mM EP6 or vehicle (DMSO) at 4 8C. 5-LO product formation was stimulated

and determined as described for Fig. 2. Data (mean � S.E.; n � 3) are expressed as

percentage of control (DMSO with the same amount of added protein). ***P < 0.001

versus MBP at corresponding amounts, two-way ANOVA + Tukey post hoc test.
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Fig. 9. Inhibition of partially purified 5-LO-3Y mutant by EP6. 2–3 mg partially

purified 5-LO WT or 5-LO-3Y mutant were incubated as described for Fig. 2. Data

(mean � S.E.; n � 3) are expressed as percentage of control. *P � 0.05; **P � 0.01;

***P < 0.001 versus WT 5-LO at corresponding concentrations of test compound, two-

way ANOVA + Tukey post hoc test.
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Fig. 10. Selectivity profile of EP6. (A) For determination of 5-, 12-LO and 15-LO1

product formation, 5 � 106 intact PMNL or 1 � 108 intact platelets were re-

suspended in PGC buffer and pre-incubated for 15 min at 37 8C with the indicated

concentrations of EP6 or vehicle (DMSO). LO product formation in PMNL was

started by addition of 2.5 mM calcium ionophore and 20 mM AA. For 12-LO activity

in platelets 10 mM AA was added. For determination of 15-LO2 activity, 0.5 U

human recombinant 15-LO2 was dissolved in 1 ml PBS, pH 7.4 and pre-incubated

for 15 min on ice with the indicated concentrations of EP6 and vehicle (DMSO). 15-

LO2 activity was started by adding 100 mM AA. After 10 min, 5-, 12-LO and 15-LO

product formation was determined. 12-LO products include 12(S)-hydro(pero)xy-

6-trans-8,11,14-cis-eicosatetraenoic acid (12-H(p)ETE). 15-LO products were 15(S)-

hydro(pero)xy-5,8,11-cis-13-trans-eicosatetraenoic acid (15-H(p)ETE). Data

(mean � S.E.; n � 3) are expressed as percentage of control.
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Fig. 11. Effects of EP6 on cell viability. (A) U937 cell viability after 48 h treatment with increasing concentrations of EP6 (3–30 mM) was assessed using a WST-1 proliferation

assay. Values, measured as ratio of absorbance for a given concentration of EP6 and the control (DMSO) after 48 h, present mean � S.E. of three independent experiments. (B)

Long-term viability assay with U937 cells. Cells were treated with 10 mM and 30 mM EP6 for 24 h, 36 h and 48 h and the survival rates, measured as percentage of living cells

compared to total cell number at a given time point, were measured by trypan blue exclusion. Values are given as mean � S.E. of three independent experiments. (C) Long-term

viability assay with U937 cells. Cells were treated with 10 mM and 30 mM EP6 for 24 h, 36 h and 48 h and the survival rates were measured by trypan blue exclusion. The survival

rates were calculated as ratio of the number of living cells at time point 0 h and a particular time point. Values are given as mean � S.E. of three independent experiments. (D) Long-

term viability assay with RPE cells. Cells were treated with 10 mM and 30 mM EP6 for 24 h, 36 h and 48 h and the survival rates were measured by trypan blue exclusion. The survival

rates were calculated as ratio of the number of living cells at time point 0 h and a particular time point. Values are given as mean � S.E. of three independent experiments. (E) Effect of

EP6 on LDH release by U937 cells. Cells were incubated with increasing concentrations (3–30 mM) of EP6 or 5-LO inhibitor Rev-5901 (100 mM) for 48 h. LDH release induced by a

control detergent supplied by Sigma–Aldrich (Saint Louis, MO, USA) was set to 100%. Values are given as mean � S.E. of three independent experiments. (F) Western blot analysis of

PARP cleavage after treatment of U937 cells with 30 mM EP6 for 24 h. 35 mg of total protein extract was separated on a 10% SDS-polyacrylamide gel and electroblotted onto a

nitrocellulose membrane. Cleaved and intact PARP were detected using a specific antibody. One of three independent experiments is shown.
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3.7. Investigations on pleiotropic effects and influence on cell viability

of EP6

Furthermore, pleiotropic effects of EP6 regarding several other
AA binding proteins were investigated. In intact PMNL 5-LO
selectivity was determined. EP6 did not inhibit 15-LO1 (Fig. 10).
The increase in 15-LO1 products could be due to the shunt of
substrate to 15-LO1 when 5-LO is inhibited at least in our
experimental setting where exogenous AA is present. Recombinant
human 15-LO2 was not inhibited by EP6 either (Fig. 10). In
addition, the effect on platelet-type 12-LO was investigated
(Fig. 10). No reduction of 12-H(p)ETE was measured. Three
additional enzymes of the AA cascade, COX-1, COX-2 and
mPGES-1, were investigated. COX-1 and COX-2 inhibition up to
a concentration of 10 mM of EP6 was not observed. Within the
COX-1 assay, 10 mM EP6 exhibited a residual activity of 93.6 � 6%
of control, 1 mM of the COX-1 inhibitor SC-560 [60] led to 4.4 � 1% of
control. For COX-2 residual activities of 101 � 7% of control for 10 mM
EP6 and 21.8 � 6% of control for 1 mM of the COX-2 inhibitor
rofecoxib [61] were measured (data not illustrated). EP6 showed no
inhibitory effect on mPGES-1 activity in a cell-free assay up to 30 mM
as well. For 30 mM EP6 a residual activity of 89.4 � 19% of control was
determined (data not illustrated). For the known mPGES-1 inhibitor
MD52 [62] a residual activity of 32.2 � 13% at 0.3 mM was measured.

A salmonella mutagenicity test [52] for detecting a carcinogenic
and mutagenic potential of EP6 led to neither frameshift nor
substitution mutations independent of oxidative metabolism up to
100 mM EP6 (data not shown).

We further tested EP6 in a murine leukemic monocyte
macrophage cell line (supplemental Fig. S4). In intact RAW
264.7 cells an IC50 value of 2.1 mM (�0.45 mM) was determined.
For cell-free S100 preparations of RAW 264.7 cells, 5-LO product
formation was inhibited with an IC50 value of 0.36 mM (�0.07 mM).

Short-term viability in intact PMNL after incubation for 30 min
with EP6 at 37 8C, confirmed no cytotoxic effects during activity
assays for concentrations up to 30 mM (supplemental Fig. S5). In
contrast, when U937 mitochondrial metabolic activity was
assessed after treatment with increasing concentrations of EP6
using a WST-1 assay, a reduction in cellular viability could be seen.
EP6 reduced the number of viable cells by 50% at a concentration of
14 mM (Fig. 11A) after 48 h. The WST-1 assay does not distinguish
between anti-proliferative or cytotoxic effects. Impaired cell
viability in the WST-1 assay may be due to a reduction of the
total number of viable cells caused by anti-proliferative properties
of EP6. Alternatively, EP6 may possess cytotoxic properties
inducing necrosis or apoptosis. Therefore, we investigated the
influence on cell viability of U937 and non-tumor RPE cells after
treatment with 30 mM EP6 for 24 h, 36 h and 48 h by trypan blue
exclusion. The survival rate for U937 cells after treatment for 24 h
with 30 mM EP6 was 31 � 8% and decreased to 15 � 3% after 48 h
(Fig. 11B) confirming the results seen in the WST-1 assay. Comparison
of the number of living cells at particular time points to time point 0 h
revealed a strong influence of 30 mM EP6 on cell viability (Fig. 11C)
but excluded exclusive anti-proliferative effects since the total

number of living cells further decreased compared to the cell number
seeded. Interestingly, EP6 had no influence on the cell viability of the
non-tumor RPE cells (overall survival rate: 94 � 2% (data not shown)),
although a slight interference with cell proliferation in these cells
could be observed as the total number of viable cells did not
significantly increase after treatment with the inhibitor compared to
the control (Fig. 11D). To clarify whether the reduction of cellular
viability in U937 resulted from cell death events like necrosis or
apoptosis, we additionally investigated the loss of cell membrane
integrity and PARP cleavage in EP6 treated U937 cells. Lactate
dehydrogenase (LDH) leakage is a measure for impaired membrane
integrity which points to necrotic events. When treated with
increasing concentrations of EP6 up to 30 mM for 48 h, U937 cells
displayed only weak LDH release (Fig. 11E). The known nonredox-
type 5-LO inhibitor Rev-5901 was used as cytotoxic control [51]. Since
necrotic effects could be excluded as a cause for EP6 mediated
cytotoxicity, PARP-cleavage was assessed as a marker for apoptosis. In
this late apoptotic event activated caspase-3 and caspase-6 cleave the
116 kDa nuclear protein PARP specifically into a 89 kDa and 29 kDa
fragment which can be detected by Western blotting. The treatment
of U937 cells with 30 mM EP6 for 24 h led to the 89 kDa cleavage
product, which could not be detected in the untreated control
(Fig. 11F).

4. Discussion and conclusions

In the present study we investigated the pharmacological
profile of EP6 (cyclohexyl-[6-methyl-2-(4-morpholin-4-yl-phe-
nyl)-imidazo[1,2-a]pyridin-3-yl]-amine), a novel 5-LO inhibitor
with distinct properties compared to compounds belonging to
known classes of 5-LO inhibitors. EP6 potently suppressed 5-LO
product formation in several in vitro assay systems with an IC50

value of 0.16 mM in intact PMNL and 0.05 mM for partially purified
enzyme (Fig. 2). This direct inhibitor exhibited selectivity for 5-LO
and did not inhibit 12-LO, 15-LO1 and 15-LO2 (Fig. 10) or
additional enzymes of the AA cascade, COX-1, COX-2 and mPGES-1.
EP6 was active in mouse leukemic monocyte macrophage cells and
suppressed 5-LO in intact and cell-free assays (supplemental Fig.
S4). In addition, the compound showed no mutagenic potential and
did not impair the viability of normal human RPE cells up to a
concentration of 30 mM, prerequisites for future in vivo investiga-
tions (Fig. 11D).

In contrast to this, impaired cell viability of human leukemic
monocytic cells (U937) (Fig. 11) with overall viability being
reduced by 50% at 14 mM in a WST-1 assay (Fig. 11A) and
decreased cell survival (15 � 3%) in a trypan blue exclusion assay
(Fig. 11B) was seen after treatment with 30 mM of EP6 for 48 h. Cell
counts in the trypan blue exclusion assay decreased in comparison to
seeded cell numbers excluding an anti-proliferative mechanism as
exclusive reason for the effect on cell viability of EP6. LDH release was
only weakly triggered in higher concentrations (3.5 � 0.7% at 30 mM)
(Fig. 11E) excluding necrosis as primary cause as well. Finally,
cleavage of PARP as a marker for late apoptosis in EP6 (30 mM)
treated U937 gave a first hint to the underlying cytotoxic mechanism
(Fig. 11F) which has to be investigated further in the future.

Experimental data revealed that 5-LO binds allosteric regula-
tory factors. These regulatory properties are mediated by the C2-
like domain involving defined amino acid residues or regions
within this domain. For evaluation of the binding mode and
potential binding sites, the influence of these allosteric factors on
the efficacy of EP6 was tested (Fig. 5 and supplemental Fig. S1). The
addition of PC to S100 of E. coli cultures of WT 5-LO resulted in a
shift of the IC50 value from 0.21 mM (�0.01 mM) to 1.04 mM
(�0.28 mM) (Fig. 5A). Experiments with S100 of WT 5-LO or 5-LO-3W
mutant expressed by E. coli corroborate this result: the 5-LO-3W
mutant exhibits a reduced stimulating effect of PC due to its restricted

Table 1
IC50 values for inhibition of partially purified WT 5-LO and 5-LO-Y mutants. Mean of

three experiments.

Mutant IC50 value [mM] Specific activity

(ng products/mg protein)

WT 0.05 (�0.01) 361 (�151)

Y81A 0.06 (�0.02) 398 (�61)

Y100A 0.08 (�0.04) 308 (�70)

Y383A 0.14 (�0.02) 202 (�4)

Y81/100A 0.03 (�0.01) 262 (�32)

3Y 0.32 (�0.08) 260 (�85)
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binding affinity of PC [58] and the inhibitory potency of EP6 for this
mutant is unaffected by the addition of PC (Fig. 5B). In comparison,
the 5-LO-3W mutant, which in general can be inhibited by 5-LO
inhibitors [59], is less suppressed by EP6 than the WT 5-LO (Fig. 5B).
The tryptophans W13, W75 and W102 which are responsible for
interaction with PC, seem to be, directly or indirectly via conforma-
tional changes, involved in the interaction of EP6 with 5-LO. The C2-
like domain competition assay confirms a binding site located at the
C2-like domain (Figs. 6 and 8). Furthermore three tyrosines, two
within the C2-like domain (Y81, Y100) and one in the catalytic
domain (Y383) (Fig. 7), were derived from an in silico docking and
emphasized via mutagenesis studies (Figs. 6, 8 and 9) the interface of
the C2-like and the catalytic domain as a possible binding region for
EP6. Although the single mutants and double mutant did not show
impaired IC50 values for inhibition of 5-LO (Table 1), the 5-LO-3Y
mutant did exhibit a significantly lower IC50 value for inhibition of 5-
LO compared to WT 5-LO. The interaction of Y383 and EP6 alone
seems to be strong enough for enzyme inhibition. Together, these
findings indicate a new binding site for inhibitors at the C2-like
domain of the enzyme. Allosteric regulation of LOs is known [63,64]
and for 5-LO, allosteric inhibitor binding could be shown for two
compounds: Acetyl-11-keto-b-boswellic acid [65] and hyperforin
[66] were identified to bind to the C2-like domain of 5-LO [59,67].
Targeting this allosteric site might open up a new promising approach
for 5-LO inhibition.

Compound 1 [39] was assigned by Pergola and Werz to a new
group of diverse 5-LO inhibitors [68]. Redox-active inhibitors with
reducing properties, iron ligand inhibitors chelating the active site
iron and nonredox-type inhibitors have distinct properties from EP6
[69]. Nonredox-type inhibitors were designed as active site-directed
AA mimetics [18]. A second (regulatory) fatty acid binding site
[67,70] can be assumed to be located at the C2-like domain as shown
for 12/15-LO [71]. Nonredox-type inhibitors like CJ-13, 610 interfere
with this regulatory- and with the substrate-binding cleft at the
active site [72]. Characterization of EP6 revealed no effect on the
inhibitory potency by different AA concentrations (Fig. 3A). Under
chronic inflammatory processes that are associated with elevated
levels of lipid hydroperoxide and free AA, nonredox-type inhibitors
have a reduced efficacy [26]. EP6 might avoid this disadvantage due
to its irrespective inhibitory effect in the presence of elevated AA
concentrations (Fig. 3A). EP6 indicates properties of uncompetitive
inhibitors (Figs. 3B and 4B) exhibiting higher IC50 values in the
absence of exogenous added substrate after stimulation via calcium
ionophore or the more physiological stimulus fMLP. Possibly, a
certain amount of AA positively modulates 5-LO activity at the
second, stimulatory AA binding site [67,70] and this might be
efficiently blocked by EP6. On the other hand, EP6 might inhibit
cytosolic 5-LO more potently than membrane-bound 5-LO: (1) in
absence of exogenous AA, PMNL produce primarily membrane-
mediated LTs and (2) cytosolic 5-LO needs calcium for full activation,
but fMLP stimulation only causes a 4-fold lower calcium influx
compared to ionophore stimulation [73]. This might explain the
higher IC50 value for fMLP stimulation even in presence of AA and for
ionophore stimulation in absence of exogenous AA. EP6 seems to
have a decreased potency at membrane-bound 5-LO. This is also in
line with the observed lower IC50 value in presence of PC (Fig. 5A).
However, we could not detect differences in the IC50 values for
inhibition of LTB4 and 5-H(p)ETE formation (data not shown). The
same pattern was observed for zileuton, but not for the FLAP
inhibitor MK-886, which inhibited LTB4 formation more potently
than 5-H(p)ETE (in presence of AA).

Another property of nonredox-type inhibitors is an impaired
inhibition of purified 5-LO or 5-LO in broken cell preparations due
to a dependence on a low lipid hydroperoxide tone or the presence
of reducing agents like GSH or DTT [26,72]. Notably, we were able
to suspend some apparent drawbacks of these inhibitors as EP6

suppresses 5-LO independently of the addition of thiols (Fig. 4C)
and has a comparable activity in intact cells and broken cell
preparations (Fig. 2).

In the cellular context, 5-LO is soluble and located in the cytosol
and translocates to the nuclear envelope after activation [28].
External stimuli promote an increase of intracellular calcium or
phosphorylation of 5-LO by kinases of the MAPK family [29,30].
The potency of some nonredox-type inhibitors, e.g. ZM230487 and
L-739.010 [22], depends on the mode of activation of the enzyme. A
10–100-fold higher inhibitor concentration is required to suppress
5-LO activity activated by phosphorylation comparable to 5-LO
activated via calcium influx [27]. We were able to show that EP6
acts independently of the mode of 5-LO activation in the cell
(Fig. 4A). In this regard, the efficacy of EP6 in vivo might be
promising related to potential activity in chronic inflammatory
processes associated with an increased phosphorylation status in
cells [31,32]. After activation by the pathophysiologically relevant
stimulus via LPS/fMLP, EP6 inhibits 5-LO product formation
although with a slightly higher IC50 value (Fig. 4B).

Compared to zileuton, the only 5-LO inhibitor in clinical use
which inhibits 5-LO activity in various assay systems with IC50

values of 0.5–1 mM [8], EP6 is up to 10-fold more potent.
Furthermore, with EP6s molecular pharmacological profile distinct
of FLAP inhibitors, which are being studied in clinical trials and
benefits in respiratory diseases [74] could be demonstrated for,
EP6 might open up a novel approach for inhibition of LT formation
via the hypothetical mode of action at an allosteric site of 5-LO.
Besides the indication of inhibitors of LT biosynthesis in asthma,
these inhibitors may have therapeutic potential in treatment of
cardiovascular disease and cancer [3]. 5-LO inhibitors may be
applied in these fields since the LT pathway enzymes and receptors
are abundantly expressed in cancer tissues compared to healthy
tissues [75]. But the underlying mechanisms through which LTs
influence carcinogenesis are still incompletely understood. Effects
of EP6 on 5-LO overexpressing tumor cells were not investigated
herein. However, the selectivity for 5-LO over 15-LO suggests EP6
as a possible anticancer agent as 15-LO is known to have tumor
suppressive effects [76,77]. Moreover, the tested U937 cells lack 5-
LO expression and the concentrations needed to induce cytotoxic
effects (50% reduction of overall viability at 14 mM) in these cells
exceeded the IC50 value in intact PMNL (0.16 mM (�0.01 mM))
about 90-fold. Therefore, the reduction of cell viability in these cells
seems to be independent of inhibition of 5-LO product formation. This
has been published for a number of other 5-LO inhibitors before by
our group [51] and is subject of further investigations at the moment.
Interestingly, drugs based on a scaffold of N-fused imidazoles were
recently recognized as novel anticancer agents with potential
topoisomerase IIa inhibitory properties [78]. The promising effects
of EP6 on cell viability in 5-LO negative tumor cells and its selectivity
profile, encourages further investigation of this novel 5-LO inhibitor’s
possible 5-LO dependent and independent anticancer properties.

Taken together, this study characterizes EP6, a novel direct 5-
LO inhibitor exhibiting auspicious properties in various in vitro

assays in contrast to properties of some nonredox-type inhibitors.
Targeting 5-LO independently of the cellular redox tone, the
substrate concentration and furthermore independent of the
stimulus of 5-LO activation, EP6 obviously possesses advantages
over known 5-LO inhibitors. Our results indicate an interaction of
EP6 with the regulatory C2-like domain of the enzyme, providing
a new feasible binding site for the development of novel
compounds. Nevertheless, although the C2-like domain was
derived as a target region, a precise binding site has not been
elucidated yet. Knowledge of the precise binding mode would
open up new options for structure-based optimization and
development of novel compounds with the beneficial pharmaco-
logical profile of EP6.
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Synthesis procedure, molecular modeling of the putative
binding mode and analysis of docking results, influence of calcium
and ATP on the inhibitory potency of EP6, inhibitory potency in
RAW 264.7 cells, and a short-term viability assay are available as
supplementary material.
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[16] Rådmark OP. The molecular biology and regulation of 5-lipoxygenase. Am J
Respir Crit Care Med 2000;161:S11–5.

[17] Tateson JE, Randall RW, Reynolds CH, Jackson WP, Bhattacherjee P, Salmon JA,
et al. Selective inhibition of arachidonate 5-lipoxygenase by novel acetohy-
droxamic acids: biochemical assessment in vitro and ex vivo. Br J Pharmacol
1988;94:528–39.

[18] McMillan RM, Walker ER. Designing therapeutically effective 5-lipoxygenase
inhibitors. Trends Pharmacol Sci 1992;13:323–30.

[19] Steinhilber D. 5-Lipoxygenase: a target for antiinflammatory drugs revisited.
Curr Med Chem 1999;6:71–85.

[20] Evans JF, Lévillé C, Mancini JA, Prasit P, Thérien M, Zamboni R, et al. 5-
Lipoxygenase-activating protein is the target of a quinoline class of leukotri-
ene synthesis inhibitors. Mol Pharmacol 1991;40:22–7.

[21] Crawley GC, Dowell RI, Edwards PN, Foster SJ, McMillan RM, Walker ER, et al.
Methoxytetrahydropyrans. A new series of selective and orally potent 5-
lipoxygenase inhibitors. J Med Chem 1992;35:2600–9.

[22] Crawley GC, Briggs MT, Dowell RI, Edwards PN, Hamilton PM, Kingston JF, et al.
4-Methoxy-2-methyltetrahydropyrans: chiral leukotriene biosynthesis inhi-
bitors, related to ICI D2138, which display enantioselectivity. J Med Chem
1993;36:295–6.

[23] Smith WG, Shaffer AF, Currie JL, Thompson JM, Kim S, Rao T, et al. Characteri-
zation of 5-lipoxygenase inhibitors in biochemical and functional in vivo
assays. J Pharmacol Exp Ther 1995;275:1332–8.

[24] Nasser SM, Bell GS, Hawksworth RJ, Spruce KE, MacMillan R, Williams AJ, et al.
Effect of the 5-lipoxygenase inhibitor ZD2138 on allergen-induced early and
late asthmatic responses. Thorax 1994;49:743–8.

[25] Turner CR, Smith WB, Andresen CJ, Eggler JF, Watson JW. The effect of 5-
lipoxygenase inhibition on Ascaris antigen (Ag)-induced responses in atopic
monkeys. Inflamm Res 1996;45:42–9.

[26] Werz O, Szellas D, Henseler M, Steinhilber D. Nonredox 5-lipoxygenase
inhibitors require glutathione peroxidase for efficient inhibition of 5-lipox-
ygenase activity. Mol Pharmacol 1998;54:445–51.
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Synthesis procedure for preparation of N-cyclohexyl-6-methyl-2-(4-

morpholinophenyl)imidazo[1,2-a]pyridin-3-amine (EP6): 1.0 g (9.2 mmol) 2-amino-5-

methylpyridine  and 1.47 g (9.2 mmol) 4-morpholino-benzaldehyde were stirred with 0.89 g (18.4 

mmol) glacial acetic acid and 35 ml MeOH, then 0.89 g (9.2 mmol) cyclohexyl isocyanide was 

added. After 18 hours the reaction mixture was quenched with 10 ml 2N HCl to destroy the residual 

isocyanide. MeOH was removed under reduced pressure and 50 ml saturated NaHCO3 solution was 

added. The product was extracted with EtOAc (3 x 40 ml) and crystallized as crude yellowish solid 

after removing the solvent under reduced pressure. The purification was completed by 

recrystallization from EtOAc/MeOH yielding 1.80 g (60%) yellow solid. 

 

Molecular modeling of the putative binding mode: The following amino acid side chains were 

defined as flexible for docking with PLANTS (version 1.1, University of Konstanz, Germany): S-

11. Q-12, Y-81, K-83, Y-100, R-101, W-102, R-165, N-166, I-167, Q-168, F-169, D-170, Y-383, 

V-397, A-398, V-400, R-401, F-402, T-403, I-404, A-404, E-622, H-624.   
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Figure S1: Influence of ATP and calcium on the inhibitory activity of EP6. Anion exchange 

chromatography purified 5-LO was set in 1 ml PB, pH 7.4 with or without 1 mM ATP and the 

samples were pre-incubated for 15 min with EP6 or vehicle (DMSO) at the indicated concentrations 

at 4°C. Samples were pre-warmed at 37°C for 30 sec and 5-LO product formation was started by 

addition of 20 µM AA or 20 µM AA and 1 mM CaCl2. After 10 min, 5-LO product formation was 

determined. Data (mean ± S.E.; n ≥ 3) are expressed as percentage of control. 
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Figure S2: Statistical analysis of the Protein Ligand Interaction Fingerprints (PLIF) of 200 docking 

poses of EP6. Supplemental figure S2 shows the relative frequency of the strongest interaction type 

of each amino acid with the docked ligand conformation based on the PLIF.  
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Figure S3: 2D representation of EP6 in the binding pocket. Possible interaction amino acid side 

chains are depicted with the interaction type. 
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Figure S4: Inhibitory activity of EP6 in RAW 264.7 cells. 1.5 × 10
7
 intact RAW 264.7 cells were 

re-suspended in PGC buffer and pre-incubated for 15 min at 37°C with the indicated concentrations 

of EP6 or vehicle (DMSO). 5-LO product formation was started by addition of 5 µM calcium 

ionophore and 20 µM AA, after 10 min 5-LO product formation was determined. For determination 

of 5-LO product formation in S100 preparations corresponding to 2 × 10
7
 RAW 264.7 cells, 

samples were set in 1 ml PBS, pH 7.4, 1 mM EDTA and 1 mM ATP and were pre-incubated for 15 

min with EP6 or vehicle (DMSO) at the indicated concentrations at 4°C. Samples were pre-warmed 

at 37°C for 30 sec and 5-LO product formation was started by addition of 2 mM CaCl2 and 20 μM 

AA. After 10 min, 5-LO product formation was determined. Data (mean ± S.E.; n ≥ 3) are 

expressed as percentage of control. 
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Figure S5: Short-term viability in PMNL after incubation with EP6. 5 × 10
6
 intact PMNL were re-

suspended in PGC buffer and were incubated for 30 min at 37°C with the indicated concentrations 

of EP6, MK886 or vehicle (DMSO). Living cells were determined. Data (mean ± S.E.; n ≥ 3) are 

expressed as percentage of control. 



ReseaRch aRticle

Leukotrienes (LTs) are lipid mediators of 
immune and inf lammatory responses with 
important roles in respiratory and cardio vascular 
diseases such as asthma and arteriosclerosis and 
certain types of cancer [1]. LTs are formed from 
arachidonic acid (AA), which is released from 
membrane phospholipids by cPLA2. AA is 
subsequently metabolized by 5-LO after stimu-
lation at the nuclear membrane by the help of 
the 5-LO-activating protein (FLAP), which 
facilitates the transfer of AA to 5-LO.

The dioxygenase 5-LO catalyzes the incorpo-
ration of both atoms of molecular oxygen into 
AA in two steps to give the hydroperoxide 5(S)-
hydroperoxy-6-trans-8,11,14-cis-eicosatetraenoic 
acid (5-HpETE) as well as the following dehy-
dration to the unstable epoxide LTA

4.
 The sub-

sequent conversion of LTA
4
 by LTA

4
 hydrolase 

leads to LTB
4
, and the conjugation with reduced 

glutathione by LTC
4
 synthase yields the cysteinyl-

containing LTs C
4
, D

4
 and E

4
. In addition to the 

conversion to LTA
4
, 5-HpETE can be reduced 

to the corresponding alcohol 5(S)-hydroxy-
6,10-trans-8,14-cis-eicosatetraenoic acid (5(S)-
HETE), for example, by gluthatione peroxidases. 
The chemotactic and chemokinetic agent LTB

4
 

leads to recruitment of other neutrophils and 
causes phagocytosis. Cysteinyl-containing LTs 
play a crucial role in respiratory diseases leading 
to bronchoconstriction and vascular permeability. 

The enzyme is structured in two distinct 
domains: the N-terminal regulatory C2-like 

domain (~120 amino acids) and the larger cat-
alytic domain containing the non-heme iron [2]. 
In the inactive form of the enzyme, the ferrous 
state of the iron (Fe2+), the 5-LO is not capable 
of converting AA to the corresponding LTs. Fe2+ 
has to be oxidized by lipid hydroperoxides to 
the active Fe3+ in order to enable the catalytic 
cycle [3]. Furthermore, 5-LO has to be activated 
by Ca2+ influx or phosphorylation via the p38 
MAPK or ERK pathway leading to a change of 
subcellular localization [4–6]. Moreover, a bio-
synthetic complex, located at the nuclear mem-
brane, regulates the LT biosynthesis, with iden-
tified key proteins (i.e., cPLA

2
, 5-LO, FLAP, 

LTA
4
 hydrolase and LTC

4
 synthase) but it is still 

unknown how they assemble, interact and what 
is the best way to interfere to inhibit LT bio-
synthesis [7]. The synthesis of LTs can also be 
found in lipid bodies [8].

5-LO plays an indisputable role in acute and 
chronic inflammation, asthma and rhinitis, ath-
erosclerosis and arthritis [9], however, its contribu-
tion to carcinogenesis is under debate [10,11]. The 
other major LOs, 12-LO, 15-LO1 and 15-LO2 
are also discussed in this field and 15-LO activ-
ity is reported to have tumor-suppressive effects 
[12,13]. Besides, it was recently reported that 5-LO 
is involved in the biosynthesis of lipoxins initiated 
by the 12-/15-LO pathway leading to a natural 
resolution of inflammation [14]. 

LTs are potent pathophysiological media-
tors and 5-LO inhibitors were developed for 

Structure–activity relationship and in vitro 
pharmacological evaluation of imidazo[1,2-a]
pyridine-based inhibitors of 5-LO
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many decades, although zileuton (Zyf lo®; 
(±)-1-(1-benzo[b]thien-2-ylethyl)-1-hydroxyurea) 
is the only 5-LO inhibitor that entered the US 
market in 1997 for the chronic treatment and 
prophylaxis of various clinical phenotypes of 
asthma. It has also been tested in the treatment 
of allergic rhinitis with promising results. Nev-
ertheless, zileuton exhibits liver toxicity and an 
unfavorable pharmacokinetic profile with a short 
half-life [15,16]; as a consequence, its clinical use is 
limited. Another strategy to develop inhibitors of 
LT production is to target FLAP, which facilitates 
the transfer of AA to 5-LO. These indirect inhibi-
tors, such as MK-886 and AM103 [17], could 
enter clinical Phase II trials for the treatment 
of inflammatory diseases but are not registered 
yet [18]. Thus, there is a need for the design and 
development of new inhibitors of 5-LO. Poten-
tial drug candidates should exhibit high efficacy 
in vitro and in vivo; and desired pharmacological 
properties, such as high selectivity for 5-LO low 
hepatotoxicity and good oral bioavailability. 

In the present study, we describe the optimiza-
tion of our in vitro pharmacologically evaluated 
lead compound N-cyclohexyl-6-methyl-
2-(4-morpholinophenyl)imidazo[1,2-a]pyridin-
3-amine (EP6) [19], which was derived from a 
virtual screening study for (COX)/5-LO dual 
inhibitors [20]. The main advantage of EP6 over 
other established 5-LO inhibitors, is its stimulus-
independent 5-LO inhibition. The four well-
known classes [21] of 5-LO inhibitors have several 
drawbacks, for example, for nonredox-type 5-LO 
inhibitors their efficiency depends on the stimulus 
of 5-LO activation and the addition of exogenous 
AA [22]. Furthermore, imidazo[1,2-a]pyridines 
can be easily obtained by means of the Groebke–
Blackburn–Bienaymé [23] multi-component 
reaction (MCR), which involves the reaction of 
an heteroaromatic amidine, such as 2-amino-
pyridine, with isonitrile and aldehyde in the pres-
ence of a catalytic amount of a protic acid such 
as acetic acid. N-fused imidazoles have recently 
gained attention because of their wide range of 
biological activities as antibacterial, antiviral, 

anti-inflammatory and anti-neoplastic agents 
with a high chemical stability. Herein, we present 
the synthesis and in vitro pharmacological profil-
ing of this series of N-fused imidazoles acting as 
direct inhibitors of 5-LO and, thus, leukotriene 
biosynthesis.

Results & discussion
The imidazo[1,2-a]pyridine-substituted com-
pounds were synthesized by means of a MCR 
(Groebke–Blackburn–Bienaymé) starting 
from the appropriately substituted aldehyde 1, 
aminopyridine 2 and isonitrile 3 depicted in 
FiguRe 1. In the case of imidazo[1,2-a]pyridin-
phenylmorpholine compounds (4a–l), we started 
from 4-phenylmorpholine and in the case of 
imidazo[1,2-a]pyridine-3-methoxy-4-phenol, 
(vanillin) was used. 

Structure–activity relationship of 
imidazo[1,2-a]pyridines
To understand the interactions between the 
ligand and the receptor (5-LO), the following 
55 derivatives were tested in both a cell-free and 
cell-based assay. The cell-based assay was per-
formed in intact polymorphonuclear leukocytes 
(PMNL) and for the cell-free assay the corre-
sponding 100,000 × g (S100) fraction of lyzed 
PMNL was used. As reference 5-LO inhibitors, 
we used zileuton and BWA4C and as a repre-
sentative compound with a imidazo[1,2-a]pyri-
dine scaffold we tested zolpidem. Zolpidem was 
inactive, thereby suggesting that the free amine 
moiety is important for the inhibition of 5-LO 
product formation.

The N-fused imidazole-based lead com-
pound, EP6, was discovered by means of 
computer-aided drug design [19]. It exhib-
ited high inhibitory activity in both assays: 
IC

50
 = 0.16 µM (PMNL) and 0.21 µM (S100). 

The second lead (6-methyl-N-cyclohexyl-
2-(4-phenoxyphenyl)imidazo[1,2-a]pyridin-
3-amine) obtained in our preliminary struc-
ture–activity relationship (SAR) study [24] 
demonstrated slightly improved inhibition in 
the cell-free assay (IC

50
 = 0.08 µM [S100]). 

With the lead compound, EP6, exhibiting 
interesting biological activity, an effort was 
taken to study the pharmacological properties 
of imidazo[1,2-a]pyridine-based 5-LO inhibi-
tors via the variation of substituents at differ-
ent positions on the heterocyclic core. Based on 
our previous lead EP6, a direct 5-LO inhibitor, 
we began to synthesize compounds bearing an 
imidazo[1,2-a]pyridine-phenylmorpholine 

R3
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HN

R3

H

O

N

NH2

R1
R1

NC

1 2 3 4
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Figure 1. Groebke–Blackburn–Bienaymé multi-component reaction used 
to synthetize compounds with imidazo[1,2-a]pyridine scaffold. 

Key Terms

Leukotrienes: Derivatives of 
the arachidonic acid and potent 
pro-inflammatory mediators. 
The different leukotrienes 
activate the cysteinyl 
leukotriene receptors CysLT1 
and CysLT2 and contribute to 
the symptoms of asthma. Thus, 
inhibitors of 5-LO and CysLT1 
receptor anatgonists, which 
prevent the leukotriene-
mediated effects, can be used 
for asthma treatment. 

5-LO: Enzyme of the 
arachidonic acid cascade. It 
catalyzes the conversion of the 
arachidonic acid to the 
corresponding peroxide 
5(S)-hydroperoxy-6-trans-
8,11,14-cis-eicosatetraenoic acid 
and subsequently to the 
leukotriene A4, which acts as a 
precursor for other 
leukotrienes. 5-LO activity is 
associated with asthma, 
atherosclerosis and various 
cancer types.

Multi-component 
reactions: Organic reactions 
in which the product is formed 
from three or more educts. 
Originally discovered by Ugi, 
multi-component reactions 
using isonitriles as one of the 
educts are very versatile and 
allow the preparation of a large 
number of complex structures 
from few starting materials.

ReseaRch aRticle | Buscató, Wisniewska, Rödl et al.

Future Med. Chem. (2013) 5(8)866 future science group



scaffold (4a–l) depicted in table 1. Introduc-
tion of chlorine at position six and a cyclo-
pentyl (4a) led to a decrease in inhibition of 
PMNL and S100 activities (IC

50
 = 0.26 µM, 

IC
50

 = 0.83 µM, respectively). The combi-
nation of 6-F (4e) and tert-butyl moieties 
impaired the inhibition completely result-
ing in IC

50
 values of greater than 10 µM in 

both assay systems. Introduction of an ada-
mantyl (4b) group on R

2
 also led to a lower 

inhibitory potency (IC
50

 [PMNL] = 0.53 µM, 
IC

50
 [S100] = 0.51 µM), however, the replace-

ment of the methyl group by a chlorine atom 
(4c), restored the IC

50
 value for intact cells, 

nevertheless in the cell-free system the IC
50

 
value was tenfold higher (IC

50
 = 6.98 µM). 

A higher IC
50

 value for the cell-free assay sys-
tems than for intact PMNL may indicate some 
indirect LT biosynthesis inhibition [25] such 
as interference with either cPLA

2
 or FLAP, 

both being upstream enzymes. We explored 
the possibility of moving R

1
 to positions five, 

seven and eight. Compared with our lead com-
pound, EP6, methyl substitution at position 

seven (4f) and position five (4h) led to a lower 
inhibition in terms of PMNL and S100 (4f, 
IC

50
 [PMNL] = 4.24 µM, IC

50
 [S100] = 0.74 µM 

and 4h, IC
50

 [PMNL] = 1.32 µM, 
IC

50
 [S100] = 0.28 µM). Similar results were 

obtained when compounds were replaced 
with a chloro or f luoro substituent at posi-
tion five and seven: 7-chloro substitution (4g, 
IC

50
 [PMNL] = 1.22 µM, IC

50
 [S100] = 0.45 µM) 

and 5-chloro (4i, IC
50

 [PMNL] = 0.48 µM, 
IC

50
 [S100] = 0.74 µM). These substitutents at 

position eight (4k, 4l) led to similar results. 
After investigating the substitutents pat-

tern on the imidazo[1,2-a]pyridine-phenyl-
morpholine scaffold (4a–l), we concluded that 
6-methyl and cyclohexyl substitution were the 
optimal with respect of 5-LO inhibition in both, 
cell-based and -free assays. 

Based on our previous SAR study [24], we 
identified a second lead structure (6-methyl-N-
cyclohexyl-2-(4-phenoxyphenyl)imidazo[1,2-a]
pyridin-3-amine) with an IC

50
 (S100) value 

of 0.08 µM, yielding to a higher inhibitory 
activity than EP6, consequently we used this 

Table 1. Measured inhibitory activity of the imidazo[1,2-a]pyridine-4-
phenylmorpholine series 4a–l on polymorphonuclear leukocytes and S100.

O

4

N
N

N

HN
R2

R1

5
6

7
8

Entry R1 R2 IC50 polymorphonuclear 
leukocytes (µM)

IC50 S100 (µM) WST-1 
(%)†

Zileuton – – 0.50 1.00 107 ± 3.9‡

BWA4C – – 0.08 0.05 n.t.

Zolpidem – – ia. ia. n.t.

EP6 6-CH
3

Cyclohexyl 0.16 0.21 104 ± 2.5

4a 6-Cl Cyclopentyl 0.26 0.83 7 ± 3.2
4b 6-CH

3
Adamantyl 0.53 0.51 99 ± 11.6

4c 6-Cl Adamantyl 0.22 6.98 88 ± 19.1
4d 6-F Cyclohexyl 0.42 1.54 5 ± 1.5
4e 6-F tert-butyl 13.71 >30 96 ± 2.9
4f 7-CH

3
Cyclohexyl 4.24 0.74 96 ± 14.5

4g 7-Cl Cyclohexyl 1.22 0.45 82 ± 6.3
4h 5-CH

3
Cyclohexyl 1.32 0.28 73 ± 3.9

4i 5-Cl Cyclohexyl 0.48 0.74 84 ± 0.5
4j 5-F Cyclohexyl 0.39 1.03 90 ± 2.0
4k 8-CH

3
Cyclohexyl 1.14 0.33 120 ± 2.9

4l 8-Cl Cyclohexyl 1.57 1.05 22 ± 3.6
†Cell viability (%) measured at 10 µM. 
‡Measured at 100 µM. 
ia.: Inactive; n.t.: Not tested.
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scaffold as a the second starting point for variation 
(table 2). Several compounds were synthetized: 
from halogens such as fluoro (5a), chloro (5b), 
trifluoromethyl (5c), to cyano (5d); compared 
with the previous lead they did not exhibit better 
inhibitory potencies in the cell-free assay system 
(IC

50
 from 0.33–0.57 µM), but they were compa-

rable in terms of PMNL inhibition. Compounds 
5a–d were less effective with regards to S100 inhi-
bition and solubility problems were faced with 
compounds 5c and 5d. R

2
 was investigated and, in 

terms of both assay systems, a tendency could be 
established: big residues, such as cyclopentyl (5e), 
were better tolerated than isopropyl (5g) and the 
bulkier tert-butyl (5f, IC

50
 [PMNL] = 1.98 µM, 

IC
50

 [S100] = 0.82 µM) that led to a seven-times 
decrease of the inhibition. The main problem of 
this class of compounds was their low solubil-
ity. We evaluated the solubility under conditions 
simulating the acidic pH of the fasted stomach 
using simulated gastric fluid (SGF) at pH 1.2 
and in media simulating the fasting proximal 
intestine using simulated intestinal fluid (SIF) 
at pH 6.8 In the case of 5b, its solubility in SGF 
was very low (6.7 µg/ml). We studied the effect 
on solubility, by means of reducing the size of 
southern substituent. Compound 5h, comprised 
a small fluoro group at position six and R

2
 was an 

isopropyl moiety; however, this substitution pat-
tern reduced the inhibitory potency. When intro-
ducing a bigger residue, such as an adamantyl 

group as R
2
, the inhibitory activity was restored 

(5i, IC
50

 [PMNL] = 0.58 µM). At this point we 
could conclude in accordance with our observa-
tion for the scaffold of EP6 that 6-methyl group 
and a N-cyclohexyl moiety at position R

2
 were the 

optimal substituents. Therefore, we proceeded to 
study the SAR of the eastern part (R

3
). 

Our next step consisted of introduction 
of N-heterocyclic moieties in the eastern 
part (table 3) . Compounds 6a and 6b did 
not lead to an improvement of the inhibi-
tory activity. Replacement of the phenoxy 
ether found in 6a by a 6-methylpyrazin-
2-yl ring decreased the inhibitory activ-
ity seven-times (IC

50
 [PMNL] = 1.57 µM, 

IC
50

 [S100] = 0.38 µM). The same occurred 
when replacing the ring by a 6-methylpyridin-
3-yl, the IC

50
 values increased two-times (6b, 

IC
50

 [PMNL] = 0.45 µM, IC
50

 [S100] = 0.19 µM). 
The introduction of solubility  -enhancing 

groups such as methylpiperazine (6c, 
IC

50
 [PMNL] = 16.56 µM, IC

50
 [S100] = 1.19 µM) 

resulted in loss of activity, and the introduction 
of solubility-enhancing groups such as mor-
pholine through an ethoxy ether linker (6e, 
IC

50
 [PMNL] = inactive, IC

50
 [S100] = 5.2 µM) 

led to a compound that only inhibited moder-
ately the S100 fraction (table 3). Compound 6d 
exhibited more effective inhibitory properties 
(IC

50
 [PMNL] = 0.56, IC

50
 [S100] = 0.31 µM). 

Inhibitory activity was restored when introducing 
a butoxy ether linked to a phthalimide moiety (6f, 
IC

50
 [PMNL] = 0.61 µM, IC

50
 [S100] = 0.06 µM) 

and improved the potency of our previous lead.
Compound 6g (IC

50
 [PMNL] = 0.55 µM, 

IC
50

 [S100] = 0.13 µM) reduced the molecu-
lar size of our lead compound and resulted 
in improved solubility (159.1 µg/ml in SGF) 
compared with 5b.

We investigated possible bioisosteres of 
compound 6g (table 4) for which vanillin was 
the starting material. Benzo[d ]thiazole (7a, 
IC

50
 [PMNL] = 1.17 µM, IC

50
 [S100] = 2.48 µM) did 

not improve the inhibitory activity and 1H-inda-
zol-5-yl ring (7b, IC

50
 [PMNL] =14.91 µM, 

IC
50

 [S100] = 1.42 µM) was unable to inhibit 
5-LO in the intact cell system. The same holds 
true for compound 7f. The closest bioisostere to 
6g, compound 7d with a benzo[d][1,3]dioxol-
5-yl ring had difficulties inhibiting 5-LO in 
intact PMNL but led to a similar potency in 
the S100 fraction: IC

50
 [S100] = 0.26 µM. 

Maintaining the 4-phenol scaffold (table 5), 
we explored meta substitution, replacing 3-OMe 
at the phenyl ring residue found in compound 6g 

Table 2. Measured inhibitory activity of the imidazo[1,2-a]pyridine-
4-phenylphenoxy ether series 5a–m on polymorphonuclear 
leukocytes and S100.

N

N

HN
R2

O

5

R1

  

5a F Cyclohexyl 0.38 0.12 101 ± 4.4
5b Cl Cyclohexyl 0.33 0.26 105 ± 8.1
5c CF

3
Cyclohexyl 0.57 n.d. 115 ± 3.3

5d CN Cyclohexyl 0.41 n.d. 91 ± 7.5
5e CH

3
Cyclopentyl 0.38 0.19 89 ± 10.6

5f CH
3

tert-butyl 1.98 0.82 91 ± 15.7
5g CH

3
Isopropyl 1.07 0.35 130 ± 8.1

5h F Isopropyl 2.15 1.25 86 ± 8.8
5i F Adamantyl 0.58 n.d. 108 ± 11.3
†Cell viability (%) measured at 10 µM. 
n.d.: Non determinable.

ReseaRch aRticle | Buscató, Wisniewska, Rödl et al.

Future Med. Chem. (2013) 5(8)868 future science group



by a 3-OEt (8a), 3-CH
3
 (8b), 3-Cl (8c), 3-OCF

3
 

(8d), 3-OH (8e), which resulted in the decrease 
of IC

50
 values (PMNL) in all cases. S100 inhibi-

tory activity was maintained compared with 6g 
(IC

50
 [S100] = 0.20 µM). Therefore, we con-

cluded that 3-OMe-4-OH-phenyl moiety was 
optimal and we proceeded further by investigat-
ing residues R

1
 and R

2
 in the presence of this 

scaffold.
table 6 summarizes a list of compounds hav-

ing an imidazo[1,2-a]pyridine-2-methoxyphe-
nol scaffold (9a–n). First, we investigated the 
inf luence of residue R

2
 on 5-LO inhibition. 

Again cyclohexyl (6g) was demonstrated to be 

the optimal size in order to inhibit 5-LO in both 
assay systems, in analog to the SAR of morpho-
line derivatives (table 1). Slightly smaller resi-
dues, such as cyclopentyl (9a), failed to inhibit 
in PMNL system (IC

50
 = 3.03 µM); bigger 

residues, such as adamantly (9b), or aromatics, 
such as 2,6-dimethylphenyl (9c) or 4-methoxy-
phenyl (9d), resulted in decreased inhibition 
potencies in both cases (PMNL and S100). 
Replacement of the methyl group at position 
six by a fluorine atom (9e) resulted in an equal 
potency compared with 6g. Substitution at posi-
tion seven- or eight- (9g–j) having either a chlo-
rine atom or a methyl group led to higher IC

50
 

Table 3. Measured inhibitory activity of the imidazo[1,2-a]pyridine series 6a–g on 
polymorphonuclear leukocytes and S100.

N

N
CH3

HN

6

R

Entry R IC50 polymorphonuclear 
leukocytes (µM)

IC50 S100 (µM) WST-1 (%)†

6a

CH3

O
N

N

1.57 0.38 94 ± 9.4

6b

CH3
O

N

0.45 0.19 89 ± 4.4

6c
CH3N N

16.56 1.19 86 ± 6.5

6d
N

OH 0.56 0.31 110 ± 8.5

6e

O

N

O ia. 5.20 96 ± 4.4

6f

N

O

O

O
 4

0.61 0.06 n.t.

6g

OH

OCH3 0.55 0.13 107 ± 12.1

†Cell viability (%) measured at 10 µM.
ia.: Inactive; n.t.: Not tested.
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(PMNL) values ranging from 1.37 to 3.77 µM, 
but equal S100 IC

50
 values. Similar results were 

obtained at position 5-CH
3
 (9k), 5-Cl (9l) and 

5-F (9m). Double substitution (9n) at the six- 
and eight-position increased the lipophilicity 
and moderately improved the inhibitory activity 
(logP = 2.01).

Aside from the effectiveness of the com-
pounds to inhibit 5-LO, cytotoxicity, solu-
bility and pharmacokinetic parameters were 
determined. To examine the cytotoxicity of the 
compounds, two assays were performed: WST-1 
to assess cell viability by measuring the mito-
chondrial activity and to differentiate between 
an apoptotic and necrotic mechanism, the LDH 
assay was carried out to evaluate the membrane 
integrity and elucidate a possible necrotic effect. 
Regarding cytotoxic properties, most of the 
compounds (at 10 µM) did not affect the cell 
viability (>90%), only in some cases such as 
compounds 4a, 4d, 8l, 9e, 9f and 9h cell viabil-
ity less than 10% was identified. Interestingly, 
most of them were halogenated compounds. We 
could determine that the imidazo[1,2-a]pyri-
dine scaffold is a useful structure that does not 
affect the cell viability.

In vitro pharmacological evaluation 
After investigating the scaffold of our previous 
leads and the current lead (6g) we found sev-
eral compounds with a good inhibitory activity 
in both assay systems. We could also conclude 
that despite a flat SAR we could identify struc-
tural attributes necessary for inhibiting 5-LO 
(FiguRe 2). Consequently, in order to find a 
candidate, we defined some selection criteria 
(FiguRe 3): the compound should possess accept-
able inhibitory potency; for the cell-free system, 
the IC

50
 (S100) value should be <0.5 µM and in 

intact cell formation of 5-LO products should 
be inhibited with an IC

50
 (PMNL) value <1 µM 

and, consequently, ensure sufficient potency in a 
cell-based system. Compounds 7d and 9l had  IC

50
 

values in intact PMNL of >1 µM (tables 4 & 6), 
but the IC

50
 values in the cell-free system were 

prospective (7d, IC
50

 [S100] = 0.26 µM; 9l, 
IC

50
 [S100] = 0.29 µM). Cytotoxicity properties 

were evaluated to discard possible safety issues. 
To distinguish between anti-proliferative and 
cytotoxic mechanisms, cell viability was mea-
sure in a myeloid leukemic cell line (U937) with 
the help of WST-1 assay and LDH assay. The 
mito chondrial metabolic activity (WST-1) was 
assessed after treatment with 10 µM of com-
pounds for 48 h. LDH leakage is a measure for 

Table 4. Bioisosteric replacement of 3-methoxy-4-phenol moiety. 
Measured inhibitory activity of 7a–f on polymorphonuclear 
leukocytes and S100.

N

N

7

CH3

HN

R

Entry R IC50 polymorphonuclear 
leukocytes (µM)

IC50 S100 
(µM)

WST-1 
(%)†

6g

OH

OCH3 0.55 0.13 107 ± 12.1

7a

N

S 1.71 2.48 106 ± 15.8

7b

NH

N 14.91 1.42 108 ± 8.1

7c
N
H 0.87 0.12 137 ± 12.1

7d

O

O 2.51 0.26 96 ± 3.1

7e

OCH3

O 0.61 0.53 91 ± 8.6

7f
F

> 30.00 0.55 81 ± 3.0

†Cell viability (%) measured at 10 µM.

Table 5. Investigations of R substituents on 3-R-4-phenol moieties. 
Measured inhibitory activity of 8a–e on polymorphonuclear 
leukocytes and S100.

N

N

HN

HO

R

8

CH3

Entry R IC50 polymorphonuclear 
leukocytes (µM)

IC50 S100 (µM) WST-1 (%)†

8a OEt 1.19 0.13 90 ± 24.7
8b CH

3
4.62 0.20 111 ± 17.5

8c Cl 1.57 0.19 13 ± 13.6
8d OCF

3
3.77 0.20 76 ± 30.4

8e OH 6.08 0.23 2 ± 1.6
†Cell viability (%) measured at 10 µM.
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impaired membrane integrity pointing to necrotic 
events. Thus, compounds should give a high per-
centage of cell viability, in terms of mitochondrial 
metabolic activity, and a LDH release that is as 
little as possible (<10%). We measured only LDH 
leakage in compounds affecting the cell viabil-
ity >50%, which was the case for 11 out of the 
55 tested derivatives (table 7). Out of the 11 com-
pounds, one (9e) did not demonstrate any LDH 
leakage. Six of our seven candidates (EP6, 5b, 6g, 
7c, 7d, 9l) obtained, did not impair cell viability 
of U937 cells, only 9n reduced the mitochondrial 
metabolic activity to 72 ± 18.7% (tables 2, 3, 4 
& 6). Then, we focused on evaluating the solu-
bility in SGF (pH 1.2) and SIF (pH 6.8). The 
most soluble compounds in SGF were EP6 with 
458.2 µg/ml and 9l with 451.9 µg/ml, while 7d 
(122.7 µg/ml) and 6g (159.1 µg/ml) demon-
strated moderate solubility (table 8). In contrast 
compound 5b (6.7 µg/ml) was slightly soluble in 
SGF (table 8). Unfortunately, all compounds 
demonstrated poor solubility in SIF with a value 
<50 ng/ml [Buscató et al., Unpublished Data]. In par-
allel, the inhibitory activity of these compounds 
were measured in a RBL-1 cell line. All com-
pounds exhibited comparable IC

50
 values in intact 

RBL-1 cells and intact PMNL, from 0.32 µM to 
2.3 µM (table 8; FiguRe 4). Thus, no species dif-
ferences could be detected, prerequisites for future 
in vivo investigations in animal models.

Furthermore, we tested the seven com-
pounds in a human whole blood (HWB) assay. 
Compound 6g significantly inhibited the pro-
duction of LTB

4
 and resulted in an inhibition of 

31 ± 4.1% (LTB
4
) and 22 ± 4.0% (5(S)-HETE), 

respectively, at 10 µM (table 8; FiguRes 5 & 6). 
It only inhibited specifically 5-LO-derived 
products, remaining 8(S)-HETE, 9(S)-HETE 
15(S)-HETE and 12(S)-HETE unmodified 
[Buscató et  al., Unpublished Data]. Compound 
9l inhibited the production of LTB

4
 and 

5(S)-HETE and resulted in an inhibition of 

23 ± 1.0% and 8 ± 9.1%, respectively, at 10 µM. 
Our previous lead compound EP6 and the other 
candidates failed to inhibit LT biosynthesis in 
HWB. Although HWB activities were not as 
high as expected and lower compared with 
zileuton, which might leave the impression of 
questionable in vivo efficacy of the compounds, 
the lower potency in the HWB assay is very 
much likely due to high plasma protein binding. 
Importantly, it was observed that the binding of 
a drug to plasma proteins has little effect on the 
in vivo efficacy of that drug [26].

Table 6. Investigations of R1 and R2 substitutions on  
3-methoxy-4-phenol moieties. Measured inhibitory activity of 9a–n 
on polymorphonuclear leukocytes and S100.

N

N

HN
R2

HO

R1

5
6

7
8

9

H3CO

Entry R1 R2 IC50 
polymorphonuclear 
leukocytes (µM)

IC50 
S100 
(µM)

WST-1 
(%)†

6g 6-CH
3

Cyclohexyl 0.55 0.13 107 ± 12.1
9a 6-CH

3
Cyclopentyl 3.03 0.30 54 ± 29.3

9b 6-CH
3

Adamantyl 2.24 0.39 100 ± 10.2
9c 6-CH

3
2,6-dimethylphenyl 4.50 0.26 89 ± 5.7

9d 6-CH
3

4-methoxyphenyl 4.18 1.35 91 ± 8.5
9e 6-F Cyclohexyl 0.49 0.27 2 ± 2.4
9f 6-F Isopropyl 11.60 1.38 2 ± 1.7
9g 8-CH

3
Cyclohexyl 1.69 0.28 52 ± 4.1

9h 8-Cl Cyclohexyl 1.37 0.49 6 ± 2.4
9i 7-CH

3
Cyclohexyl 3.77 0.34 95 ± 7.8

9j 7-Cl Cyclohexyl 1.83 0.29 42 ± 3.8
9k 5-CH

3
Cyclohexyl 1.28 0.30 88 ± 5.0

9l 5-Cl Cyclohexyl 1.15 0.29 93 ± 11.2
9m 5-F Cyclohexyl 1.90 0.52 78 ± 11.3
9n 6-Cl, 

8-F
Cyclohexyl 0.84 0.41 72 ± 18.7

†Cell viability (%) measured at 10 µM.

N

N

HN

– Terminal phenyl ring preferred
– p-substituents preferred
– Large polar substituents not tolerated
– Terminal heterocycles well tolerated

– 5,6,7,8 substitution favorable
– 6,5 preferred as CH3 or Cl

– Cycloalkyl > alkyl > aryl
– p-substituents preferred
– Large polar substituents not tolerated

– Critical for activity

Figure 2. Structure–activity relationship summary of imidazo[1,2-a]pyridine 5-LO 
inhibitors.
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We chose four candidates (EP6, 6g, 7d, 9l) 
with the best solubility in SGF for further 
in vitro characterization. Since the selectiv-
ity of a compound is important, we investi-
gated the inhibitory efficacy on the homolog 
LOs. The compounds demonstrated neither 

effect on the activity of platelet 12-LO nor on 
15-LO1, tested in PMNL preparations (table 9; 
FiguRes 7a & 7b). For recombinant 15-LO2, only 
7d inhibited product formation with an IC

50
 

value of 15 µM, which is approximately 60-times 
higher than for 5-LO in the cell-free system 
(table 9; FiguRe 7c). Due to the fact that 15-LO 
has been reported to have tumor-suppressor 
properties [13], inhibition of this isoform should 
be avoided. In addition, a pathophysiological 
relevant stimulus for 5-LO, lipopolysaccha-
ride (LPS) and N-formyl-methionine-leucine-
phenylalanine (fMLP), were investigated. This 
stimulus is often used in in vivo inflammatory 
animal models [27]. Intact PMNL were primed 
with 1 µg/ml LPS and 0.2 U/ml Ada and 
stimulated via 1 µM fMLP, without exogenous 
substrate AA, at a concentration of 10 µM of 
compounds. All four compounds exhibited 
inhibitory activity after stimulation via fMLP 
with residual activities between 0.9 and 20% 
(table 9), a necessary requirement for further 
investigation for possible in vivo studies.

In order to examine the metabolic stability, 
we chose three compounds that had the best 
physicochemical properties: 6g, 7d, 9l and these 
were incubated in rat liver microsomes (table 9; 
FiguRe 8). All three compounds demonstrated 
better metabolic stability than the control 
7-ethoxycoumarin (7-EC) [28] where compounds 
7d and 9l were more stable than 6g (7d, 43% 
remaining after 60 min, 9l 44% and 6g 29%). 
Compared with EP6, metabolic stability could 
be improved as EP6 has a lower half-life and is 
more rapidly metabolized (20% remaining after 
60 min) than the optimized compounds.

To elucidate the safety profile of our can-
didate compounds, a salmonella mutagenicity 
test for detecting carcinogenic and mutagenic 
potential of the compounds was performed. 
No substitution mutations in the histidine 
Salmonella typhimurium strain TA100 auxo-
troph stain up to a concentration of 100 µM 
were detected (table 9). Inspection of the back-
ground lawn indicated nontoxicity of the com-
pounds, suggesting a suitable safety profile for 
6g, 7d and 9l.

Experimental
�� General synthetic & analytical chemistry 

methods 
Compounds were synthesized in house. The 
structures of the synthesized compounds were 
confirmed by 1H-, 13C-NMR and MS (ESI). 
The purity of the synthesized compounds was 

Cytotoxicity:
no LDH release, 

WST-1:100%

IC50 PMNL ≤ 1 µM
IC50 S100 ≤ 0.5 µM

Optimized
lead

In vitro
metabolism:

clearance, t1/2

Human whole
blood

Physicochemical properties:
high solubility (simulated

 intestinal fluid, simulated 
gastric fluid) plasma binding

Figure 3. Evaluation criteria used to select the optimal candidate. 
PMNL: Polymorphonuclear leukocytes.

Table 7. Cytotoxicity data (WST-1 and 
LDH assay) of compounds affecting the 
cell viability > 50%.

Entry WST-1 (%)† LDH (%)‡

4a 7 ± 3.2 35 ± 10.4

4d 5 ± 1.5 37 ± 5.5

4l 22 ± 3.6 27 ± 4.3

8c 13 ± 13.6 28 ± 6.3

8l 2 ± 1.6 28 ± 1.3

9a 54 ± 29.3 21 ± 10.1

9e 2 ± 2.4 7 ± 7.2

9f 2 ± 1.7 28 ± 3.1

9g 52 ± 4.1 20 ± 2.1

9h 6 ± 2.4 30 ± 2.0

9j 42 ± 3.8 24 ± 5.0

†Cell viability (%) measured at 10 µM.
‡LDH release (%) measured at 10 µM.
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determined by combustion ana lysis or by HPLC 
and was found to be >95%. Starting materials 
and solvents were purchased from Sigma-Aldrich 
Chemie GmbH (Steinheim, Germany), Apollo 
Scientific (Stockport, UK), Acros (Nidderau, 
Germany) or Alfa Aesar (Ward Hill, USA) and 
were reagent grade and used without further 
purification. The products were purified using 
a Varian 971-FP Flash Purification System on 
silica gel with 50-µm particle size. 1H and 13C-
NMR spectra were measured in DMSO-d

6
 or 

MeOH-d
4
 on a Bruker AV 250 (250 MHz for 

1H-NMR and 63 MHz for 13C-NMR). Chemi-
cal shifts are reported in parts per million using 
tetramethylsilane as internal standard. Mass 
spectra were obtained on an Electrospray-Ion-
ization Fisons (VG Platform II) spectro meter 
measuring in the positive- or negative-ion 
mode (ESI-MS system). Combustion ana lysis 
was performed by the microanalytical labora-
tory of the Institute of Organic Chemistry and 
Chemical Biology, Goethe University Frankfurt 
(Frankfurt, Germany), on an Elementar Vario 
Micro Tube CHNO rapid elemental analyzer. 
HPLC ana lysis was performed on a Shimadzu 
(Kalsruhe, Germany) LC/MS 2020 on a C18 
Kinetex column (2.6 µm, 100 Å, 100 × 2.1 mm) 
with a 254- and 280-nm detector.

�� General procedure for the synthesis of 
imidazo[1,2-a]pyridin-3-amine derivatives 
A solution of aminopyridine (1 mmol, 1 eq.), 
aldehyde (1.2 mmol, 1.2 eq.) and glacial ace-
tic acid (2 mmol, 2 eq.) in 12 ml of anhydrous 
MeOH was stirred for 20 min at room tem-
perature. To the reaction mixture, isocyanide 
(1 mmol, 1 eq.) was added in one portion. Stir-
ring was continued at room temperature for 
14 h. The reaction mixture was quenched with 
1.5 ml of aqueous 10% HCl and the solvent was 
removed under reduced pressure. The residue was 
solved in 20 ml EtOAc and washed (3 × 20 ml) 
with saturated NaHCO

3
. The organic phase was 

dried over MgSO
4
 and the solvent was removed 

under reduced pressure. The crude product was 
recrystallized from EtOAc/EtOH or purified by 
flash chromatography (Hex/EtOAc) (0→80%, 
rate of modification 5%/min).

�� 6-chloro-N-cyclopentyl-2-(4-
morpholinophenyl)imidazo[1,2-a]pyridin-3-
amine (4a)
1H-NMR (250 MHz, DMSO-d

6
): d 8.71 (s, 

1H), 8.05 (d, J = 8.5 Hz, 2H), 7.78-7.65 (m, 
2H), 7.14 (d, J = 9.7 Hz, 2H), 5.08 (m, 1H), 

3.77 (m, 4H), 3.23 (m, 4H), 3.62 (m, 1H), 1.72 
(m, 8H). 13C-NMR (250 MHz, DMSO-d

6
): 

150.89, 148.04, 128.33, 126.52, 123.67, 122.27, 
115.11, 66.37, 58.07, 47.70, 33.18, 22.81. MS 
(ESI, 70 eV) m/z 397.56 (MH+). A yellow solid 
was obtained with a total mass of 172 mg (33% 
yield). The t

R
 value was 6.058 min. The HRMS 

calculated for C
22

H
25

ClN
4
O 397.17897 was 

found to be 397.17966.

Materials
AA, calcium ionophore A23187, BWA4C and 
DMSO were purchased from Sigma-Aldrich 
(Munich, Germany), zileuton and human 
recombinant 15-LO2 from Cayman Chemical 

Table 8. Physicochemical properties, rat hematopoietic leukemia cell 
line-1 inhibitory activity values and human whole blood assay data 
of the compounds under study.

Entry log P IC50 rat 
hematopoietic 
leukemia cell 
line-1 (µM)

Solubility 
(µg/ml)†

Human 
whole blood 
LTB4 (%)‡

Human whole 
blood 5(S)-
HETE (%)§

EP6 1.99 0.34 458.2 ia. ia.
5b 2.36 1.06 6.7 ia. ia.
6g 1.75 0.32 159.1 31 ± 4.1 22 ± 4.0
7c 2.15 1.23 n.t. ia. ia.
7d 2.17 2.30 122.7 ia. ia.
9l 2.07 0.51 451.9 23 ± 1.0 8 ± 9.1
9n 2.01 0.61 n.t. ia. ia.
†Solubility in simulated gastric fluid.
‡(%) LTB

4
 inhibition at 10 µM in human whole blood compared with control.

§(%) 5(S)-HETE inhibition at 10 µM in human whole blood compared with control.
ia.: Inactive; n.t.: Not tested.
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Figure 4. 5-LO product formation dose–response inhibition curves for 5b, 
6g, 7c, 7d, 9l, 9n and EP6 compared with control in rat hematopoietic 
leukemia cell line-1 cells.
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(MI, USA). HPLC solvents were purchased from 
Merck (Darmstadt, Germany), penicillin and 
streptomycin from PAA laboratory GmbH (Pas-
ching, Austria). Fetal calf serum (FCS) was pur-
chased from Biochrom AG (Berlin, Germany), 
RPMI 1660 medium from Gibco/Invitrogen 
(Paisley, UK). Fresh blood cell concentrates 
were kindly provided by Städtische Kliniken 
Frankfurt Höchst, (Frankfurt, Germany).

�� Cell culture
The human leukemic monocyte cells U937 
and rat basophilic leukemia (RBL)-1 cells 
were purchased from Deutsche Sammlung für 
Mikroorganismen und Zellkulturen (DSMZ, 
Braunschweig, Germany). U937 were main-
tained in RPMI 1640 medium containing 10% 
FCS, 100 µg/ml streptomycin and 100 U/ml 
penicillin. RBL-1 cells were maintained in 1640 
medium containing 10% FCS, 10 mM HEPES, 
pH 7.4, 100 µg/ml streptomycin, 100 U/ml pen-
icillin, 1 mM sodium pyruvate and nonessential 
amino acids. Cells were cultured at 37°C in an 
atmosphere containing 5% CO

2
.

Isolation of PMNL & platelets from 
leukocyte concentrates
PMNL and platelets were freshly isolated from 
leukocyte concentrates obtained from Städtische 
Kliniken Frankfurt Höchst (Frankfurt, Ger-
many). Blood samples were obtained by the 
hospital with informed consent. In brief, cells 
were isolated by dextran sedimentation for 
30 min, and 10 min centrifugation without 
deceleration at 800 × g on Nycoprep cushions 
(PAA laboratory GmbH, Pasching, Austria). For 
PMNL isolation the cells were resuspended in 
10 ml of ice-cold water for hypotonic lysis of 
erythrocytes as described previously [29]. Cells 
were finally re-suspended in phosphate-buffered 
saline (PBS), pH 7.4, containing 1 mg/ml glu-
cose (PG buffer) (purity >96–97%). Platelets 
were resuspended in PBS, pH 5.4 and centri-
fuged at 1849 × g for 15 min at room tempera-
ture. The cells were resuspended in PBS/NaCl 
(PBS, pH 5.4 and 0.9% NaCl, 1:1 dilution) and 
centrifuged at 1849 × g for 10 min at room tem-
perature. Finally, platelets were resuspended in 
PBS, pH 5.4. 

Determination of 5-LO product 
formation in intact cells
For assays in intact cells, 5 × 106 freshly isolated 
PMNL or 3 × 106 RBL-1 cells were resuspended 
in 1 ml of PBS, pH 7.4, containing 1 mg/ml 
glucose and 1 mM CaCl

2
 (PGC buffer). After 

pre-incubation with the test compound or vehi-
cle (DMSO) at the indicated concentrations 
for 15 min at 37°C, 5-LO product formation 
was inhibited with 2.5 µM calcium ionophore 
A23187 together with 20 µM AA. After 10 min 
at 37°C, the reaction was stopped with 1 ml of 
ice-cold methanol. A total of 30 µl of 1 M HCl, 
200 ng of prostaglandin B1 as internal standard 
and 500 µl of PBS, pH 7.4, were added. 5-LO 
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Figure 5. LTB4 product formation after incubation with zileuton (5 µM), 
5b, 6g, 7c, 7d, 9l, 9n and EP6 at 10 µM compared with control in human 
whole blood. 
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***p < 0.001.
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metabolites were extracted and analyzed by 
HPLC as described [30]. For assays with stimula-
tion via fMLP, 107 freshly isolated PMNL were 
resuspended in PGC buffer, primed for 15 min 
with 1 µg/ml LPS and 0.2 U/ml Ada, and incu-
bated for 15 min with test compound or vehicle 
(DMSO). The 5-LO product formation was 
inhibited by addition of 1 µM fMLP. Metabo-
lites were measured by LC–MS/MS ana lysis as 
described previously [31]. 5 LO product forma-
tion was determined as ng of 5-LO products per 
106 cells, which includes LTB

4 
and its all-trans 

isomers, 5(S),12(S)-diHETE and 5-HpETE. 
Cysteinyl-containing LTs (LTC

4
, D

4
 and E

4
) 

and oxidation products of LTB
4
 were not deter-

mined. Each experiment was performed at least 
three times. Data (mean ± SD) are expressed as 
percentage of control (DMSO).

Determination of 5-LO product 
formation in S100
PMNL were resuspended in 1 ml of PBS con-
taining 1 mM of EDTA, the protease inhibitors 
soybean trypsin inhibitor (60 µg/ml), 1 mM 
phenylmethylsulfonyl chloride, and leupeptin 
(10 µg/ml), cooled on ice for 10 min. Subse-
quently, the samples were sonicated for 3 × 10 s. 
To obtain 100,000 × g supernatant (S100), the 
homogenate was centrifuged (100,000 × g for 
70 min at 4°C). For determination of 5-LO 
activity, S100 corresponding to 7.5 × 106 PMNL 
were resuspended in 1 ml of reaction mix (PBS, 
pH 7.4, 1 mM EDTA and 1 mM ATP). After 
preincubation with the test compounds or vehi-
cle (DMSO) at the indicated concentration for 
15 min at 4°C, the samples containing S100 were 
pre-warmed for 30 s at 37°C. The reaction was 
started after addition of 2 mM CaCl

2
 and 20 µM 

AA. After 10 min 5-LO product formation was 
stopped with 1 ml ice-cold methanol and the 

Table 9. Selectivity properties, in vitro pharmacokinetic parameters and Ames test of the compounds 
under study.

Entry Remaining 
(%)†

CLint (ml/min/kg) t1/2 

(min)
N-formyl-
methionine-leucine-
phenylalanine (%)‡

IC50

12-LO§(µM)
IC50

15-LO1¶

(µM)

IC50

15-LO2#

(µM)

Ames

EP6 20 ± 2.2 119 ± 18.7 10.6 0.9 ±0.63 >30 µM >30 µM >30 µM ia.
6g 29 ± 1.5 66 ± 1.7 18.6 15 ± 18.80 >30 µM >30 µM >30 µM ia.
7d 43 ± 5.2 70 ± 20.4 18.6 20 ± 20.40 >30 µM >30 µM 15 µM ia.
9l 44 ± 9.1 46 ± 32.3 31.2 16 ± 18.70 >30 µM >30 µM >30 µM ia.
†(%) remaining concentration after 60 min.
‡(%) residual activity of 5-LO after N-formyl-methionine-leucine-phenylalanine stimulation at 10 µM.
§ Inhibition of platelet 12-LO.
¶Inhibition of 15-LO1 measured in polymorphonuclear leukocytes preparations.
#Inhibition of recombinant 15-LO2.
ia.: Inactive.
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Figure 7. Selectivity of compounds 
towards 12-LO, 15-LO1 and 15-LO2. 
(A) 12-LO activity test performed with 
compounds EP6, 6g, 7d and 9l; (B) 15-LO1 
activity test performed with compounds EP6, 
6g, 7d and 9l; and (C) 15-LO2 activity test 
performed with compounds EP6, 6g, 7d and 9l.
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formed metabolites were analyzed by HPLC as 
described for intact cells. Data (mean ± SD) are 
expressed as percentage of control (DMSO).

Determination of 12-LO & 15-LO1 
product formation in intact cells
Determination of 15-LO1 product forma-
tion was performed in PMNL preparations as 
described for 5-LO product formation in intact 
cells [19]. Here, the source for 15-LO1 products 
are eosinophils typically present in PMNL prep-
arations. For determination of 12-LO product 
formation 1 × 108 freshly isolated platelets were 
re-suspended in 1 ml of PGC buffer (pH 7.4) 
and were pre-incubated with the test compound 
or vehicle (DMSO) at the indicated concentra-
tions for 15 min at 37°C. 12-LO product forma-
tion was stimulated by addition of 10 µM AA. 
After 10 min at 37°C, the reaction was stopped 
with 1 ml of ice-cold methanol. 12-LO products 
include 12(S)-hydro(pero)xy-6-trans-8,11,14-cis-
eicosatetraenoic acid (12-H(p)ETE). 12-HETE 
and 12-HpETE elute as one major peak. 15-LO1 
products, generated from contaminating eosino-
phils in PMNL preparations expressing 15-LO1, 
were 15-H(p)ETE, which elute as one major peak 
as well. Data (mean ± SD; n ≥ 3) are expressed 
as percentage of control (DMSO).

Determination of 15-LO2 product 
formation in cell-free systems
A total of 0.5 U human recombinant 15-LO2 
was added to 1 ml PBS, pH 7.4. After pre-
incubation with test compound or vehicle 
(DMSO) at the indicated concentrations for 
15 min on ice, 15-LO2 product formation was 

stimulated with 100 µM AA. After 10 min at 
37°C, the reaction was stopped with 1 ml of 
ice-cold methanol. 15-LO2 metabolites were 
extracted and analyzed by HPLC as described 
for intact cells. Data (mean ± SD; n ≥ 3) are 
expressed as percentage of control (DMSO).

In vitro cell viability assay
The WST-1 assay (Roche Diagnostic GmbH, 
Mannheim, Germany) was used to determine 
cell viability after treatment with the test com-
pound. U937 cells were seeded in 96-well plates 
at a density of 104 cells/well and treated with 
increasing concentrations of test compound or 
vehicle (DMSO) for 48 h in presence of 10% 
FCS. Cell viability was assessed according to the 
distributor’s protocol using a microplate reader 
(infinite M200, Tecan Group Ltd, Crailsheim, 
Germany) and was calculated as a ratio of the 
absorbance values measured after 48 h (between 
test compound and vehicle [DMSO]). All the 
experiments were tested three times and the 
mean ± SD were calculated.

�� LDH cytotoxicity assay
The LDH assay (cytotoxicity detection kit; 
Roche Diagnostics GmbH, Roche Applied 
Science, Mannheim, Germany) was used to 
determine cell death after treatment of U937 
cells with test compounds. LDH leakage was 
measured to provide an index for loss of cell 
membrane integrity. U937 cells were seeded in 
96-well plates at a density of 1.5 × 104 cells/well 
and incubated with increasing concentrations 
of test compounds or vehicle (DMSO) for 48 h.

Plates were centrifuged (250 × g, 4 min) and 
an aliquot of the supernatant was transferred to 
a clean microplate. Cell toxicity was assessed 
according to the distributor’s protocol using a 
microplate reader (infinite M200, Tecan Group 
Ltd, Crailsheim, Germany). A control detergent 
supplied by Sigma-Aldrich (MO, USA) was used 
for maximum LDH release and set to 100%. 
All experiments were tested three times and the 
mean ± SD were calculated.

Solubility
The solubility of EP6, 5b, 6g, 7d, and 9l was 
examined in SGF at pH 1.2 and SIF at pH 6.8. In 
each of the media, approximately 2 mg of com-
pound was weighed directly into a UniPrepTM 
0.45-µm filter device (0.45 µm PTFE, What-
man, Germany) enclosed with aluminum foil 
to which 3 ml of pre-warmed media was added. 
The UniPrep device was placed in an orbital 
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Figure 8. In vitro metabolism of 6g, 7d, 9l and EP6 in rat liver microsomes.
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shaker with gentle shaking and the temperature 
was maintained at 37°C. After 24 h, the media 
was filtered and the resulting filtrate diluted in 
10% DMSO (prepared in either SGF or SIF, 
respectively) and analyzed by HPLC (Mul-
toHigh phenyl phase 5 µm, 250 × 4 mm and 
MultoHigh RP18 phase 5 µm, 250 × 4 mm and 
detection: 330 and 254 nm).

Metabolic stability
Test compounds were dissolved to a stock con-
centration of 1 mM in DMSO and diluted in 
phosphate buffer 0.1 M (pH 7.4) to the final 
concentration of 10 µM. After adding the cofac-
tors mixture (a NADPH-regenerating system: 
30 mM glucose-6-phosphate, 4 U/ml glucose-
6-phosphate dehydrogenase, 10 mM NADP, 
30 mM MgCl

2
 the solution was pre incubated 

for 5 min at 37°C. The reaction was initiated 
by adding 13 µl of liver rat (Sprague Dawley) 
microsomes (Invitrogen, Darmstadt, Germany) 
at a final concentration of 0.5 mg/ml. Samples 
were taken at times 0, 15, 60 and 120 min 
and 250 µl of ice-cold methanol were added 
to stop the reaction. After the addition of 
250 µl DMSO, the samples were centrifuged 
(10,000 × g at 4°C). Supernatants were analyzed 
and quantified by HPLC (MultoHigh phenyl 
phase 5 µm, 250 × 4 mm [for 7-EC and 6g] and 
MultoHigh RP18 phase 5 µm, 250 × 4 mm [for 
7d, 9l] and detection: 330 and 254 nm). A con-
trol sample without cofactors was always added 
to check the stability of the compounds in the 
reaction mixture. Inactivated microsomes (at 
90°C, 15 min) with cofactors were used as sec-
ond control. Drug concentration was estimated 
by using an external calibration. Concentration 
data were fitted to a monoexponential equation, 
yielding the rate constant (k) for loss of drug, 
which was converted to half-life by t

1/2
 = ln 2/k. 

Apparent intrinsic clearance was calculated [28] 
as CL

int,app
 = (0.693/in vitro t

1/2
)·(incubation 

volume/mg of microsomal protein)·(45 mg 
microsomal protein/gram of liver)·(20 g of 
liver/kg body weight).

For comparison purposes, half-live and intrin-
sic clearance of a standard compound (7-EC) 
were determined and compared with values 
found in the literature [32]. All experiments 
were performed three times and the mean ± SD 
calculated.  

�� Salmonella mutagenicity test
The Salmonella mutagenicity test for detect-
ing carcinogenic and mutagenic potential was 

performed with the histidine auxotroph (his-) 
Salmonella typhimurium strain TA100 in assays 
conducted without metabolic activation as 
described by Maron and Ames [33].

HWB LT/HETE assay
To assess the efficacy of compounds (5b, 6g, 7c, 
7d, 9l, 9n and EP6) in HWB, 500 µl of human 
heparinized whole blood was mixed with test 
compounds and incubated for 15 min at 37°C. 
Afterwards, the whole blood was stimulated with 
20 µM calcium ionophore (A23187) in autolo-
gous plasma for a further 15 min at 37°C. Blood 
samples were chilled on ice for 5 min, plasma 
collected (centrifugation at 4°C with 268 × g for 
20 min), and LTs and HETEs extracted by liq-
uid–liquid extraction. Therefore, the plasma was 
mixed with 20 µl of EtOH and 20 µl of internal 
standard containing 25 ng/ml LTB

4
-d

4
, 25 ng/

ml 5(S)-HETE-d
8
, 25 ng/ml 12(S)-HETE-

d
8
, 25 ng/ml 15(S)-HETE-d

8
, and 25 ng/ml 

20-HETE-d
6
. Then, 600 µl of ethyl acetate was 

added and samples were mixed and centrifuged 
at 11,336 × g for 3 min. The organic upper phase 
was extracted. Extraction of LTs and HETEs was 
repeated once. Solvent was evaporated under 
nitrogen atmosphere, and the residue was recon-
stituted in 50 µl of MeOH–H

2
O (50:50 v/v). 

LTB
4
, 5(S)-HETE, 12(S)-HETE, 15(S)-HETE, 

and 20-HETE were analyzed by LC-MS/
MS technique on a AB SCIEX QTRAP 5500 
(Applied Biosystems, CA, USA) operating in 
multiple reaction monitoring. Chromatographic 
separation was performed on a Gemini-NX 
5u C18 110A column (150 mm × 2 mm inner 
diameter, 5-µm particle size [Phenomenex, 
Aschaffenburg, Germany]). Zileuton was used 
as a reference at 5 µM and compounds EP6, 5b, 
6g, 7c, 7d, 9l and 9n were tested at 10 µM. Data 
(mean ± SD; n  ≥ 3) are expressed as percentage 
of control (DMSO). Data were analyzed taking a 
p value < 0.05 (*) as significant (n = 3) (one way 
ANOVA and Dunnett’s post hoc test).

Measurement of log P
Log P values were performed using the shake-flask 
method with two immiscible solvents (1-octanol/
PBS, pH 7.4). Compounds (EP6, 5b, 6g, 7c, 7d, 9l 
and 9n) were first dissolved in methanol (10 mg/
ml). To 6.0 ml of PBS saturated with 1-octanol, 
250 µl of compound in methanol solution and 
6.25 ml of 1-octanol saturated with PBS were 
added. The mixture was shaken for 4 h and cen-
trifuged for 5 min at 1006 × g (Heraus Labofuge, 
Thermo Scientific, Schwerte, Germany). The 
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concentrations of the compounds in PBS and 
that in 1-octanol phase were measured with a 
Prim Spectro photometer (Schott Instruments, 
Mainz, Germany) at l

max
=360 nm. The stan-

dard curves were obtained previously for 1-octa-
nol and PBS and then used for measurement of 
concentration of compounds.

Statistics
Data are expressed as mean values with SE or 
SD. All IC

50
 values are means with SE of the IC

50
 

values obtained from measurements at five dif-
ferent concentrations of the compounds in three 
to five independent experiments (supplementaRy 
Data). IC

50
 values were determined using a sig-

moidal dose response (four parameters) equation 
from GraphPad Prism® (GraphPad Software, 
LaJolla, USA) software. The accuracy of the 
activity assays used in this study is available as 
supporting information.

Conclusion
In this study, we present an extensive evalua-
tion of imidazo[1,2-a]pyridines as a suitable 
lead structure for novel 5-LO targeting com-
pounds. We were able to identify several parts of 
the structure where chemical modification for 
lead optimization is possible: small substituents 
at different positions of the imidazo[1,2-a]pyri-
dine core and diverse functionalities at the east-
ern phenyl moiety. Although it was not possible 
to introduce a solubility group without impair-
ing the 5-LO inhibitory activity, combination of 
small polar groups led to a more favorable solu-
bility and, in terms of the microsomal half-life, 
in vitro metabolic stability compared with the 
lead EP6. Furthermore, the cytotoxic potential of 
the initial lead structure could be abolished and, 

although the effects are small, inhibitory activ-
ity in HWB was gained comparing EP6 to the 
final compound 9l (FiguRe 9). This study demon-
strates that imidazo[1,2-a]pyridines are a versa-
tile scaffold for the development of novel, direct 
and selective 5-LO inhibitors with a favorable 
pharmacokinetic and toxicological profile. 

Future perspective
5-LO is a key enzyme that plays an important 
role in eicosanoid signaling in particular in LT 
biosynthesis. LT are involved in asthma, allergic 
rhinitis, glomerulonephritis, rheumatoid arthri-
tis, inflammatory bowel disease, sepsis, cancer 
and atherosclerosis. Moreover, genetic variants 
in the genes of the 5-LO pathway have been 
associated with the risk of development of acute 
myocardial infarction and stroke [34]. Eico-
sanoids are increased in infectious exacerbations 
of chronic obstructive pulmonary disease. They 
are also elevated in the airways of stable chronic 
obstructive pulmonary disease patients [35] com-
pared with healthy subjects. Therefore, 5-LO 
has created interest the scientific community as 
a possible therapeutic target to treat the several 
disease conditions listed before. 

Moreover, the 5-LO gene (Alox5) was 
observed to be a critical regulator for leukemia 
stem cells in BCR-ABL-induced chronic myeloid 
leukemia (CML) [36,37]. In the absence of Alox5 
gene, BCR-ABL failed to induce CML in mice. 
This deficiency did not cause impairment in the 
function of normal hematopoietic stem cells, 
highlighting Alox5 and 5-LO as a possible treat-
ment for CML stems cell that are not sensitive 
to BCR-ABL kinase inhibitors. Moreover, Chen 
et al. demonstrated that treatment with zileuton-
suppressed leukemia stem cells in CML mice, 
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Figure 9. Pharmacological evaluation of imidazo[1,2-a]pyridine 5-LO inhibitors and lead optimization.  
HWB: Human whole blood; PMNL: Polymorphonuclear leukocytes.
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inhibited Alox5 function and coadministration 
with imatinib had a better therapeutic effect than 
zileuton or imatinib alone [37]. An in vitro study 
also supports the role of Alox5 in CML, with the 
study of CML blast cell in culture with 5-LO 
inhibitors, which reduced cell proliferation.  

Overall, the development of 5-LO inhibitors 
with high efficacy and selectivity in vivo will 
provide a possible treatment for patients having 
one of the diseases where LT biosynthesis plays 
an important role.
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Executive summary

Therapeutic role of 5-LO

�� 5-LO and its metabolites play an important role in different pathophysiological conditions such as cancer, allergy, inflammation and 
asthma.

Structure–activity relationship 

�� Compound 9l was discovered through structure–activity relationship studies and empirical medicinal chemistry efforts, overcoming the 
poor pharmacokinetic properties of our lead compound EP6.

Selectivity 

�� Compound 9l selectively inhibits 5-LO with the other lipoxygenases (15-LO1, 15-LO2, 12-LO) unaffected. 

Pharmacokinetic profile

�� Compound 9l displays an improved in vitro pharmacokinetic profile (solubility, metabolic stability, toxicity) suitable for further in vivo 
evaluation in a rodent disease model.
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N-((3s,5s,7s)-adamantan-1-yl)-6-methyl-2-(4-morpholinophenyl)imidazo[1,2-a]pyridin-3-amine (4b)  

1H-NMR (250 MHz, DMSO-d6): δ 8.32 (s, 1H), 8.06 (d, J = 8.3 Hz, 2H), 7.49 (m, 1H), 7.22 (m, 2H), 
7.02 (d, J = 8.2 Hz, 2H), 4.66 (m, 1H), 3.77 (m, 4H), 3.18 (m, 4H), 2.36 (s, 3H), 1.89 (m, 3H), 1.61-
1.43 (m, 12H). 13C-NMR (63 MHz, DMSO-d6): δ 150.0, 128.4, 121.7, 114.1, 65.9, 55.9, 47.8, 43.2, 
36.0, 29.0, 17.8. MS (ESI, 70 eV) m/z 443.2 (M+). Yellow solid obtained 146 mg (25 % yield). Anal. 
Calcd for C28H34N4O: C, 75,98, H, 7.71, N, 12.66. Found: C, 75.70, H, 7.61, N, 12.39. 

N-((3s,5s,7s)-adamantan-1-yl)-6-chloro-2-(4-morpholinophenyl)imidazo[1,2-a]pyridin-3-amine (4c)  

1H-NMR (250 MHz, DMSO-d6): δ 8.99 (t, J = 1.32 Hz, 1H), 8.05 (d, J = 8.9 Hz, 2H), 7.13 (d, J=9.06 Hz, 
2H), 5.16 (s, 1H, br), 3.80 (m, 4H), 3.26 (m, 4H), 1.93 (m, 3H), 1.64-1.43 (m, 12H).13C-NMR (63 MHz, 
DMSO-d6): δ 151.5, 135.5, 132.4, 130.9, 129.0, 123.7, 122.9, 117.1, 114.3, 112.9, 65.9, 56.9, 47.3, 
42.8, 35.7, 29.2. MS (ESI, 70 eV) m/z 462.5 (100) (M+). White solid obtained 157 mg (26 % yield). 
Anal. Calcd for C27H31ClN4O·1HCl: C, 64.93 H, 6.46, N, 11.16. Found: C, 64.57, H, 6.33, N, 10.99.  

N-cyclohexyl-6-fluoro-2-(4-morpholinophenyl)imidazo[1,2-a]pyridin-3-amine (4d) 

1H-NMR (250 MHz, DMSO-d6): δ 9.01 (s, 1H), 8.09 (d, J = 8.7 Hz, 1H), 7.99 (d, J = 6.0 Hz, 1H), 7.20 
(d, J = 9.5 Hz, 1H), 3.77 (m, 4H), 3.29 (m, 4H), 2.89 (m, 1H), 1.93-1.06 (m, 10H).  13C-NMR (63 MHz, 
DMSO-d6): δ 150.8, 135.7, 134.2, 128.2, 126.4, 123.5, 116.5, 115.2, 113.1, 65.5, 56.1, 47.3, 33.0, 
30.17, 25.2, 23.1. 19F-NMR (282 MHz, DMSO-d6): δ -134.02. MS (ESI, 70 eV) m/z (%): 395.30 (100) 
(M+H+). A yellow solid remained 500 mg (90 % yield). tR= 5.977 min. HRMS calculated C23H27FN4O 
395.22417 found 395.22368 

N-(tert-butyl)-6-fluoro-2-(4-morpholinophenyl)imidazo[1,2-a]pyridin-3-amine (4e) 

1H-NMR (250 MHz, DMSO-d6): δ 8.71 (s, 1H), 7.99 (d, J =12.3 Hz, 2H), 7.75-7.64 (m, 2H),  7.02 (d, J 
=15.4 Hz, 2H),  4.83 (m, 1H), 3.77 (m, 4H), 3.22 (m, 4H), 1.00 (s, 9H). 13C-NMR (63 MHz, DMSO-d6): 
δ 150.6, 136.4, 128.4, 124.9, 115.7, 113.9, 65.8, 56.2, 47.9, 29.8. 19F-NMR (282 MHz, DMSO-d6): - δ  
138.5. MS (ESI, 70 eV) m/z 371.3 (100) (M+3).Yellow solid remained 111 mg (23 % yield). Anal. Calcd 
for C21H25FN4O·0.4HCl: C, 65.99 H, 6.65, N, 14.56. Found: C, 65,63, H, 6.44, N, 14.19. 

N-cyclohexyl-7-methyl-2-(4-morpholinophenyl)imidazo[1,2-a]pyridin-3-amine (4f) 
 1H-NMR (250 MHz, DMSO-d6):  δ  8.20 (d, J =7.7 Hz, 1H), 8.10 (d, J = 8.7 Hz, 2H), 7.17 (s, 1H), 7.01 
(d, J =8.2 Hz, 2H), 6.73 (dd, J1 =1.5 Hz, J2 =7.0 Hz, 1H), 4.62 (d, J =7.1 Hz, 1H), 3.76 (m, 4H), 3.16 
(m, 4H), 2.82 (m, 1H), 2.34 (s, 3H), 1.72-1.11 (m, 10H). 13C-NMR (63 MHz, DMSO-d6): δ 149.5, 140.6, 
134.9, 133.7, 131.0, 127.7, 125.8, 123.8, 114.4, 113.1, 66.0, 56.0, 48.7, 33.6, 24.2, 23.5, 20.7.  MS 
(ESI, 70 eV) m/z 391.7 (100) (M+) 413.5 (67) (M+Na). A white solid is obtained 150 mg (23% yield). 
tR= 6.152 min. HRMS Calcd for C24H31N4O [M+]: 391.24924 found 391.24961  

7-chloro-N-cyclohexyl-2-(4-morpholinophenyl)imidazo[1,2-a]pyridin-3-amine (4g) 

1H-NMR (250 MHz, DMSO-d6): δ 8.34 (d, J = 62 Hz, 1H), 8.12 (d, J = 9.3 Hz, 2H), 7.58 (d, J = 3.1 Hz, 
1H), 7.03 (d, J = 8.0 Hz, 2H), 6.92 (dd, J1 = 2.1, J2 = 7.3 Hz, 1H), 4.79 (d, J = 6.2 Hz, 1H), 3.79 (m, 
4H), 3.20 (m, 4H), 1.78-1.09 (m, 10H). 13C-NMR (63 MHz, DMSO-d6): δ 151.1, 140.3, 128.4, 126.5, 
125.0, 124.0, 120.0, 116.3, 113.9, 66.2, 54.9, 48.2, 33.9, 23.8, 13.7. MS (ESI, 70 eV) m/z 410.8 (100) 
(M+). A white solid is obtained 99 mg (18 % yield). Anal. Calcd for C23H27ClN4O·0.25HCl: C, 65.76, H, 
6.54, N, 13.34. Found: C, 65.99, H, 6.58, N, 13.20. 

N-cyclohexyl-5-methyl-2-(4-morpholinophenyl)imidazo[1,2-a]pyridin-3-amine (4h) 

1H-NMR (250 MHz, DMSO-d6): δ 8.08 (d, J = 8.5 Hz, 2H), 7.31 (d, J = 9.7 Hz, 1H), 7.06 (d, J = 6.7 Hz, 
1H), 6.96 (d, J = 8.8 Hz, 2H), 6.53 (d, J = 7.1 Hz, 1H), 4.54 (d, J = 3.2 Hz, 1H), 3.82 (m, 4H), 3.19 (m, 
4H), 2.94 (s, 3H), 2.73 (m, 1H), 1.53-1.02 (m, 10H).  13C-NMR (63 MHz, DMSO-d6): δ 149.6, 142.4, 
138.2, 136.3, 128.2, 125.3, 123.3, 114.3, 113.0, 66.4, 57.7, 47.6, 32.3, 25.8, 24.7, 19.7.  MS (ESI, 70 
eV) m/z 390.86 (100) (M+). A white solid is obtained 119 mg (23 % yield). Anal. Calcd for C24H20N4O: 
C, 73.81, H, 7.74, N, 14.35. Found: C, 73.74, H, 7.65, N, 14.35. 
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5-chloro-N-cyclohexyl-2-(4-morpholinophenyl)imidazo[1,2-a]pyridin-3-amine (4i) 

1H-NMR (250 MHz, DMSO-d6):  δ 8.21 (d, J = 8.4 Hz, 2H), 7.47 (dd, J1 = 1.2 Hz, J2 = 8.9 Hz, 1H), 7.14 
(dd, J =7.0, J2 = 8.9 Hz, 1H), 7.03 (d, J = 9.2 Hz, 2H), 6.94 (dt, J1 = 1.5 Hz, J2 = 7.4 Hz, 1H), 4.41 (d, J 
=3.3 Hz, 1H), 3.75 (m, 4H), 3.18 (m, 4H), 2.86 (m, 1H), 1.67-1.04 (m, 10H). 13C-NMR (63 MHz, DMSO-
d6): δ 150.3, 143.3, 139.2, 128.1, 125.6, 124.9, 124.0, 116.0, 114.1, 113.3, 66.2, 58.5, 47.7, 32.4, 
25.5, 24.1. MS (ESI, 70 eV) m/z 411.6 (100) (M+). A white solid is obtained 189 mg (35 % yield). tR= 
6.234 min. HRMS Calcd for C23H28ClN4O [M+]: 411.19462 found 411.19435 

N-cyclohexyl-5-fluoro-2-(4-morpholinophenyl)imidazo[1,2-a]pyridin-3-amine (4j)  

1H-NMR (250 MHz, DMSO-d6):  δ 8.21 (d, J = 9.7 Hz, 2H), 7.30 (d, J = 9.7 Hz, 1H), 7.19 (m, 1H), 7.09 
(d, J = 9.7 Hz, 2H), 6.61 (dt, J1 = 1.2, J2 = 7.0 Hz, 1H), 4.37 (d, J = 4.1 Hz, 1H), 3.73 (m, 4H), 3.14 (m, 
4H), 2.84 (m, 10H), 1.69-1.05 (m, 10H). 13C-NMR (63 MHz, DMSO-d6): δ 152.2, 150.3, 147.8, 143.0, 
137.2, 128.1, 125.2, 124.3, 123.4, 113.9, 112.7, 92.8, 66.2, 58.1, 48.3, 32.9, 25.6, 24.2. 19F-NMR (282 
MHz, DMSO-d6): δ -113.45. MS (ESI, 70 eV) m/z 395.6 (100) (M+). A white solid is obtained 185 mg 
(35 % yield). Anal. Calcd for C23H27FN4O: C, 70.03, H, 6.90, N, 14.20. Found: C, 69.72, H, 7.05, N, 
14.19. 

N-cyclohexyl-8-methyl-2-(4-morpholinophenyl)imidazo[1,2-a]pyridin-3-amine (4k) 

1H-NMR (250 MHz, MeOD-d4):  δ 8.08 (d, J = 7.2 Hz, 1H), 7.85 (d, J = 8.1 Hz, 2H), 6.97 (d, J = 9.1 Hz, 
2H), 6.89 (m, 1H), 6.73 (t, J = 7.2 Hz, 1H), 3.78 (m, 4H), 3.12 (m, 4H), 2.45 (s, 3H), 1.65-1.05 (m, 
10H). 13C-NMR (250 MHz, MeOD-d4): δ 152.1, 142.7, 137.0, 129.4, 128.4, 127.2, 124.6, 122.1, 116.7, 
112.9, 67.8, 57.7, 35.1, 27.0, 26.0, 16.7. MS (ESI, 70 eV) m/z 391.6 (100) (M+). A white solid is 
obtained 100 mg (19 % yield). tR= min. HRMS Calcd for C24H31N4O [M+]: 372.391.24924 found 
391.24927  

8-chloro-N-cyclohexyl-2-(4-morpholinophenyl)imidazo[1,2-a]pyridin-3-amine (4l) 

1H-NMR (250 MHz, DMSO-d6):  δ 8.31 (d, J = 7.6 Hz, 1H), 8.13 (d, J = 8.8 Hz, 2H), 7.35 (d, J = 6.5 Hz, 
1H), 7.05 (d, J = 9.4 Hz, 2H), 6.89 (d, J = 7.1 Hz, 1H), 4.83 (d, J = 5.9 Hz, 1H), 3.76 (m, 4H), 3.20 (m, 
4H), 2.85 (m, 1H), 1.75-1.12 (m, 10H). 13C-NMR (63 MHz, DMSO-d6): δ 154.7, 150.0, 135.8, 127.3, 
125.7, 124.7, 122.2, 120.7, 114.5, 110.8, 66.3, 56.5, 48.1, 33.8, 24.2. MS (ESI, 70 eV) m/z 411.6 (100) 
(M+). A yellow solid is obtained 100 mg (19 % yield). tR= 5.944 min. HRMS Calcd for C23H28ClN4O 
[M+]: 372.411.19462 found 411.19445 

N-cyclohexyl-6-fluoro-2-(4-phenoxyphenyl)imidazo[1,2-a]pyridin-3-amine (5a) 

1H-NMR (250 MHz, DMSO-d6): δ 8.67 (q, J = 1.4 Hz, 1H), 7.87-7.78 (m, 4H), 7.37 (t, J = 7.4 Hz, 2H), 
7.08-7.00 (m, 5H), 2.90 (m, 1H), 1.73-1.08 (m, 10H). 13C-NMR (63 MHz, DMSO-d6): δ 161.0, 158.9, 
157.5, 154.5, 135.9, 131.5, 130.6, 129.5, 128.6, 125.6, 122.7, 120.9, 119.3, 114.0, 113.0, 57.5, 34.8, 
26.9, 25.7. 19F-NMR (282 MHz, DMSO-d6): δ -135.05.MS (ESI, 70 eV) m/z = 403.1 (M+). A white solid 
is obtained 184 mg (83% yield). Anal. Calcd for C25H24FN3O•1.2HCl: C, 67.17, H, 5.69, N, 9.40. Found: 
C, 74.79, H, 6.03, N, 10.47.  

6-chloro-N-cyclohexyl-2-(4-phenoxyphenyl)imidazo[1,2-a]pyridin-3-amine (5b) 

1H-NMR (250 MHz, MeOD-d4): δ 8.86 (q, J = 0.9 Hz, 1H), 8.01-7.87 (m, 4H), 7.50 (t, J = 7.6 Hz, 2H), 
7.28-7.13 (m, 5H), 3.02 (m, 1H), 1.90-1.21 (m, 10H). 13C-NMR (63 MHz, MeOD-d4): δ 161.0, 157.3, 
136.9, 134.9, 131.5, 130.5, 128.1, 126.5, 125.7, 124.5, 122.2, 121.0, 119.7, 114.0, 58.2, 34.4, 26.5, 
25.6. MS (ESI, 70 eV) m/z = 418.5 (M+). A yellow solid remained 226 mg (99% yield). Anal. Calcd for 
C25H24ClN3O•1HCl: C, 66.08, H, 5.55, N, 9.25. Found: C, 66.06, H, 5.63, N, 9.21. 

N-cyclohexyl-6-trifluoromethyl-2-(4-phenoxyphenyl)imidazo[1,2-a]pyridin-3-amine (5c) 

1H-NMR (250 MHz, MeOD-d4): δ 9.03 (s, 1H), 8.06 (dd, J1 = 1.9 Hz, J2 = 8.9 Hz, 1H), 7.96-7.85 (m, 
3H), 7.40 (t, J = 8.5 Hz, 2H), 7.14-6.99 (m, 5H), 2.90 (m, 1H), 1.75-1.04 (m, 10H). 13C-NMR (63 MHz, 
MeOD-d4): δ 157.3, 131.2, 129.3, 125.8, 121.9, 120.9, 119.5, 114.4, 57.7, 35.0, 26.5, 25.5. tR 
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(10�20% MeOH) = 10.665 min. MS (ESI, 70 eV) m/z = 452.7 (M+). A yellow solid remained 47 mg 
(29% yield). 19F-NMR: -60.52. 

3-(cyclohexylamino)-2-(4-phenoxyphenyl)imidazo[1,2-a]pyridine-6-carbonitrile (5d) 

1H-NMR (250 MHz, DMSO-d6): δ 9.12 (s, 1H), 8.33 (d, J = 8.8 Hz, 2H), 7,72 (dd, J1 = 0.8 Hz, J2 = 9.3 
Hz, 1H), 7.53-7.48 (m, 3H), 7.28 (t, J = 7.1 Hz, 2H), 7.22 (m, 4H), 4.94 (d, J = 6.0 Hz, 1H), 2.99 (s, 
1H), 1.83-1.16 (m, 10H). 13C-NMR (63 MHz, DMSO-d6): δ 155.5, 139.7, 135.9, 130.6, 129.0, 126.3, 
123.9, 123.3, 119.2, 118.4, 117.6, 96.6, 56.4, 33.3, 25.4, 24.4. MS (ESI, 70 eV) m/z = 408.5 (M+). A 
yellow solid remained 204 mg (25%). Anal. Calcd for C26H24N4O•0.60HCl: C, 72.56, H, 5.76, N, 13.02. 
Found: C, 72.56, H, 5.85, N, 12.61. 

N-cyclopentyl-6-methyl-2-(4-phenoxyphenyl)imidazo[1,2-a]pyridin-3-amine (5e) 

1H-NMR (250 MHz, DMSO-d6): δ 8.22 (d, J = 8.4 Hz, 2H), 8.08 (s, 1H), 7.46-7.41 (m, 3H), 7.17 (t, J = 
14.0 Hz, 1H), 7.06 (m, 5H), 4.68 (d, J = 5.1 Hz, 1H),  3.58 (m, 1H), 2.33 (s, 3H), 1.73-1.47 (m, 8H). 
13C-NMR (63 MHz, DMSO-d6): δ 156.5, 155.4, 139.4, 134.6, 130.2, 128.1, 126.9, 125.4, 123.3, 120.54, 
118.9, 118.1, 116.1, 58.1, 32.5, 23.5, 17.9. MS (ESI, 70 eV) m/z 384.7 (100) (M+). Off-white solid 
remained 209 mg (50 % yield). Anal. Calcd for C25H25N3O: C, 78.3, H, 6.57, N, 10.96. Found: C, 78.10, 
H, 6.59, N, 10.95. 

N-(tert-butyl)-6-methyl-2-(4-phenoxyphenyl)imidazo[1,2-a]pyridin-3-amine (5f) 

1H-NMR (250 MHz, MeOD-d4): δ 8.52 (s, 1H), 7.85 (d, J =7.6 Hz, 2H), 7.68 (q, J = 8.9 Hz, 2H), 7.28 (t, 
J =7.6 Hz, 2H), 7.06-6.97 (m, 5H), 2.42 (s, 3H), 0.98 (s, 9H). 13C-NMR (63 MHz, MeOD-d4): δ 160.9, 
157.3, 137.4, 131.1, 128.8, 126.3, 125.5, 124.8, 123.5, 120.5, 119.5, 111.7, 57.0, 30.4, 18.1. A white 
solid remained 200 mg (98%). MS (ESI, 70 eV) m/z = 372.5 (M+). Anal. Calcd for C24H25N3O•1.45HCl: 
C, 67.64, H, 6:27, N, 9.86. Found: C, 67.55, H, 6.60, N, 9.81. 

N-isopropyl-6-methyl-2-(4-phenoxyphenyl)imidazo[1,2-a]pyridin-3-amine (5g) 

1H-NMR (250 MHz, MeOD-d4): δ 8.30 (s, 1H), 7.90 (d, J = 9.1 Hz, 2H), 7.51 (s, 2H), 7.11 (t, J = 7.7 Hz, 
2H), 7.03-6.97 (m, 5H), 2.40 (s, 3H), 1.01 (s, 3H), 0.97 (s, 3H). 13C-NMR (63 MHz, DMSO-d6): δ 156.9, 
155.6, 136.9, 131.7, 130.4, 129.1, 125.7, 124.2, 122.1, 119.2, 118.2, 114.0, 48.5, 22.3, 18.4. A yellow 
solid remained 30 mg (13%). MS (ESI, 70 eV) m/z = 358.5 (M+). Anal. Calcd for C23H23N3O•1.35HCl: 
C, 67.64, H, 6:27, N, 9.86. Found: C, 67.63, H, 6.02, N, 10.28. 

6-fluoro-N-isopropyl-2-(4-phenoxyphenyl)imidazo[1,2-a]pyridin-3-amine (5h) 

1H-NMR (250 MHz, DMSO-d6): δ 8.45 (m, 1H), 8.21 (d, J = 8.8 Hz, 2H), 7.58-7.38 (m, 3H), 7.29-7.08 
(m, 6H), 4.78 (d, J = 5.7 Hz, 1H), 3.29 (q, J = 3.3Hz, 1H), 1.06 (s, 3H), 1.02 (s, 3H). 13C-NMR (63 MHz, 
DMSO-d6): δ 156.6, 155.6, 154.4, 150.5, 138.1, 136.1, 130.0, 128.4, 126.9, 123.3, 119.4, 118.26, 
115.6, 110.3, 109.4, 48.4, 23.2.  19F-NMR (282 MHz, DMSO-d6): δ -141.25. Yellow solid obtained 303 
mg (55% yield). MS (ESI, 70 eV) m/z (%): 362.4 (100) (M+). Anal. Calcd for C22H20FN3O: C, 73.11, H, 
5.58, N, 11.63. Found: C, 72.89, H, 5.48, N, 11.57 

N-((3s,5s,7s)-adamantan-1-yl)-6-fluoro-2-(4-phenoxyphenyl)imidazo[1,2-a]pyridin-3-amine (5i) 

1H-NMR (250 MHz, DMSO-d6):  δ 9.06 (s, 1H), 8.17 (d, J =10.0 Hz, 2H), 7.99 (d, J = 9.2 Hz, 2H), 7.46 
(t, J = 9.0 Hz, 2H), 7.26-7.12 (m, 5H), 5.22 (s, 1H, br), 1.89 (m, 3H), 1.60-1.39 (m, 12H). 13C-NMR (63 
MHz, DMSO-d6): δ 158.1, 156.0, 152.5, 134.8, 130.1, 125.3, 124.1, 123.2, 119.7, 117.9, 113.7 112.7, 
56.7, 42.8, 35.6, 29.2. 19F-NMR (300 MHz, DMSO-d6): -134.19. MS (ESI, 70 eV) m/z 453.5 (100) (M+). 
White solid obtained 364 mg (63 % yield). Anal. Calcd for C29H28FN3O·1.1HCl: C, 70.56 H, 5.94, N, 
8.51. Found: C, 70.59, H, 5.66, N, 8.49. 

 

 



 

S5

N-cyclohexyl-6-methyl-2-(3-((6-methylpyrazin-2-yl)oxy)phenyl)imidazo[1,2-a]pyridin-3-amine (6a) 

1H-NMR (250 MHz, DMSO-d6):  δ 8.33 (s, 1H), 8.31 (s, 1H), 8.10-8.07 (m, 2H), 7.99 (s, 1H), 7.49 (t, J 
= 7.8 Hz, 1H), 7.40 (d, J = 8.7 Hz, 1H), 7.07 (dt, J1 = 9.8 Hz, J2 = 2.4 Hz, 2H), 4.76 (d, J = 8 Hz, 1H), 
2.79 (m, 1H), 2.36 (s, 3H), 2.31 (s, 3H), 1.62-1.03 (m, 10H). 13C-NMR (63 MHz, DMSO-d6): δ 159.0, 
153.6, 151.4, 139.8, 139.0, 136.7, 133.7, 132.3, 129.8, 127.0, 125.9, 122.9, 120.8, 119.0, 116.2, 56.2, 
33.6, 25.7, 24.5, 20.3, 17.7. MS (ESI, 70 eV) m/z 414.6 (100) (M+). A white solid remained 139 mg (72 
% yield). Anal. Calcd for C25H27N5O·1.70HCl: C, 63.34, H, 5.71, N, 14.35. Found: C, 63.23, H, 5.71, N, 
14.34. 

N-cyclohexyl-6-methyl-2-(4-((6-methylpyridin-3-yl)oxy)phenyl)imidazo[1,2-a]pyridin-3-amine (6b)  

1H-NMR (300 MHz, DMSO-d6): δ 8.28 (dd, J = 2.7 Hz, 1H), 8.21 (d, J = 8.8, 2H), 8.08 (s, 1H), 7.42 (dd, 
J = 3.7 Hz, 1H), 7.33 (q, J = 8.8 Hz, 2H), 7.03 (m, 3H),  4.71 (d, J = 3.0 Hz, 1H),  2.81 (m, 1H), 2.48 (s, 
3H), 2.32 (s, 3H), 1.75-1.08 (m, 10H).13C-NMR (63 MHz, DMSO-d6): δ 156.0, 153.4, 150.8, 141.3, 
139.9, 134.7, 131.0, 128.1, 126.4, 123.8, 121.2, 120.1, 117.8, 116.3, 56.3, 33.6, 26.1, 24.7, 17.52. Off-
white solid obtained 188 mg (66% yield). MS (ESI, 70 eV) m/z (%): 413.5 (100) or 413.5 [M+H+]; 435.6 
[M+Na+] Anal. Calcd for C26H28N4O⋅1 HCl: C, 69.55, H, 6.52, N, 12.48. Found: C, 69.40, H, 6.75, N, 
12.45. 

N-cyclohexyl-6-methyl-2-(4-(4-methylpiperazin-1-yl)phenyl)imidazo[1,2-a]pyridin-3-amine (6c) 

1H-NMR (250 MHz, DMSO-d6):  δ 8.06 (m, 3H), 7.34 (d, J = 8.9 Hz, 1H), 6.99 (m, 3H), 4.59 (d, J = 6.0 
Hz, 1H), 3.21 (m, 4H), 3.18 (m, 4H), 2.84 (m, 1H), 2.31 (s, 3H), 2.25 (s, 3H), 1.71-1.06 (m, 10H). 13C-
NMR (63 MHz, DMSO-d6): δ 149.5, 139.4, 135.2, 127.0, 126.1, 125.3, 124.0, 120.4, 119.9, 115.7, 
114.6, 56.2, 54.6, 47.7, 45.7, 33.46, 24.4, 17.8.  MS (ESI, 70 eV) m/z 404.2 (100) (M+) 426.2 (M+Na+). 
A white solid is obtained 91 mg (32% yield). Anal. Calcd for C25H33N5·0.1HCl: C, 73.74, H, 8.19, N, 
17.20. Found: C, 73.72, H, 8.24, N, 17.20. 

(1-(4-(3-(cyclohexylamino)-6-methylimidazo[1,2-a]pyridin-2-yl)phenyl)piperidin-4-yl)methanol (6d) 

1H-NMR (250 MHz, DMSO-d6): δ 8.12 (m, 3H), 7.40 (d, J = 20.7 Hz, 1H), 7.04-7.02 (m, 3H), 4.64 (d, J 
= 3.3 Hz, 1H), 4.54 (t, J = 4.0 Hz, 1H), 3.88 (d, J = 16.9 Hz, 2H), 3.30 (t, J = 5.6 Hz, 2H), 2.91 (m, 1H), 
2.80 (t, J = 12.7 Hz, 2H), 2.39 (s, 3H), 1.86-1.58 (m, 8H), 1.41-1.18 (m, 7H). 13C-NMR (63 MHz, 
DMSO-d6): δ 158.2, 150.2, 146.8, 139.7, 137.6, 135.7, 127.5, 124.0, 120.1, 115.0, 107.1, 65.6, 55.8, 
48.4, 33.3, 28.3, 25.9, 17.2, 17.0. White solid obtained 300 mg (52% yield). MS (ESI, 70 eV) m/z (%): 
418.57 (100) (M+). Anal. Calcd for C26H34N4O⋅0.5 HCl: C, 71.22, H, 7.98, N, 12.67. Found: C, 71.37, H, 
7.98, N, 12.84. 

N-cyclohexyl-6-methyl-2-(4-(2-morpholinoethoxy)phenyl)imidazo[1,2-a]pyridin-3-amine (6e) 

1H-NMR (250 MHz, MeOD-d4): δ 7.96 (s, 1H), 7.87 (d, J = 8.3 Hz, 2H), 7.27 (d, J = 9.6 Hz, 1H), 7.02 
(d, J = 12.6 Hz, 1H), 6.94 (d, J = 8.2 Hz, 2H), 4.13 (t, J = 7.0 Hz, 2H), 3.65 (m, 4H), 2.76 (m, 1 H), 2.71 
(t, J = 5.3 Hz, 2H), 2.57 (m, 4H), 2.28 (s, 3H), 1.64-1.00 (m, 10H). 13C-NMR (63 MHz, MeOD-d4): δ 
159.9, 129.9, 128.9, 123.3, 121.4, 115.4, 115.7, 67.7, 66.1, 58.9, 57.7, 54.9, 35.1, 27.3, 26.0, 17.9. 
MS (ESI, 70 eV) m/z = 435.7. A white solid was obtained 120 mg (24% yield). Anal. Calcd for 
C26H34N4O2•0.1HCl: C, 70.97, H, 7.82, N, 12.73. Found: C, 71.06, H, 8.22, N, 12.58. 

2-(4-(4-(3-(cyclohexylamino)-6-methylimidazo[1,2-a]pyridin-2-yl)phenoxy)butyl)isoindoline-1,3-dione 
(6f) 

1H-NMR (250 MHz, DMSO-d6): δ  8.18 (d, J = 8.8 Hz, 3H), 7.95 (m, 4H), 7.42 (d, J = 9.0 Hz, 1H), 7.06 
(m, 3H), 4.71 (d, J = 5.3 Hz, 1H), 4.11 (m, 2H), 3.76 (m, 2H), 2.88 (m, 1H), 2.38 (s, 3H), 1.87-1.16 (m, 
14H). 13C-NMR (63 MHz, DMSO-d6): δ 168.5, 157.6, 151.86, 134.9, 131.7, 127.7, 126.2, 124.8, 122.7, 
120.6, 115.8, 114.2, 102.9, 37.5, 33.3, 26.4, 24.0, 18.2. MS (ESI, 70 eV) m/z 522.6 (100) (M+). White 
solid obtained 255 mg (15 % yield). Anal. Calcd for C32H34N4O3: C, 73.54, H, 6.56, N, 10.72. Found: C, 
73.45, H, 6,56, N, 10.66. 
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4-(3-(cyclohexylamino)-6-methylimidazo[1,2-a]pyridin-2-yl)-2-methoxyphenol (6g)  

1H-NMR (250 MHz, DMSO-d6): δ 9.69 (br, 1H), 8.60 (s, 1H), 7.85-7.64 (m, 3H), 7.59 (d, J = 9.2 Hz, 
1H), 7.00 (d, J = 9.2 Hz, 1H), 5.28 (m, 1H), 3.90 (s, 3H), 2.94 (m, 1H), 2.52 (s, 3H), 1.78-1.10 (m, 
10H). 13C-NMR (63 MHz, DMSO-d6): δ 148.0, 135.1, 126.5, 124.9, 122.4, 120.3, 118.2, 116.1, 110.96, 
33.3, 25.2, 24.6. MS (ESI, 70 eV) m/z = 352.4 (M+). Yield 500 mg (78%). Anal. Calcd for 
C21H25N3O2•1.25HCl: C, 63.53, H, 6.66, N, 10.58. Found: C, 63.62, H, 6.70, N, 11.03. 

2-(benzo[d]thiazol-6-yl)-N-cyclohexyl-6-methylimidazo[1,2-a]pyridin-3-amine (7a) 

1H-NMR (250 MHz, DMSO-d6): δ 9.55 (s, 1H), 8.93 (s, 1H), 8.66 (s, 1H), 8.33 (s, 2H), 7.90 (d, J=14.5 
Hz, 1H), 7.75 (d, J= 14.5 Hz, 1H), 5.49 (s, 1H), 2.91 (m, 1H), 1.80-1.10 (m, 10 H). 13C-NMR (63 MHz, 
DMSO-d6): δ 158.2, 153.4, 135.7, 135.6, 134.6, 127.2, 126.2, 125.4, 123.6, 122.6, 121.6, 111.4, 56.2, 
33.2, 25.2, 17.3.  MS (ESI, 70 eV) m/z 363.7 (100) (M+). White solid obtained 264 mg (48 % yield). 
Anal. Calcd for C21H22N4S·1.4HCl: C, 61.00, H, 5.82, N, 13.62, S, 8.15. Found: C, 60.93, H, 5.93, N, 
13.55, S, 8.00. 

N-cyclohexyl-2-(1H-indazol-5-yl)-6-methylimidazo[1,2-a]pyridin-3-amine (7b) 

1H-NMR (250 MHz, DMSO-d6): δ 8.55 (s. 1H), 8.33 (d, J = 8.8 Hz, 1H), 8.10 (s, 2H), 7.58 (d, J = 8.7 
Hz, 1H), 7.42 (d, J = 8.6 Hz, 1H), 7.03 (d, J = 8.6 Hz, 1H), 4.74 (d, J = 17.3 Hz, 1H), 2.87 (m, 1H), 2.32 
(s, 3H), 1.77-1.05 (m, 10H). 13C-NMR (63 MHz, DMSO-d6): δ 139.7, 135.7, 133.4, 127.5, 126.5, 125.0, 
124.6, 123.3, 120.6, 118.2, 116.0, 56.3, 33.8, 25.5, 24.7, 18.2. MS (ESI, 70 eV) m/z 346.5 (100) (M+). 
Red solid obtained 100 mg (17% yield). Anal. Calcd for C21H23N5·1HCl: C, 66.05, H, 6.20, N, 18.32. 
Found: C, 66.11, H, 6.19, N, 18.20. 

N-cyclohexyl-2-(1H-indol-6-yl)-6-methylimidazo[1,2-a]pyridin-3-amine (7c)  

1H-NMR (250 MHz, DMSO-d6):  δ 11.63 (s, 1H, br), 8.64 (s, 1H), 8.24 (s, 1H), 7.89-7.70 (m, 3H), 7.50 
(s, 1H), 6.51 (s, 1H), 5.38 (d, J = 9.7 Hz, 1H), 2.95 (m, 1H), 2.49 (s, 3H), 1.82-1.09 (m, 10H).  13C-
NMR (63 MHz, DMSO-d6): δ 136.0, 135.3, 134.43, 128.5, 127.7, 126.9, 126.0, 125.2, 122.8, 120.3, 
117.9, 11.1, 110.5, 101.3, 55.8, 33.4, 32.3, 25.1, 24.4, 17.7. MS (ESI, 70 eV) m/z 345.2 (100) (M+). A 
white solid remained 100 mg (16 % yield). Anal. Calcd for C22H24N4·1.95HCl: C, 63.59, H, 6.29, N, 
13.48. Found: C, 63.64, H, 6.00, N, 13.18. 

2-(benzo[d][1,3]dioxol-5-yl)-N-cyclohexyl-6-methylimidazo[1,2-a]pyridin-3-amine (7d) 

1H-NMR (250 MHz, DMSO-d6):  δ 8.18 (s, 1H), 7.82 (s, 1H), 7.70 (s, 1H), 7.46 (d, J = 9.9 Hz, 1H), 7.06 
(dt, J1 = 4.6 Hz, J2 = 12.9 Hz, 2H), 6.12 (s, 2H), 4.77 (d, J = 5.8 Hz, 1H), 2.84 (m, 1H), 2.39 (s, 3H), 
1.79-1.17 (m, 10H). 13C-NMR (63MHz, DMSO-d6): δ 147.1, 145.8, 139.7, 129.0, 126.3, 120.6 119.9, 
116.2, 108.5, 106.8, 101.2, 56.1, 33.7, 25.5, 24.6, 17.8. MS (ESI, 70 eV) m/z 352.6 (100) (M+3). A 
white solid is obtained 100 mg (17% yield). Anal. Calcd for C21H23N3O2: C, 72.18, H, 6.63, N, 12.03. 
Found: C, 71.91, H, 6.55, N, 11.71. 

Methyl 4-(3-(cyclohexylamino)-6-methylimidazo[1,2-a]pyridin-2-yl)benzoate (7e) 

1H-NMR (250 MHz, DMSO-d6):  δ 8.36 (d, J = 7.9 Hz, 2H), 8.13 (s, 1H), 8.01 (d, J = 9.2 Hz, 2H), 7.41 
(d, J = 9.7 Hz, 1H), 7.08 (dd, J1 = 2.2 Hz, J2 = 9.2 Hz, 1H), 4.85 (d, J = 5.75 Hz, 1H), 3.85 (s, 3H), 2.81 
(m, 1H), 2.31 (s, 3H), 1.73-1.07 (m, 10H). 13C-NMR (63 MHz, DMSO-d6): δ 139.8, 139.6, 132.9, 129.1, 
127.1, 127.0, 126.1, 120.7, 120.6, 116.4, 56.6, 51.9, 25.3, 24.5, 17.8. MS (ESI, 70 eV) m/z 364.2 (100) 
(M+). A white solid is obtained 120 mg (21% yield). Anal. Calcd for C22H25N3O2 ·1.30HCl:  C, 64.31, H, 
6.45, N, 10.23. Found: C, 64.36, H, 6.57, N, 10.28. 

N-cyclohexyl-2-(4-fluorophenyl)-6-methylimidazo[1,2-a]pyridin-3-amine (7f) 

1H-NMR (250 MHz, DMSO-d6):  δ 8.26 (dt, J1 = 3.4Hz, J2 = 9.7 Hz, 2H), 8.10 (m, 1H), 7.39 (d, J = 
9.0Hz, 1H), 7.27 (t, J = 9.0 Hz, 2H), 7.02 (dd, J1 = 1.6 Hz, J2 = 9.2 Hz, 1H), 4.74 (d, J =5.8 Hz, 1H), 
2.80 (m, 1H), 2.31 (s, 3H), 1.72-1.07 (m, 10H). 13C-NMR (63 MHz, DMSO-d6): δ 144.6, 139.5, 128.2, 
120.8, 120.4, 116.2, 115.2, 114.6, 56.4, 33.4, 26.2, 25.2, 24.5, 18.1. 19F-NMR (282 MHz, DMSO-d6):    
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δ -115.23. MS (ESI, 70 eV) m/z 324.1 (100) (M+). A white solid is obtained 150 mg (23% yield). Anal. 
Calcd for C20H22FN3·0.05HCl·0.20H2O: C, 73.05, H, 6.88, N, 12.78. Found: C, 73.17, H, 6.90, N, 12.50. 

4-(3-(cyclohexylamino)-6-methylimidazo[1,2-a]pyridin-2-yl)-2-ethoxyphenol (8a) 

1H-NMR (250 MHz, DMSO-d6): δ 8.09 (s, 1H), 7.78 (s, 1H), 7.65 (d, J = 8.3 Hz, 1H), 7.37 (d, J = 9.5 
Hz, 1H), 7.01 (d, J = 8.9 Hz, 1H), 6.85 (d, J = 7.6 Hz, 1H), 4.62 (d, J = 5.9 Hz, 1H), 4.12 (q, J = 7.6 Hz, 
2H), 2.86 (m, 1H), 2.31 (s, 3H), 1.72-1.10 (m, 10H), 1.38 (t, J = 7.2 Hz, 3H). 13C-NMR (63 MHz, 
DMSO-d6): δ 146.5, 145.9, 139.5, 135.2, 126.3, 123.9, 120.6, 119.3, 115.8, 11.8, 63.6, 56.0, 33.4, 
25.4, 24.5, 18.0, 14.8. MS (ESI, 70 eV) m/z 364.7 (100) (M+). A white solid is obtained 185 mg (33% 
yield). Anal. Calcd for C22H27N3O2·0.2HCl: C, 70.89, H, 7.35, N, 11.27. Found: C, 70.93, H, 7.01, N, 
11.36. 

4-(3-(cyclohexylamino)-6-methylimidazo[1,2-a]pyridin-2-yl)-2-methylphenol (8b) 

1H-NMR (250 MHz, DMSO-d6):  δ  8.06 (s, 1H), 7.93 (s, 1H), 7.86 (dd, J1 = 2.7 Hz, J2 = 8.1 Hz, 1H), 
7.36 (d, J = 9.9 Hz, 1H), 6.99 (dd, J1 = 2.7 Hz, J2 = 9.0 Hz, 1H), 6.78 (d, J = 8.1 Hz, 1H), 4.57 (d, J = 
6.3 Hz, 1H), 2.82 (m, 1H), 2.31 (s, 3H), 2.20 (s, 3H), 1.74-1.06 (m, 10H). 13C-NMR (63 MHz, DMSO-
d6): δ 155.0, 139.4, 135.5, 129.0, 126.5, 125.7, 125.1, 124.2, 123.3, 120.7, 116.1, 113.8, 56.0, 34.0, 
25.9, 24.5, 18.2, 15.9. MS (ESI, 70 eV) m/z 334.5 (100) (M+). A white solid is obtained 235 mg (40% 
yield). Anal. Calcd for C21H25N3O·0.25HCl: C, 73.20, H, 7.39, N, 12.20. Found: C, 73.06, H, 7.27, N, 
12.15. 

2-chloro-4-(3-(cyclohexylamino)-6-methylimidazo[1,2-a]pyridin-2-yl)phenol (8c) 

1H-NMR (250 MHz, DMSO-d6): δ 8.13 (d, J = 2.0 Hz, 1H), 8.06 (m, 1H), 7.95 (dd, J1 = 8.5 Hz, J2 = 2.0 
Hz, 1H), 7.33 (d, J = 9.0 Hz, 1H), 7.0 (dd, J1 = 9,1 Hz, J2 = 1.6 Hz, 1H), 6.98 (d, J = 8. 5Hz, 1H), 4.66 
(d, J = 5.6 Hz, 1H, NH), 2.83 (m, 1H), 2.31 (s, 3H), 1.73-1.10 (m, 10H). 13C-NMR (63 MHz, DMSO-d6): 
δ 151.7, 139.4, 133.7, 127.5, 127.1, 126.6, 125.9, 124.5, 120.5, 120.2, 119.4, 116.3, 115.9, 56.3, 33.4, 
25.4, 24.4, 17.8. MS (ESI, 70 eV) m/z 354.6 (100) (M+). Off-white obtained 223 mg (39 % yield). Anal. 
Calcd for C20H22ClN3O: C, 67.50, H, 6.23, N, 11.81. Found: C, 67.43, H, 6.23, N, 11.87. 

4-(3-(cyclohexylamino)-6-methylimidazo[1,2-a]pyridin-2-yl)-2-(trifluoromethoxy)phenol (8d) 

1H-NMR (250 MHz, DMSO-d6):  δ 8.14 (m, 1H), 8.08 (m, 1H), 8.03 (dd, J = 2.1 Hz, J = 9.3 Hz, 1H), 
7.36 (d, J = 9.3 Hz, 1H), 7.06 (d, J = 8.9 Hz, 1H), 6.99 (dd, J = 2.1 Hz, J = 9.3 Hz, 2H). 4.69 (d, J = 5.2 
Hz, 1H), 2.78 (m, 1H), 2.29 (s, 3H), 1.71-1.06 (m, 10H). 13C-NMR (63 MHz, DMSO-d6): δ 148.43, 
139.5, 135.9, 133.5, 126.7, 126.6, 126.1, 125.5, 124.5, 122.1, 120.6, 120.4, 120.3, 118.7, 117.3, 
115.9, 56.2, 33.3, 25.3, 24.4, 20.7, 17.8. 19F-NMR (282 MHz, DMSO-d6): δ -56.96. MS (ESI, 70 eV) 
m/z 406.1 (60) (M+), 428.1 (M+23). A white solid is obtained 100 mg (50% yield). Anal. Calcd for 
C21H22FN3O2 ·0.35HCl·0.15H2O: C, 59.93, H, 5.42, N, 9.98. Found: C, 60.01, H, 5.44, N, 9.60. 

4-(3-(cyclohexylamino)-6-methylimidazo[1,2-a]pyridin-2-yl)benzene-1,2-diol (8e) 

1H-NMR (250 MHz, DMSO-d6):  δ 9.68 (s, 1H), 9.33 (s, 1H), 8.59 (s, 1H), 7.79-7.60 (m, 2H), 7.54 (d, J 
= 2.9 Hz, 1H), 7.36 (dd, J1 = 2.9 Hz, J2 = 8.5 Hz, 1H), 6.96 (d, J = 7.8 Hz, 1H), 5.19 (d, J = 4.8 Hz, 1H), 
2.92 (m, 1H), 2.31 (s, 3H), 1.78-1.50 (m, 10H). 13C-NMR (63 MHz, DMSO-d6): δ 147.1, 145.7, 135.1, 
126.3, 125.1, 122.3, 119.0, 117.8, 115.7, 114.7, 11.0, 55.9, 33.0, 25.4, 24.5, 17.8. MS (ESI, 70 eV) 
m/z 338.5 (100) (M+). A white solid is obtained 200 mg (30% yield). Anal. Calcd for 
C20H23N3O2·0.9HCl·0.75H2O: C, 62.60, H, 6.67, N, 10.95. Found: C, 62.75, H, 6.68, N, 10.54. 

4-(3-(cyclopentylamino)-6-methylimidazo[1,2-a]pyridin-2-yl)-2-methoxyphenol (9a) 

1H-NMR (250 MHz, DMSO-d6): δ 9.68 (s, br, 1H), 8.57 (s, 1H), 7.86-7.81 (m, 4H), 7.55 (dd, J1 = 2.1Hz, 
J2 = 8.3 Hz, 1H), 7.02 (d, J = 8.2 Hz, 1H), 5.30 (d, J = 4.5 Hz, 1H), 3.87 (s, 3H), 3.39 (m, 1H), 2.47 (s, 
3H), 1.69-1.45 (m, 8H). 13C-NMR (63 MHz, DMSO-d6): δ 148.2, 147.8, 135.0, 134.8, 126.5, 126.3, 
125.3, 122.5, 120.1, 118.1, 115.8, 111.4, 111.0, 57.7, 55.7, 32.8, 23.0, 17.2. MS (ESI, 70 eV) m/z 
337.2 (100) (M+). A white solid is obtained 200 mg (36 % yield). Anal. Calcd C20H23N3O2·1.0HCl: C, 
63.94, H, 6.45, N, 11.18. Found: C, 63.80, H, 6.37, N, 11.14. 
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4-(3-((3s,5s,7s)-adamantan-1-ylamino)-6-methylimidazo[1,2-a]pyridin-2-yl)-2-methoxyphenol (9b) 

1H-NMR (250 MHz, DMSO-d6):  δ 14.93 (br, 1H), 9.70 (s, 1H), 8.72 (s, 1H), 7.88-7-81 (m, 3H), 7.66 (d, 
J = 8.4 Hz, 1H),  7.04 (d, J = 10.4 Hz, 1H), 5.18 (s, 1H), 3.93 (s, 3H), 1.97 (m, 3H), 1.67-1.53 (m, 12H).  
13C-NMR (63 MHz, DMSO-d6): δ 148.1, 147.0, 135.7, 129.6, 126.2, 123.5, 122.6, 121.1, 118.4, 115.9, 
112.4, 110.9, 56.5, 55.62, 43.0, 35.7, 29.2, 18.1. MS (ESI, 70 eV) m/z 402.8 (100) (M+). Yellow solid 
remained 98 mg (13 % yield).  Anal. Calcd for C25H29N3O2·1.15HCl: C, 67.41, H, 6.85, N, 9.43. Found: 
C, 67.49, H, 6.75, N, 9.30. 

4-(3-((2,6-dimethylphenyl)amino)-6-methylimidazo[1,2-a]pyridin-2-yl)-2-methoxyphenol (9c) 

1H-NMR (250 MHz, DMSO-d6):  δ 9.66 (s, 1H), 8.55 (s, 1H), 7.96 (d, J = 9.7 Hz, 1H), 7.91 (d, J = 9.7 
Hz, 1H), 7.77 (s, 1H), 7.27 (d, J = 8.3 Hz, 2H), 6.92 (d, J = 7.6 Hz, 2H), 6.73 (dd, J1 = 7.6 Hz, J2 = 8.3 
Hz, 2H), 3.63 (s, 3H), 2.44 (s, 3H), 1.92 (s, 3H). 13C-NMR (63MHz, DMSO-d6): δ 148.2, 139.9, 129.8, 
126.2, 122.7, 121.8, 120.3, 115.7, 111.0, 55.7, 19.0, 17.1. MS (ESI, 70 eV) m/z 374.6 (100) (M+). A 
white solid is obtained 80 mg (13% yield). Anal. Calcd for C23H23N3O2·2.25HCl: C, 60.65, H, 5.59, N, 
9.23. Found: C, 60.59, H, 5.19, N, 9.25. 

2-methoxy-4-(3-((4-methoxyphenyl)amino)-6-methylimidazo[1,2-a]pyridin-2-yl)phenol (9d) 

1H-NMR (250 MHz, DMSO-d6): δ 9.05 (br, 1H), 7.79 (d, J = 6.1 Hz, 2H), 7.59 (d, J = 2.0 Hz, 1H), 7.48 
(dd, J1 = 2.8 Hz, J2 = 9.3 Hz, 2H), 7.14 (dd, J1 = 2.8 Hz, J2 = 1.6 Hz, 1H), 6.77-6.73 (m, 3H), 6.45 (d, J 
= 8.8 Hz, 2H), 3.68 (s, 3H), 3.61 (s, 3H), 2.26 (s, 3H). 13C-NMR (63 MHz, DMSO-d6): δ 152.4, 147.4, 
146.1, 140.6, 139.6, 137.7, 127.5, 125.2, 121.2, 120.2, 119.3, 118.4, 116.3, 115.4, 113.6, 110.8, 55.0, 
17.6. MS (ESI, 70 eV) m/z (%): 376.30 (100) (M+H+). A white solid remained 40 mg (6% yield). tR= 
5.612 min. HRMS calculated C22H21N3O3: 376.16630 found: 376.16557  

4-(3-(cyclohexylamino)-6-fluoroimidazo[1,2-a]pyridin-2-yl)-2-methoxyphenol (9e) 

1H-NMR (250 MHz, DMSO-d6): δ 9.08 (s, 1H), 8.41 (m, 1H), 7.78 (s, 1H), 7.64 (q, J = 3.3 Hz, 1H), 7.51 
(q, J = 4.9 Hz, 1H), 7.20 (m, 1H), 6.85 (d, J = 8.2 Hz, 1H) 4.78 (d, J = 5.8 Hz, 1H), 3.83 (s, 3H), 2.86 
(m, 1H), 1.73-1.11 (m, 10H). 13C-NMR (63 MHz, DMSO-d6): δ 155.8, 148.1, 146.3, 143.1, 137.8, 
136.25, 125.4, 119.5, 117.2, 115.6, 110.5, 56.3, 55.5, 33.8, 25.9, 24.6. 19F-NMR (282 MHz, DMSO-d6): 
δ -141.78. MS (ESI, 70 eV) m/z (%): 356.4 (100) (M+), 378.4 (M+23). White solid obtained 150 mg (21 
% yield). Anal. Calcd for C20H22FN3O2·0.75 HCl: C, 62.76, H, 5.85, N, 10.65. Found: C, 62.78, H, 5.75, 
N, 10.60. 

4-(6-fluoro-3-(isopropylamino)imidazo[1,2-a]pyridin-2-yl)-2-methoxyphenol (9f) 

1H-NMR (250 MHz, DMSO-d6): δ 9.11 (s, 1H), 8.47 (m, 1H), 7.89 (d, J = 1.8 Hz, 1H), 7.60 (dd, J = 2.2, 
3.4 Hz, 1H), 7.49 (q, J = 4.9 Hz, 1H), 7.17 (dt, J1 =2.2, J2 = 2.9 Hz, 1H), 6.81 (d, J = 8.2Hz, 1H), 4.67 
(d, J = 5.3 Hz, 1H), 3.84 (s, 3H), 3.18 (m, 1H), 1.04 (s, 3H), 0.99 (s, 3H). 13C-NMR (63 MHz, DMSO-
d6): δ 154.2, 150.5, 147.3, 145.8, 137.9, 136.9, 126.2, 126.1, 125.7, 119.3, 117.2, 117.0, 115.3, 114.9, 
114.5, 110.4, 109.7, 109.0, 55.4, 48.2, 22.9. 19F-NMR (282 MHz, DMSO-d6): δ -141.70. MS (ESI, 70 
eV) m/z 316.1 (100) (M+). White solid obtained 300 mg (48% yield). Anal. Calcd for 
C17H18FN3O2·0.15HCl: C, 64.10, H, 5.66, N, 13.4. Found: C, 64.26, H, 5.47, N, 13.54. 

4-(3-(cyclohexylamino)-8-methylimidazo[1,2-a]pyridin-2-yl)-2-methoxyphenol (9g) 

1H-NMR (250 MHz, MeOD-d4):  δ 9.61 (s, 1H), 8.06 (d, J = 7.1 Hz, 1H), 7.57 (d, J = 2.6 Hz, 1H), 7.39 
(dd, J1 = 2.2 Hz, J2 = 7.6 Hz, 1H), 6.92 (dt, J1 = 1.2 Hz, J2 = 6.7 Hz, 1H), 6.72 (d, J = 8.4 Hz, 1H), 6.66 
(t, J = 6.6 Hz, 1H), 3.85 (s, 3H), 2.45 (s, 3H), 2.81 (m, 1H), 1.67-1.16 (m, 10H). 13C-NMR (63 MHz, 
MeOD-d4): δ 149.4, 147.6, 145.6, 142.6, 139.4, 137.4, 128.3, 126.8, 125.3, 122.6, 116.5, 114.5, 114.5, 
113.0, 57.6, 56.1, 35.1, 27.3, 25.8, 16.3. MS (ESI, 70 eV) m/z 352.6 (100) (M+). A white solid is 
obtained 100 mg (17 %). tR= 5.858 min. HRMS Calcd for C21H26N3O3 [M+]: 352.20195 found 
352.20269  
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4-(8-chloro-3-(cyclohexylamino)imidazo[1,2-a]pyridin-2-yl)-2-methoxyphenol (9h) 

1H-NMR (250 MHz, MeOD-d4): δ 9.64 (s, 1H), 8.19 (dd, J1 = 1.0 Hz, J2 = 7.0 Hz, 1H), 7.58 (d, J = 1.9 
Hz, 1H), 7.45 (dd, J1 = 2.3 Hz, J2 = 8.4 Hz, 1H), 7.21 (dd, J1 = 1.1 Hz, J2 = 7.2 Hz, 1H), 6.80 (d, J = 8.8 
Hz, 2H), 3.83 (s, 3H), 2.81 (m, 1H), 1.67-1.00 (m, 10H). 13C-NMR (63 MHz, MeOD-d4): δ 149.1, 147.4, 
139.1, 127.3, 124.6, 123.6, 122.6, 116.6, 113.1, 57.7, 55.6, 34.8, 26.8. MS (ESI, 70 eV) m/z 372.5 
(100) (M+). A white solid is obtained 100 mg (16 % yield). tR= 5.741 min. HRMS Calcd for 
C20H23ClN3O2 [M+]: 372.14733 found 372.14767  

4-(3-(cyclohexylamino)-7-methylimidazo[1,2-a]pyridin-2-yl)-2-methoxyphenol (9i) 

1H-NMR (250 MHz, DMSO-d6): δ 9.13 (br, 1H), 8.28 (d, J = 7.0 Hz, 1H), 7.81 (d, J = 3.2 Hz, 1H), 7.68 
(dd, J1 = 2.3 Hz, J2 = 8.4 Hz, 1H), 7.27 (s, 1H), 6.88 (d, J = 8.4 Hz, 1H), 6.83 (dd, J1 = 1.2 Hz, J2 = 7.0 
Hz, 1H), 4.76 (d, J = 5.2 Hz, 1H), 3.86 (s, 3H), 2.82 (m, 1H), 2.37 (s, 3H), 1.76-1.09 (m, 10H).  13C-
NMR (63 MHz, DMSO-d6): δ 147.3, 145.8, 140.3, 135.4, 133.4, 125.5, 123.9, 122.3, 119.3, 115.7, 
113.8, 110.7, 56.2, 55.3, 33.8, 25.6, 24.6, 21.0. MS (ESI, 70 eV) m/z 352.7 (100) (M+). A white solid 
remained 150 mg (23% yield). tR = 5.866 min. HRMS Calcd for C21H26N3O2 [M+]: 352.20195 found 
352.20178  

4-(7-chloro-3-(cyclohexylamino)imidazo[1,2-a]pyridin-2-yl)-2-methoxyphenol (9j) 

1H-NMR (250 MHz, DMSO-d6):  δ 9.13 (s, 1H), 8.36 (d, J = 7.3 Hz, 1H), 7.80 (d, J = 2.0 Hz, 1H), 7.66 
(dd, J1 = 1.8 Hz, J2 = 8.3 Hz, 1H), 7.59 (d, J = 2.1 Hz, 1H), 6.95 (dd, J1 = 2.1 Hz, J2 = 7.3 Hz, 1H), 6.91 
(d, J = 8.1 Hz, 1H), 4.84 (d, J = 5.5 Hz, 1H), 3.84 (s, 3H), 2.86 (m 1H), 1.72-1.12 (m, 10H). 13C-NMR 
(63 MHz, DMSO-d6): δ 147.5, 146.1, 139.7, 136.3, 128.2, 125.6, 124.9, 124.0, 119.7, 115.7, 114.9, 
112.0, 11.0, 56.6, 55.2, 33.5, 25.3, 24.5. MS (ESI, 70 eV) m/z 372.2 (100) (M+). A white solid is 
obtained 157 mg (25 % yield). Anal. Calcd for C20H22ClN3O2·1.3HCl: C, 57.30, H, 5.60, N, 10.05. 
Found: C, 57.30, H, 5.24, N, 9.94. 

4-(3-(cyclohexylamino)-5-methylimidazo[1,2-a]pyridin-2-yl)-2-methoxyphenol (9k)  

1H-NMR (250 MHz, DMSO-d6):  δ 7.74 (d, J = 2.9 Hz, 1H), 7.57 (dd, J1 = 2.3 Hz, J2 = 8.3 Hz, 1H), 7.33 
(d, J = 7.9 Hz, 1H), 7.06 (dd, J1 = 6.6 Hz, J2 = 7.9 Hz, 1H), 6.82 (d, J = 8.3 Hz, 1H), 6.54 (d, J = 6.6 Hz, 
1H), 4.50 (d, J = 3.7 Hz, 1H), 3.84 (s, 3H), 2.94 (s, 3H), 2.79 (m, 1H), 1.64-1.04 (m, 10H). 13C-NMR 
(63 MHz, DMSO-d6): δ 147.3, 145.7, 142.3, 138.5, 136.6, 126.7, 125.5, 123.9, 120.3, 115.6, 114.8, 
113.0, 111.8, 58.0, 55.34, 32.7, 25.6, 24.1, 19.2. MS (ESI, 70 eV) m/z 351.8 (100) (M+). A yellow solid 
is obtained 100 mg (15 % yield). Anal. Calcd for C21H25N3O2·1.6HCl: C, 61.55, H, 6.54, N, 10.25. 
Found: C, 61.56, H, 6.15, N, 10.07. 

 4-(5-chloro-3-(cyclohexylamino)imidazo[1,2-a]pyridin-2-yl)-2-methoxyphenol (9l) 

1H-NMR (250 MHz, DMSO-d6):  δ 9.30 (br, 1H), 7.90 (d, J = 1.9 Hz, 1H), 7.68 (dd, J1 = 1.3 Hz, J2 = 8.1 
Hz, 1H), 7.56 (d, J = 8.1 Hz, 1H), 7.36 (t, J = 9.4 Hz, 1H), 7.13 (d, J = 7.2 Hz, 1H), 6.89 (d, J = 7.6 Hz, 
1H), 4.59 (d, J = 3.1 Hz, 1H), 3.88 (s, 3H), 2.91 (m, 1H), 1.70-1.09 (m, 10H). 13C-NMR (63 MHz, 
DMSO-d6): δ 147.5, 146.4, 124.1, 120.4, 115.7, 114.8, 111.7, 58.1, 56.0, 34.0, 32.2, 25.6, 23.9.  MS 
(ESI, 70 eV) m/z 372.2 (100) (M+). An off-white solid is obtained 370 mg (60 % yield). Anal. Calcd for 
C20H22ClN3O2·1.35HCl: C, 57.05, H, 5.59, N, 9.98. Found: C, 57.03, H, 5.38, N, 9.78 

4-(3-(cyclohexylamino)-5-fluoroimidazo[1,2-a]pyridin-2-yl)-2-methoxyphenol (9m) 

1H-NMR (250 MHz, DMSO-d6): δ 7.93 (d, J = 2.1 Hz, 1H), 7.77 (dd, J1 = 8.1 Hz, J2 = 1.8 Hz, 1H), 7.30 
(d, J = 8.1 Hz, 1H), 7.14 (m, 1H), 6.84 (d, J = 8.1 Hz, 1H), 6.61 (dt, J1 = 2.1 Hz, J2 = 2.1 Hz, 1H), 4.39 
(d, J = 4.4 Hz, 1H), 3.81 (s, 3H), 2.83 (m, 1H), 1.70-1.04 (m, 10H). 13C-NMR (63 MHz, DMSO-d6): δ 
152.1, 148.0, 147.0, 145.8, 142.7, 137.1, 125.6, 124.5, 123.7, 120.2, 115.1, 112.8, 111.1, 92.7, 57.5, 
55.6, 33.2, 25.5, 24.4. 19F-NMR (282 MHz, DMSO-d6): -113.45.  MS (ESI, 70 eV) m/z 354.2 (100) 
(M+). A white solid is obtained 328 mg (56 % yield). tR=  5.771 min. HRMS Calcd for C20H23FN3O2 

[M+]: 356.17688 found 356.17687 
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4-(6-chloro-3-(cyclohexylamino)-8-fluoroimidazo[1,2-a]pyridin-2-yl)-2-methoxyphenol (9n) 

1H-NMR (250 MHz, DMSO-d6):  δ 9.17 (br, 1H), 8.37 (s, 1H), 7.77 (d, J = 2.5 Hz, 1H), 7.66 (dd, J1 = 1.9 
Hz, J2=8.1 Hz, 1H), 7.29 (dd, J1 =1.4 Hz, J2 = 10.7 Hz, 1H), 6.87 (d, J = 8.1 Hz, 1H), 4.92 (d, J = 6.2 
Hz, 1H), 3.85 (s, 3H), 2.88 (m, 1H), 1.71-1.01 (m, 10H). 13C-NMR (63 MHz, DMSO-d6): δ 147.4, 146.2, 
136.1, 131.1, 130.3, 126.9, 125.1, 119.7, 117.7, 116.9, 116.6, 115.4, 110.5, 108.0, 56.2, 55.2, 33.5, 
25.4, 24.3. 19F-NMR (282 MHz, DMSO-d6): δ -131.15. MS (ESI, 70 eV) m/z 390.14 (100) (M+). A 
yellow solid is obtained 115 mg (18% yield). tR= 5.862 min. HRMS calculated C20H21ClFN3O2 
calculated: 390.13791 found: 390.13787. 
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SAR tables with standard errors 

Entry PMNL IC50 [µM] PMNL pIC50 SE S100 IC50 [µM] S100 pIC50 SE 

4a 0.26 6.6 0.71 0.83 6.1 0.06 

4b 0.53 6.3 0.24 0.51 6.3 0.02 

4c 0.21 6.7 0.15 6.98 5.1 0.17 

4d 0.42 6.4 0.02 1.54 5.8 0.18 

4e 13.71 4.9 0.32 ia - - 

4f 4.24 5.4 0.01 0.76 6.1 0.14 

4g 1.22 5.9 0.05 0.48 6.3 0.18 

4h 1.32 5.8 0.10 0.28 6.6 0.04 

4i 0.48 6.3 0.33 0.74 6.1 0.11 

4j 0.39 6.4 0.09 1.03 6.0 0.90 

4k 1.14 5.9 0.03 0.33 6.5 0.15 

4l 1.62 5.8 0.05 1.06 6.0 0.06 

5a 0.38 6.4 0.10 0.12 6.9 0.10 

5b 0.33 6.5 0.18 0.26 6.6 0.37 

5c 0.57 6.2 0.24 2.22 5.7 0.53 

5d 0.41 6.4 0.67 ia - - 

5e 0.38 6.4 0.04 0.19 6.7 0.06 

5f 1.99 5.7 0.42 0.82 6.1 0.71 

5g 1.10 6.0 0.09 0.35 6.5 0.26 

5h 2.15 5.7 0.12 1.24 5.9 0.13 

5i 0.50 6.3 0.17 n.d. n.d. n.d. 

6a 1.57 5.8 0.01 0.38 6.4 0.01 

6b 0.45 6.3 0.13 0.19 6.7 0.10 

6c 16.56 4.8 0.19 1.19 5.9 0.08 

6d 0.56 6.3 0.15 0.31 6.5 0.37 

6e ia - - 5.2 5.3 0.22 

6f 0.61 6.2 0.17 0.06 7.2 0.12 

6g 0.52 6.3 0.12 0.13 6.9 0.21 

7a 1.71 5.8 0.08 2.48 5.6 1.71 

7b 14.91 4.8 0.16 1.41 5.8 0.12 

7c 0.87 6.1 0.15 0.12 6.9 0.01 

7d 2.50 5.6 0.23 0.26 6.6 0.10 

7e 0.61 6.2 0.15 0.53 6.3 0.35 

7f 22.92 4.6 0.17 0.63 6.2 0.28 

8a 1.19 5.9 0.07 0.12 5.9 0.08 

8b 4.62 5.3 0.10 0.19 6.7 0.10 

8c 1.57 5.8 0.07 0.19 6.7 0.12 

8d 3.77 5.4 0.13 0.20 6.7 0.25 

8e 6.08 5.2 0.20 0.23 6.6 0.13 

9a 3.03 5.5 0.04 0.30 6.5 0.15 

9b 2.24 5.7 0.21 0.39 6.4 0.09 

9c 4.50 5.3 0.07 0.26 6.6 0.03 

9d 4.18 5.4 0.06 1.34 5.9 0.09 
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9e 0.49 6.3 0.14 0.27 6.6 0.12 

9f 11.60 4.9 0.13 1.37 5.9 0.22 

9g 1.69 5.8 0.18 0.28 6.6 0.12 

9h 1.37 5.9 0.12 0.49 6.3 0.08 

9i 3.77 5.4 0.24 0.34 6.4 0.12 

9j 1.83 5.7 0.07 0.29 6.5 0.06 

9k 1.28 5.9 0.07 0.30 6.5 0.01 

9l 1.15 5.9 0.06 0.29 6.5 0.16 

9m 1.91 5.7 0.03 0.52 6.3 0.20 

9n 0.85 6.1 0.06 0.41 6.4 0.15 

 

 

WST-1 (cell viability %) of tested compounds 
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LDH release of compounds 4a, 4d, 4l, 8c, 8e, 9a, 9e, 9f, 9g, 9h and 9j 
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From a Multipotent Stilbene to Soluble Epoxide Hydrolase
Inhibitors with Antiproliferative Properties
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Dieter Steinhilber,[a] Helge B. Bode,[c] and Ewgenij Proschak*[a]

Inhibitors of soluble epoxide hydrolase (sEH) are in the focus
of pharmaceutical research for numerous indications including
cardiovascular disorders, diabetes and inflammatory process-
es.[1–5] sEH is an enzyme located in the branch of the arachi-
donic acid cascade that hydrolyses the epoxyeicosatrienoic
acids (EETs),[6] products resulting from CYP epoxygenases, into
dihydroxyeicosatrienoic acids (DHETs). Although several inhibi-
tors reached clinical trials, the role of EETs and sEH in cancer
growth and metastasis remains rather ambiguous.[7] Using ge-
netic and pharmacological alteration of EET levels, it has been
demonstrated that EETs are critical for primary tumor growth
and metastasis in mouse models of cancer.[8] EETs promote
metastasis by triggering secretion of the vascular endothelial
growth factor (VEGF) by the endothelium, which is critical for
EET cancer stimulating activity. The postulated mechanism[9] for
EETs to promote tumor growth is via epidermal growth factor
receptor/phosphatidylinositol 3 kinase/protein kinase B (EGFR/
PI3 K/Akt) and EGFR/mitogen-activated protein kinase (MAPK)
pathways[10] to promote cancer cell survival. However, sorafe-
nib,[11, 12] which was originally designed as a multikinase inhibi-
tor,[13] was found to inhibit sEH in the nanomolar concentration
range, which contributes to its profile in vivo.[14, 15] Looking at
these studies concisely, EETs act as a double-edged sword in
cancer development and treatment.

Polypharmacological compounds have gained special atten-
tion in the field of cancer treatment due to the complexity of
pathways involved in cancer pathogenesis.[16–18] Natural prod-
ucts are one of the major sources for novel antiproliferative
compounds, exhibiting various modes of cytostatic action.[19]

Often natural products exhibit polypharmacological activity,

targeting several pathways relevant[20] for cancer pathogene-
sis.[21, 22] The principle of addressing multiple targets by natural
products can be transferred to synthetic multitarget ligands.[23]

In this study, we intended to discover chemical compounds ex-
hibiting cytotoxic profiles and simultaneously targeting sEH.
We started with a small library of compounds isolated from en-
tomopathogenic bacteria, namely Photorhabdus and Xenorhab-
dus.[24] These bacteria live in symbiosis with soil-dwelling nem-
atodes and together are able to infect and kill different insect
larvae[25, 26] using protein toxins but also small molecules. Key
compounds required to evade the insect immune system are
phenoloxidase inhibitors, with rhabduscin as the most promi-
nent example.[27] Assuming that also other insect enzymes, like
juvenile hormone epoxide hydrolase (JHEH),[28] are targeted by
Photorhabdus and Xenorhabdus natural products, we analyzed
our in-house compound library against the JHEH-related target
sEH. We found that the pluripotent isopropylstilbene (IPS, 1)
from Photorhabdus[29] exhibited the desired properties by in-
hibiting sEH with an IC50 value of 10 mm (Table 1, Scheme 1).

Stilbenes like resveratrol[30, 31] or erbstatin[32] are known to pos-
sess chemopreventive or antiproliferative properties. Similarly,
IPS exhibited a wide range of antiproliferative properties on
different cancer cell lines, including HepG2 (hepatocarcinoma),
HeLa (cervical cancer), MCF-7 (breast adenocarcinoma), A498
(renal carcinoma) and U937 (histiocytic lymphoma; Table 2).

The synthesis of IPS is not straightforward;[33] therefore, we
followed the natural product inspired approach and intended
to identify compounds with similar properties and simple syn-
thetic accessibility. We screened a small collection of com-
pounds exhibiting the stilbene scaffold (chalcones and resvera-
trol analogues) which was available in-house (Supporting Infor-
mation, SF 3). We identified (E)-styryl-1H-benzo[d]imidazoles as
analogues of IPS that carry a benzimidazole moiety, which was
previously identified as a novel sEH pharmacophore in our
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Scheme 1. Natural product inspired design of stilbene-derived sEH inhibi-
tors.
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group.[34] The introduction of a benzimidazole does not abolish
the desired antiproliferative properties, since this class of com-
pounds showed a wide spectrum of pharmacological charac-
teristics,[35] including antiallergic,
analgesic, anti-inflammatory and
antibacterial activities. Com-
pound 2 inhibited sEH with an
IC50 value of 5.4 mm and was
used as a starting point for fur-
ther optimization.

For the synthesis of a com-
pound collection based on an
(E)-benzimidazole stilbene scaf-
fold, we used a previously pub-
lished[36] procedure (Scheme 2)
that involves the condensation
of substituted o-phenylenedia-
mine 5, 50, 53, 56, or 59 with
the appropriately substituted (E)-
cinnamic acid derivative 4, 8, 11,
14, 17, 20, 23, 26, 32, 35, 38, 41,
44, or 47 in the presence of 1-
ethyl-3-(3-dimethylaminopropyl)-

carbodiimide (EDC). 4-(Dimethy-
lamino)pyridine (DMAP) and imi-
dazole were used as catalysts.
The resulting amide intermedi-
ates 6, 9, 12, 15, 18, 21, 24, 27,
33, 36, 39, 42, 45, 48, 51, 54, 57,
and 60 were cyclized by heating
under microwave irradiation in
the presence of hydrochloric
acid to yield the target (E)-styryl-
1H-benzo[d]imidazoles 7, 10, 13,
16, 19, 22, 25, 28, 34, 37, 40, 43,
46, 49, 52, 55, 58, and 61 as the
corresponding hydrochloric acid
salt (Scheme 2). The (E)-geome-
try of the styryl double bonds
was confirmed by proton–
proton coupling constants (Sup-
porting Information, SF 1). In
order to introduce an aromatic
residue at the meta position of
the phenyl ring (Scheme 3), 3-
bromo-(E)-cinnamic acid (62) un-
derwent esterification (79 %
yield), followed by Suzuki cou-
pling of the key intermediate 63
with the desired aryl boronic
acid (26–49 % yield). After hy-
drolysis of 64, 65, and 66, the
condensation with o-phenylene-
diamine (5) led to amide inter-
mediates 70–72, that underwent
subsequent cyclization to yield
compounds 73–75 under micro-

wave radiation. Compounds 3, 29, 30 and 31 were purchased.
Inhibitory activity of styryl benzimidazole derivatives was inves-
tigated on human recombinant sEH expressed in E. coli[37]

Scheme 2. Synthesis of (E)-styryl-1H-benzo[d]imidazoles. Reagents and conditions : a) EDC (1.5 equiv), DMAP
(0.05 equiv), imidazole (0.05 equiv), RT, 4 h, 21–84 %; b) 6 m aq HCl, EtOH, 120 8C, 10 min, MW, 20–92 %. Com-
pounds 3, 29, 30, and 31 were purchased.

Table 2. Cell-viability EC50 values of selected compounds 16, 19, 74, 75 and IPS (1) for several cancer cell lines.

Compd EC50 [mm][a]

HepG2 HeLa MCF-7 A498 U937

IPS (1) 4.7�0.94 10.4�2.00 ia n.d. (73.1 % �14.65)[b] 2.7�0.27
16 n.d. (115.1 % �7.21)[b] n.d. (63.3 % �28.91)[b] n.t. n.d. (111.8 % �17.09)[b] 1.1�0.11
19 4.7�0.25 n.d. (18.0 % �5.20)[b] n.t. n.d. (96.1 % �19.23)[b] 2.1�0.11
74 21.8�5.31 18.4�5.49 15.7�2.43 n.d. (26.3 % �1.00)[b] 10.2�0.23
75 21.0�2.38 19.8�3.03 15.1�1.04 n.d. (50.7 % �10.42)[b] 9.2�0.51

[a] All EC50 values were determined by at least three independent experiments using WST-1 cell viability assay
and are expressed as EC50�SD. Abbreviations: n.d. = not determinable, n.t. = not tested, ia = inactive at 30 mm.
[b] Cell viability [%] at 30 mm.

Table 1. IC50 values of synthesized (E)-styryl-1H-benzo[d]imidazoles.[a]

Compd R1 R2 R3 IC50 [mm][b] Compd R1 R2 R3 IC50 [mm][b]

AUDA – – – 0.1�0.01 74 3-(pyridin-3-yl) H H 0.8�0.23
IPS (1) – – – 10.0�0.96 75 3-DHBD[c] H H 1.5�0.36
3 H H H 5.9�0.60 31 4-F H H 6.1�0.45
7 2-CF3 H H 0.6�0.13 34 4-CF3 H H 6.5�0.50
10 2-NO2 H H 2.0�0.39 37 4-OCH3 H H 7.5�1.52
13 2-OCH3 H H 18.3�1.35 40 4-NO2 H H 9.8�3.94
16 2-Cl H H 1.7�0.12 43 2-OCH3 5-OCH3 H 17.3�3.11
19 2-F H H 2.6�0.21 46 3-OCH3 4-OCH3 H 4.3�0.57
22 2-Br H H 32.1�10.10 2 3-OCH3 5-OCH3 H 5.4�0.74
25 3-Cl H H 1.4�0.11 49 4-Cl 2-Cl H 9.7�0.32
28 3-Br H H 4.3�0.49 52 2-CF3 H 3-F 1.9�0.16
29 3-NO2 H H 4.6�0.03 55 2-CF3 H 3-CH3 1.6�0.37
30 3-OCH3 H H 5.8�1.73 58 2-CF3 H 3-Cl 2.7�0.76
73 3-(furan-2-yl) H H 1.2�0.16 61 2-CF3 H 3-OCH3 4.9�1.10

[a] Structures are given in Schemes 2–3 and full chemical names can be found in the Supporting Information.
[b] Data are the mean�SD of sEH inhibition of three different experiments. IC50 values were determined with
recombinant sEH using PHOME as substrate. [c] DHBD: 3-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl).
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using a synthetic epoxide as a substrate (3-phenyl-cyano(6-me-
thoxy-2-naphthalenyl)methyl ester-2-oxiraneacetic acid,
PHOME).[38] As shown in Table 1, we examined the different
substitutions at the phenyl ring of the styryl moiety (western
part) and the substitutions at the benzimidazole scaffold (east-
ern part). Regarding the western part of the molecule, several
compounds were synthesized bearing ortho, meta and para
substitutions. Ortho-substituted compounds (7, 10, 13, 16, 19)
yielded highest inhibitory activity, with the exception of
bromo-substituted 22. Electron-donating groups like methoxy
(compound 13) were less tolerated (IC50 = 18.3 mm), and the
best inhibition was obtained with trifluoromethyl-substituted
compound 7 (IC50 = 0.6 mm). Unsubstituted compound 3 result-
ed in a 10-fold loss of potency compared with the best com-
pound 7. With the exception of bromo-substituted 22
(IC50 = 32.1 mm), halogen groups in the ortho position exhibited
moderate inhibition with IC50 values in the range of 1.7 to
2.6 mm .

Lower inhibitory activity was observed for 29 and 30, indi-
cating that meta substitution is less favored than ortho substi-
tution. However, we confirmed the tendency concerning the
electron-donating properties of the substituent, as compound
30 decreases the inhibitory activity (IC50 = 5.8 mm). The intro-
duction of heterocyclic moieties, such as furane (73), pyridine
(74) or 2,3-dihydrobenzo[b][1,4]dioxine (75), increased the in-
hibitory potency (73 : IC50 = 1.2 mm, 74 : IC50 = 0.8 mm, 75 : IC50 =

1.5 mm, Table 1). In contrast to the positive substituent effect
observed for ortho-substituted compounds, para-substitution
pattern resulted in a weaker inhibitory activity regardless of
the electron-donating nature of the substituent.

Additionally, double substitution at the phenyl moiety was
explored and led to a decrease in the inhibitory activity. 2,5-
Methoxy-substituted compound 43 (IC50 = 17.3 mm) exhibited
the lowest inhibitory activity, which could be restored by a 3,4-
dimethoxy (46, IC50 = 4.3 mm) or 3,5-dimethoxy substitution
pattern (2, IC50 = 5.2 mm). The potency was not completely re-
stored by exchanging the methoxy groups to a 3,4-dichloro
pattern (49, IC50 = 9.7 mm).

After exploring the phenyl
moiety, we could conclude that
the best substitution pattern
was ortho-trifluoromethyl (com-
pound 7, IC50 = 0.6 mm). There-
fore, derivatives of compounds
bearing altered eastern substitu-
tion were synthetized. Electron-
donating groups as in methoxy-
substituted 61 (IC50 = 4.9 mm) ex-
hibited inhibitory activity ; how-
ever, 52 (IC50 = 1.9 mm), 55 (IC50 =

1.6 mm) and 58 (IC50 = 2.7 mm)
bearing electron-withdrawing
groups partially restored the ac-
tivity.

The structure–activity relation-
ship (SAR) of the investigated
styryl benzimidazoles on sEH are

rather flat, which correlates with the possible binding mode
proposed by the molecular docking experiment of the most
potent compound 7 (Figure 1, see the Supporting Information

for details). Both nitrogen atoms of the benzimidazole core
seem to interact with the catalytic center of sEH (Tyr381,
Asp333, Tyr465). The largest part of the benzimidazole scaffold
is enclosed in the Trp334 niche (15 �) capable for aryl interac-
tions. The phenyl moiety showed p-stacking with Met419[39]

and His524, and the benzimidazole core showed p-stacking
with Trp334. The additional space around both aromatic cores
correlates with the high tolerability of different substituents, as
demonstrated by the SAR.

We evaluated the effect of compounds IPS (1; IC50 =

10.0 mm), 16 (IC50 = 1.7 mm), 19 (IC50 = 2.6 mm), 74 (IC50 =

1.2 mm) and 75 (IC50 = 0.8 mm) on cell viability of several cancer
lines (Table 2). IPS inhibited the proliferation activity of all cell
lines except MCF-7. In the water-soluble tetrazolium salt (WST-
1) assay, EC50 values were in the range of 2.7 to 10.4 mm. Ortho-
substituted compounds 16 and 19 affected the proliferation

Scheme 3. Synthesis of (E)-styryl-1H-benzo[d]imidazoles 73, 74 and 75 through introduction of aromatic residues
at position 3. Reagents and conditions : a) MeOH, H2SO4 (0.1 equiv), reflux, 16 h, 70 %; b) R1�B(OH)2 (2.0 equiv),
Pd(PPh3)4 (0.1 equiv), 1 m aq Na2CO3, toluene/EtOH (4:1), 85 8C, 16 h, 26–49 %; c) KOH (2.85 equiv), MeOH, 25 8C,
3.5 h, 64–95 %; d) EDC (1.5 equiv), DMAP (0.05 equiv), o-phenylenediamine (1.0 equiv), imidazole (0.05 equiv), RT,
4 h, 8–32 %; e) 6 m aq HCl, EtOH, 120 8C, 10 min, MW, 34–63 %.

Figure 1. Docking pose of (E)-styryl-1H-benzo[d]imidazole 7 in the binding
pocket of the catalytic domain of sEH (PDB: 3KOO).
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activity of HeLa and U937 (suspension cells). Ortho-fluoro-sub-
stituted compound 19 inhibited cell proliferation of HepG2
(EC50 = 4.7 mm) and U937 (EC50 = 2.1 mm) and slightly of HeLa
cells (30 mm, 18 %).

Compounds 74 and 75 affected the cell growth of the differ-
ent cancer cell lines to a lesser extent. Compound 74 inhibited
the growth of HepG2 (EC50 = 21.8 mm), HeLa (EC50 = 18.4 mm),
MCF-7 (EC50 = 15.7 mm), U937 (EC50 = 10.2 mm), and to some
extent A498 cell lines (resulting in only 26 % cell viability at
30 mm). Similarly, compound 75 displayed inhibitory activity on
all cancer cell lines. EC50 values ranged from 9.2 to 21.5 mm

(Table 2). Interestingly all compounds inhibited the cell prolifer-
ation of suspension cells U937.

In order to distinguish between an apoptotic or necrotic
mechanism, we stained HepG2 cells after treatment with com-
pounds 19, 74 and 75 during 24–48 h with annexin V/propidi-
um iodide (PI ; Figure 2). Cells treated with 19 clearly showed
apoptosis in a concentration-dependent manner compared to
vehicle (dimethyl sulfoxide) after staining. With compound 74
cells showed progressing apoptosis, whereas cells treated with
75 showed a more late apoptotic/necrotic phenotype over the
same time course. IPS (1)-treated cells were clearly early apop-
totic.

In conclusion, inspired by the initial hit compound, IPS,
a series of (E)-styryl-1H-benzo[d]imidazole derivatives were syn-
thesized and evaluated with recombinant sEH, which led to
potent sEH inhibitors exhibiting antiproliferative activities. Al-
though the benzimidazole stilbenes presented in this work do
not reach the picomolar potencies of urea-based sEH inhibi-
tors,[3] they represent an unprecedented scaffold for further de-
velopment. Following the approach of natural product inspired
design recently proposed by Waldmann et al. ,[40] we were able
to transfer and even enhance the desired biological activity
from a bacterial secondary metabolite to a synthetic com-
pound series. The resulting compounds are accessible via
a facile synthetic route and offer the possibility to investigate
structure–activity relationships. The natural product inspired
drug design extends the valuable role of natural products as

drugs and drug precursors to
templates for fully synthetic bio-
active molecules.
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SUPPORTING INFORMATION 

 

  Chemistry 

General details 

 

The structures of the synthesized compounds were confirmed by 1H, 13C NMR and 

mass spectrometry (ESI). The identity of the synthesized compounds was determined by 

high resolution mass spectrometry (HRMS), the purity by HPLC and was found > 95%. 

Starting materials and solvents were purchased from Sigma-Aldrich Chemie GmbH 

(Steinheim, Germany), Apollo Scientific (Stockport, UK) or Alfa Aesar (Ward Hill, USA) and 

were reagent grade and were used without further purification. For the microwave synthesis 

a Biotage Initiator 2.0 (300 W) was used and the products were purified using a Varian 971-

FP Flash Purification System on silica gel with 50 µm particle size. Thin layer 

chromatography was performed on Merck aluminium backed plates, precoated with silica 

(0.2 mm, 60F254), which were developed using UV fluorescence (254 nm). 1H and 13CNMR 

spectra were measured in DMSO-d6 or MeOH-d4 on a Bruker AV 250 (250 MHz for 1H-NMR 

and 63 MHz for 13C-NMR), Bruker AMX 400 (400 MHz) (75 MHz for 13C-NMR) and Bruker 

AV300 (282 MHz for 19F-NMR). Chemical shifts (δ) are reported in parts per million (ppm) 

using tetramethylsilane (TMS) as internal standard. All coupling constants (J) are given in 

Hertz and the splitting patterns are designed as follows: s (singlet), d (doublet), dd (doublet of 

doublets), t (triplet), dt (doublet of triplets), q (quartet), and m (multiplet) Mass spectra were 

obtained on an Electrospray-Ionization Fisons (VG Platform II) spectrometer measuring in 

the positive- or negative-ion mode (ESI-MS system). High resolution mass spectra were 

measured by a MALDI LTQ Orbitrap XL spectrometer from Thermo Scientific. The purity of 

final compounds was determined using LC2020 (Shimadzu, Duisburg, Germany) on a 

Kinetex 2.6 m C18 100 Å, 100 x 2.1 mm (Phenomenex, Aschaffenburg, Germany). The 

method included a water/methanol gradient run of 5-95% and detection at 254 nm and 280 

nm 

. 

Synthetic experimental procedures and characterization 

General procedure to synthesize amide intermediates (6, 9, 12, 15, 18, 21, 24, 27, 33, 

36, 39, 42, 45, 48, 51, 54, 57, 60): To a solution of o-phenylenediamine (5) (2.31 mmol, 1 eq) 

and EDC (3.47 mmol, 1.5 eq) in DMF (10 mL) (E)-3-trifluoromethylcinnamic acid (6) (2.31 

mmol, 1 eq) was added. 4-(dimethylamino)pyridine (0.05 mmol, 0.05 eq) and imidazole (0.05 

mmol, 0.05 eq) were added as catalysts and the reaction was stirred at room temperature for 

4 h. Water (30 mL) was added to the reaction mixture and the resulting precipitate was 

collected by filtration. 
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(E)-N-(2-aminophenyl)-3-(2-trifluoromethylphenyl)acrylamide (6): yellow powder (480 mg, 

67%), Rf=0.75 (DCM/MeOH 9:1), 1H NMR (DMSO-d6) δ = 9.52 (s, 1H, NH), 7.77-7.93 (m, 

4H, a/c/d), 7.64 (t, 1H, b, 3JHH = 7.7 Hz), 7.37 (dd, 1H, g,  3JHH = 7.6 Hz, 4JHH = 1.3 Hz), 6.92-

7.02 (m, 2H, f/i), 6.77 (dd, 1H, j, 3JHH = 7.6 Hz, 4JHH = 1.3 Hz), 6.60 (dt, 1H, h, 3JHH = 7.6 Hz, 

4JHH = 1.3 Hz), 4.98 (s, 2H, NH2). 
19F NMR (DMSO-d6) δ = -57.71. MS (ESI, 70 eV) m/z (%): 

307.2 (100) [M+H]+. 

N
H

O

NH2

a

b

c
d

f

g
h

i

j

NO2

e

 

(E)-N-(2-aminophenyl)-3-(2-nitrophenyl)acrylamide (9): yellow solid (430 mg, 65%), Rf=0.38 

(Hexan/ EtOAc 1:2), 1H NMR (DMSO-d6) δ = 9.54 (s, 1H, NH), 8.09 (d, 1H, a, 3JHH = 8.1 Hz), 

7.80 (m, 3H, c/d/e), 7.69 (m, 1H, b), 7.36 (dd, 1H, g, 3JHH = 7.5 Hz, 4JHH = 1.4 Hz), 6.88-6.98 

(m, 2H, f/i), 6.79 (dd, 1H, j, 3JHH = 7.5 Hz, 4JHH = 1.4 Hz), 6.60 (dt, 1H, h, 3JHH = 7.5 Hz, 4JHH = 

1.4 Hz), 4.98 (s, 2H, NH2). MS (ESI, 70 eV) m/z (%): 284.7 (100) [M+H]+. 

 

(E)-N-(2-aminophenyl)-3-(2-methoxyphenyl)acrylamide (12): yellow powder (250 mg, 40%), 

Rf=0.58 (DCM/MeOH 9:1), 1H NMR (DMSO-d6) δ = 9.39 (s, 1H, NH), 7.79 (d, 1H, e, 3JHH = 

15.7 Hz), 7.59 (d, 1H, d, 3JHH = 7.2 Hz), 7.33-7.44 (m, 2H, b/g), 6.90-7.13 (m, 4H, a/c/f/i), 

6.76 (dd, 1H, j, 3JHH = 1.4 Hz), 6.61 (dt, 1H, h, 3JHH = 7.2 Hz, 4J = 1.4 Hz). MS (ESI, 70 eV) 

m/z (%):269.2 (100) [M+H]+. 

N
H

O

NH2

a

b

c
d

f

g
h

i

j

Cl

e

 

(E)-N-(2-aminophenyl)-3-(2-chlorophenyl)acrylamide (15): yellow powder (320 mg, 51%), 

Rf=0.50 (Hexan/ EtOAc 1:2),   1H NMR (DMSO-d6) δ = 9.50 (s, 1H, NH) , 7.85 (d, 1H, e, 3JHH 
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= 15.6 Hz), 7.77-7.80 (m, 1H, a), 7.56-7.59 (m, 1H, d), 7.44-7.47 (m, 2H, b/c), 7.36 (dd, 1H, 

g, 3JHH = 7.7 Hz, 4JHH = 1.1 Hz), 6.91-7.00 (m, 2H, f/i), 6.77 (dd, 1H, j, 3JHH = 7.7 Hz, 4JHH = 

1.1 Hz), 6.60 (dt, 1H, h, 3JHH = 7.7 Hz, 4JHH = 1.1 Hz), 4.98 (s, 2H, NH2). MS (ESI, 70 eV) m/z 

(%): 273.0 (100) [M+H]+. 

 

(E)-N-(2-aminophenyl)-3-(2-fluorophenyl)acrylamide (18): yellow powder (180 mg, 30%), 

Rf=0.69 (DCM/MeOH 9:1), 1H NMR (DMSO-d6) δ = 9.50 (s, 1H, NH), 7.72 (dt, 1H, b, 3JHH = 

7.9 Hz, 4JHH = 1.5 Hz), 7.62 (d, 1H, e, 3JHH = 15.9 Hz), 7.44-7.52 (m, 1H, d), 7.28-7.37 (m, 

3H, a/c/g,), 7.02 (d, 1H, f, 3JHH = 15.9 Hz), 6.94 (dt, 1H, i, 3JHH = 7.6 Hz, 4JHH = 1.4 Hz), 6.77 

(dd, 1H, j, 3JHH = 7.6 Hz, 4JHH = 1.4 Hz), 6.59 (dt, 1H, h, 3JHH = 7.6 Hz, 4JHH = 1.4 Hz), 4.97 (s, 

2H, NH2). 
19F NMR (DMSO-d6) δ = -115.70, MS (ESI, 70 eV) m/z (%): 257.8 (100) [M+H]+.  

N
H

O

NH2

a

b

c
d e

f

g
h

i

j

Br
 

(E)-N-(2-aminophenyl)-3-(2-bromophenyl)acrylamide (21): yellow solid ( 2.54 g, 85%), 

Rf=0.68 (DCM/MeOH 9:1), 1H NMR (DMSO-d6) δ = 9.50 (s, 1H, NH), 7.85-7.73 (m, 3H, 

a/d/e), 7.50 (t, 1H, c, 3JHH = 7.5 Hz), 7.40-7.33 (m, 2H, b/g), 6.97-6.91 (m, 2H, f/i), 6.77 (dd, 

1H, j, 3JHH = 7.9 Hz, 4JHH = 1.4 Hz), 6.60 (dt, 1H, h, 3JHH = 7.8 Hz, 4JHH = 1.4 Hz), 4.98 (s, 2H, 

NH2). MS (ESI, 70 eV) m/z (%): 318.4 (100) [M+H]+. 

N
H

O

NH2ab

c

d

f

g
h

i

j

Cl

e

 

(E)-N-(2-aminophenyl)-3-(3-chlorophenyl)acrylamide (24): white powder (340 mg, 54 %), 

Rf=0.64 (Hexan/ EtOAc 1:2), 1H NMR (DMSO-d6) δ = 9.39 (s, 1H, NH), 7.71 (s, 1H, a), 7.60-

7.63 (m, 1H, d), 7.55 (d, 1H, e, 3JHH = 15.6 Hz), 7.48-7.50 (m, 2H, b/c), 7.37 (d, 1H, g, 3JHH = 

7.4 Hz), 6.91-7.00 (m, 2H, f/i), 6.77 (dd, 1H, j, 3JHH = 8.0 Hz, 4JHH = 1.1 Hz), 6.59 (dt, 1H, h, 

3JHH = 8.0 Hz, 4JHH = 1.1 Hz), 4.97 (s, 2H, NH2). MS (ESI, 70 eV) m/z (%): 273.2 (100) 

[M+H]+. 
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(E)-N-(2-aminophenyl)-3-(3-bromophenyl)acrylamide (27): white solid (2.52 g, 84%), Rf=0.67 

(DCM/MeOH 9:1), 1H NMR (DMSO-d6) δ = 9.40 (s, 1H, NH), 7.85 (s, 1H, a), 7.66-7.57 (m, 

2H, b/d), 7.54 (d, 1H, e, 3JHH = 15.7 Hz), 7.45-7.36 (m, 2H, c/g), 7.01-6.91 (m, 2H, f/i), 6.77 

(dd, 1H, j, 3JHH = 7.9 Hz, 4JHH = 1.4 Hz), 6.60 (dt, 1H, h, 3JHH = 7.8 Hz, 4JHH = 1.4 Hz), 4.98 (s, 

2H, NH2). MS (ESI, 70 eV) m/z (%): 318.1 (100) [M+H]+. 

 

 

(E)-N-(2-aminophenyl)-3-(3-(4-trifluoromethyl)phenyl)acrylamide (33): yellow powder (470 

mg, 66%), Rf=0.58 (Hexan/EtOAc 1:2), 1H NMR (DMSO-d6) δ = 9.48 (s, 1H, NH), 7.80-7.88 

(m, 4H, a/b/c/d), 7.65 (d, 1H, e, 3JHH = 15.85 Hz), 7.36 (dd, 1H, g, 3JHH = 7.5 Hz, 4JHH = 1.4 

Hz), 7.05 (d, 1H, f, 3JHH = 15.85 Hz), 6.95 (dt, 1H, i, 3JHH = 7.5 Hz, 4J = 1.4 Hz), 6.77 (dd, 1H, 

j, 3JHH = 7.5 Hz, 4J = 1.4 Hz), 6.60 (dt, 1H, h, 3JHH = 7.5 Hz, 4J = 1.4 Hz), 4.98 (s, 2H, NH2).
19F 

NMR (DMSO-d6) δ = -61.16. MS (ESI, 70 eV) m/z (%):307.2 (100) [M-H]-. 

 

 

 

(E)-N-(2-aminophenyl)-3-(4-methoxyphenyl)acrylamide (36): white powder (400 mg, 65%), 

Rf=0.44 (Hexan/ EtOAc 1:2), 1H NMR (DMSO-d6) δ = 9.32 (s, 1H, NH), 7.58 (d, 2H, b/c, 3JHH 

= 8.8 Hz), 7.52 (d, 1H, e, 3JHH = 15.6 Hz), 7.35 (d, 1H, g, 3JHH = 7.2 Hz), 7.01 (d, 2H, a/d, 3JHH 

= 8.8 Hz), 6.92 (dt, 1H, i, 3JHH = 7.2 Hz, 4JHH = 1.4 Hz), 6.74-6.80 (m, 2H, f/j), 6.60 (dt, 1H, h, 

3JHH = 7.2 Hz, 4J = 1.4 Hz), 4.95 (s, 2H, NH2), 3.82 (s, 3H, O-CH3). MS (ESI, 70 eV) m/z (%): 

269.3 (100) [M+H]+. 
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(E)-N-(2-aminophenyl)-3-(4-nitrophenyl)acrylamide (39): yellow solid (420 mg, 64%), Rf=0.72 

(DCM/MeOH 9:1), 1H NMR (DMSO-d6) δ = 9.32 (s, 1H, NH), 8.31 (d, 2H, b/c, 3JHH = 8.7 Hz), 

7.90 (d, 2H, a/d, 3JHH = 8.7 Hz), 7.68 (d, 1H, e, 3JHH = 15.9 Hz), 7.37 (dd, 1H, g, 3JHH = 7.4 

Hz, 4JHH = 1.3 Hz), 7.10 (d, 1H, f, 3JHH = 15.9 Hz), 6.95 (dt, 1H, i, 3JHH = 7.4 Hz, 4JHH = 1.3 

Hz), 6.78 (dd, 1H, j, 3JHH = 7.4 Hz,), 6.60 (dt, 1H, h, 3JHH = 7.4 Hz, 4JHH = 1.3 Hz), 4.99 (s, 2H, 

NH2). MS (ESI, 70 eV) m/z (%): 284.3 (100) [M+H]+. 

 

(E)-N-(2-aminophenyl)-3-(2,5-dimethoxyphenyl)acrylamide (42): grey powder (140 mg, 21%), 

Rf=0.66 (DCM/MeOH 9:1), 1H NMR (DMSO-d6) δ = 9.42 (s, 1H, NH), 7.76 (d, 1H, d, 3JHH = 

16.0 Hz), 7.36 (dd, 1H, f, 3JHH = 7.6 Hz, 4JHH = 1.3 Hz), 7.15 (d, 1H, b, 3JHH = 2.8 Hz), 6.89-

7.01 (m, 4H, a/c/e/h), 6.76 (dd, 1H, i,  3JHH = 7.6 Hz, 4JHH = 1.3 Hz), 6.59 (dt, 1H, g, 3JHH = 7.6 

Hz, 4JHH = 1.3 Hz), 4.97 (s, 2H, NH2), 3.84 (s, 3H, B), 3.77 (s, 3H, A). MS (ESI, 70 eV) m/z 

(%): 299.3 (100) [M+H]+.  

 

 

(E)-N-(2-aminophenyl)-3-(3,4-dimethoxyphenyl)acrylamide (45): red powder (230 mg, 33%), 

Rf=0.54 (DCM/MeOH 9:1), 1H NMR (DMSO-d6) δ = 9.33 (s, 1H, NH), 7.49 (d, 1H, d, 3JHH = 

15.6 Hz), 7.34 (dd, 1H, f, 3JHH = 7.5 Hz, 4JHH = 1.4 Hz), 7.15-7.20 (m, 2H, a/c), 7.00 (d, 1H, b, 

3JHH = 8.4 Hz), 6.91 (dt, 1H, h, 3JHH = 7.5 Hz, 4JHH = 1.4 Hz), 6.74-6.80 (m, 2H, e/i), 6.60 (dt, 

1H, g, 3JHH = 7.5 Hz, 4JHH = 1.4 Hz), 4.97 (s, 2H, NH2), 3.80 (s, 3H, B), 3.79 (s, 3H, A). MS 

(ESI, 70 eV) m/z (%): 307.2 (100) [M+H]+. 
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(E)-N-(2-amino-4-methylphenyl)-3-(2-(trifluoromethyl)phenyl)acrylamide (48): yellow solid 

(360 mg, 55%),  Rf=0.66 (DCM/MeOH 9:1), 1H NMR (DMSO-d6) δ = 9.47 (s, 1H, NH), 7.92-

7.77 (m, 4H, a/c/d/e), 7.63 (t, 1H, b, 3JHH = 7.6 Hz), 7.23 (d, 1H, g, 3JHH = 7.8 Hz), 6.98 (d, 

1H, f, 3JHH = 15.4 Hz), 6.59 (s, 1H, i), 6.41 (dd, 1H, h, 3JHH = 8.2 Hz), 4.91 (s, 2H, NH2), 2.19 

(s, 3H, CH3). 
19F NMR (DMSO-d6) δ = -57.71. MS (ESI, 70 eV) m/z (%): 321.2 (100) [M+H]+. 

N
H

O

NH2
Cl

a

b

c d

c

f

g

h

i

Cl
 

 
(E)-N-(2-aminophenyl)-3-(2,4-dichlorophenyl)acrylamide (51): yellow powder (400 mg, 56%), 

Rf=0.54 (DCM/MeOH 9:1), 1H NMR (DMSO-d6) δ = 9.32 (s, 1H, NH), 7.84 (s, 1H, a), 7.65 (d, 

1H, c, 3JHH = 8.1 Hz), 7.55 (d, 1H, b, 3JHH = 8.1 Hz), 7.47 (d, 1H, d, 3JHH = 15.7 Hz), 7.28 (d, 

1H, f, 3JHH = 7.6 Hz), 6.82-6.93 (m, 2H, e/h), 6.68 (d, 1H, i, 3JHH = 7.6 Hz), 6.51 (t, 1H, g, 3JHH 

= 7.6 Hz), 4.89 (s, 2H, NH2). MS (ESI, 70 eV) m/z (%): 306.9 (100) [M+H]+.  

 

 

(E)-N-(2-amino-4-fluorophenyl)-3-(2-(trifluoromethyl)phenyl)acrylamide (54): white solid (510 

mg, 80%), Rf=0.59 (DCM/MeOH 9:1), 1H NMR (DMSO-d6) δ = 9.39 (s, 1H, NH), 7.84-7.69 

(m, 4H, a/c/d/e), 7.56 (t, 1H, b, 3JHH = 7.5 Hz), 7.26-7.20 (dd, 1H, g, 3JHH = 8.3 Hz, 4JHH = 3 

Hz), 6.88 (d, 1H, f, 3JHH = 15.7 Hz), 6.47 (dd, 1H, i, 3JHH = 8.3 Hz, 4JHH = 3.0 Hz), 6.29 (dt, 1H, 

h, 3JHH = 8.3 Hz, 4JHH = 3.0 Hz), 5.23 (s, 2H, NH2). 
19F NMR (DMSO-d6) δ = -57.71, -116.78. 

MS (ESI, 70 eV) m/z (%): 325.3 (100) [M+H]+. 

 

 

 

 

 



S7 
 

 

(E)-N-(2-amino-4-chlorophenyl)-3-(2-(trifluoromethyl)phenyl)acrylamide (57): white solid (330 

mg, 55%), Rf=0.71 (DCM/MeOH 9:1), 1H NMR (DMSO-d6) δ = 9.43 (s, 1H, NH), 7.84-7.69 

(m, 4H, a/c/d/e), 7.56 (t, 1H, b, 3JHH = 7.5 Hz), 7.32 (d, 1H, g, 3JHH = 8.5 Hz), 6.89 (d, 1H, f, 

3JHH = 15.6 Hz), 6.73 (d, 1H, i, 4JHH = 2.5 Hz), 6.52 (dd, 1H, h, 3JHH = 8.5 Hz, 4JHH = 2.5 Hz), 

5.24 (s, 2H, NH2). 
19F NMR (DMSO-d6) δ = -57.71. MS (ESI, 70 eV) m/z (%): 341.0 (100) 

[M+H]+. 

 

(E)-N-(2-amino-4-methoxyphenyl)-3-(2-(trifluoromethyl)phenyl)acrylamide (60): white solid 

(330 mg, 55%), Rf=0.55 (DCM/MeOH 9:1), 1H NMR (DMSO-d6) δ = 9.41 (s, 1H, NH), 7.91-

7.77 (m, 4H, a/c/d/e), 7.63 (t, 1H, b, 3JHH = 7.6 Hz), 7.19 (d, 1H, g, 3JHH = 8.5 Hz), 6.95 (d, 

1H, f, 3JHH = 15.5 Hz), 6.35 (d, 1H, i, 4JHH = 2.9 Hz), 6.19 (dd, 1H, h, 3JHH = 8.5 Hz, 4JHH = 2.9 

Hz), 5.01 (s, 2H, NH2), 3.69 (s, 3H, OCH3). 
19F NMR (DMSO-d6) δ = -57.71. MS (ESI, 70 eV) 

m/z (%): 337.0 (100) [M+H]+. 

 

General procedure to synthesize (E)-styryl 1H-benzo[d]imidazoles (7, 13, 16, 19, 22, 25, 28, 

34, 37, 40, 43, 46, 49, 52, 55, 58, 61): 

(E)-N-(2-aminophenyl)-3-(2-trifluoromethylphenyl)acrylamide (6) was suspended in 2 mL of 

6 M aqueous hydrochloric acid and 2 ml EtOH. The reaction mixture was heated under 

microwave irradiation (300 W) during 10 min at 120°C. The reaction was cooled at 4°C and 

the precipitate formed filtered off and washed with 10 ml water. The crude was purified by 

recrystallization from EtOH/water 1:1. A yellow solid was obtained as hydrochloride salt. 
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SF 1. (E)- geometry of (E)-styryl-1H-benzo[d]imidazoles (as example compound 28) 

 

 

(E)-2-(2-(trifluoromethyl)styryl)-1H-benzo[d]imidazole (7): yellow solid (78 mg, 83%), Rf=0.70 

(DCM/MeOH 9:1), 1H NMR (DMSO-d6) δ = 8.09 (dd, 1H, e, 3JHH = 16.4 Hz, 4JHH = 2.1 Hz), 

8.02 (d, 1H, a, 3JHH = 7.7 Hz), 7.82-7.73 (m, 2H, c/d), 7.72-7.68 (m, 2H, g/j), 7.61 (t, 1H, b, 

3JHH = 7.7 Hz), 7.42-7.38 (m, 2H, h/i), 7.29 (d, 1H, f, 3JHH = 16.4 Hz). 13C NMR (DMSO-d6) δ = 

147.45, 135.25, 133.26, 133.08, 130.33, 128.27, 127.22, 126.74, 126.27, 125.47, 121.88, 

116.60, 114.27. 19F NMR (DMSO-d6) δ = -57.44. HRMS-FAB m/z calcd for C16H11F3N2: 

289.0947, found: 289.0952. tR = 5.74 min. 
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(E)-2-(2-nitrostyryl)-1H-benzo[d]imidazole (10): yellow solid (81 mg, 87%), Rf=0.54 

(DCM/MeOH 9:1), 1H NMR (DMSO-d6) δ = 8.21 (d, 1H, e, 3JHH = 16.6 Hz), 8.07 (d, 1H, a, 

3JHH = 7.5 Hz), 7.98 (d, 1H, d, 3JHH = 7.5 Hz), 7.83 (t, 1H, b, 3JHH = 7. 5 Hz), 7.75-7.72 (m, 2H, 

g/j), 7.68 (t, 1H, c, 3JHH = 7.5), 7.48-7.44 (m, 2H, h/i), 7.30 (d, 1H, f, 3JHH = 16.6 Hz). 13C NMR 

(DMSO-d6) δ = 148.27, 147.09, 136.10, 134.11, 132.11, 131.24, 129.15, 128.84, 125.87, 

124.80, 115.44, 114.12. HRMS-FAB m/z calcd for C15H11N3O2: 266.0924, found: 266.0925. tR 

= 5.70 min. 

 

(E)-2-(2-methoxystyryl)-1H-benzo[d]imidazole (13): yellow solid (19 mg, 20%), Rf=0.65 

(DCM/MeOH 9:1), 1H NMR (DMSO-d6) δ = 8.19 (d, 1H, e, 3JHH = 16.8 Hz), 7.66 (dd, 1H, d, 

3JHH = 7.5 Hz, 4JHH = 1.3 Hz), 7.48-7.41 (m, 3H, b/h/i), 7.33 (d, 1H, f, 3JHH = 16.8 Hz), 7.13 (d, 

1H, a, 3JHH = 8.3 Hz), 7.04 (t, 1H, c, 3JHH = 7.5 Hz), 3.89 (s, 3H, OCH3). 
13C NMR (DMSO-d6) 

δ = 158.20, 149.03, 137.37, 132.23, 129.17, 125.42, 122.78, 121.12, 113.89, 112.37, 111.25, 

55.84. HRMS-FAB m/z calcd for C16H14N2O: 251.1179, found: 251.1186. tR = 5.77 min. 

 

 

(E)-2-(2-chlorostyryl)-1H-benzo[d]imidazole (16): yellow solid (40 mg, 43%), Rf=0.67 

(DCM/MeOH 9:1), 1H NMR (DMSO-d6) δ = 8.12 (d, 1H, e, 3JHH = 16.5 Hz), 7.96-7.92 (m, 1H, 

a), 7.68-7.65 (m, 2H, g/j), 7.56-7.52 (m, 1H, d), 7.44-7.40 (m, 2H, b/c), 7.38-7.34 (m, 2H, h/i), 

7.28 (d, 1H, f, 3JHH = 16.5 Hz). 13C NMR (DMSO-d6) δ =148.33, 137.29, 134.88, 133.94, 

133.46, 132.54, 131.60, 130.17, 127.94, 127.27, 124.90, 115.53, 114.26. HRMS-FAB m/z 

calcd for C15H11ClN2: 255.0684, found: 255.0693. tR = 5.85 min. 
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(E)-2-(2-fluorostyryl)-1H-benzo[d]imidazole (19): yellow solid (75 mg, 81%), Rf=0.80 

(DCM/MeOH 9:1), 1H NMR (DMSO-d6) δ = 8.14 (d, 1H, e, 3JHH = 16.7 Hz), 7.90 (dt, 1H, b, 

3JHH = 7.7 Hz, 4JHH = 1.7 Hz), 7.79-7.76 (m, 2H, g/h), 7.57 (dt, 1H, d, 3JHH = 7.7 Hz, 4JHH = 1.7 

Hz), 7.51-7.47 (m, 2H, h/i), 7.44-7.35 (m, 3H, a/c/f). 13C NMR (DMSO-d6) δ = 162.67, 158.64, 

147.89, 134.66, 132.89, 131.76, 129.14, 125.89, 125.40, 121.93, 116.56, 116.27, 113.94, 

112.88. 19F NMR (DMSO-d6) δ = -115.70. HRMS-FAB m/z calcd for C15H11FN2: 239.0979, 

found: 239.0970. tR = 5.84 min. 

 

(E)-2-(2-bromostyryl)-1H-benzo[d]imidazole (22): yellow solid (1.13 g, 57%), Rf=0.82 

(DCM/MeOH 9:1), 1H NMR (DMSO-d6) δ = 8.26 (d, 1H, e, 3JHH = 16.7 Hz), 7.96 (dd, 1H, a, 

3JHH = 7.9Hz, 4JHH = 1.4 Hz), 7.77-7.81 (m, 3H, c/g/j), 7.48-7.58 (m, 3H, d/h/i), 7.34-7.45 (m, 

2H, f/b). 13C NMR (DMSO-d6) δ = 147.95, 138.28, 134.30, 133.52, 133.28, 131.97, 128.57, 

128.08, 125.31, 124.34, 115.06, 114.19. HRMS-FAB m/z calcd for C15H11BrN2: 299.0178, 

found: 299.0185. tR = 5.80 min. 

 

(E)-2-(3-chlorostyryl)-1H-benzo[d]imidazole (25): white solid (77 mg, 82%), Rf=0.71 

(DCM/MeOH 9:1), 1H NMR (DMSO-d6) δ = 8.19 (d, 1H, e, 3JHH = 16.6 Hz), 7.75-7.74 (m, 2H, 

g/j), 7.72 (d, 1H, b, 3JHH = 3.3 Hz), 7.64-7.60 (m, 1H, c), 7.50-7.48 (m, 3H, a/h/i), 7.46 (d, 1H, 

d, 3JHH = 3.3 Hz), 7.38 (d, 1H, f, 3JHH = 16.6 Hz). 13C NMR (DMSO-d6) δ = 147.70, 140.77, 

136.26, 134.00, 131.75, 131.11, 130.39, 127.24, 126.82, 125.86, 113.83, 112.00. HRMS-

FAB m/z calcd for C15H10Cl2N2: 255.0684, found: 255.0691. tR = 5.91 min. 
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(E)-2-(3-bromostyryl)-1H-benzo[d]imidazole (29): white solid (560 mg, 85%), Rf=0.58 

(DCM/MeOH 9:1), 1H NMR (DMSO-d6) δ = 8.08 (d, 1H, e, 3JHH = 16.8 Hz), 7.96 (m, 1H, a), 

7.82-7.78 (m, 2H, g/j), 7.75 (d, 1H, d, 3JHH = 7.9 Hz), 7.68 (d, 1H, b, 3JHH = 7.9 Hz), 7.56-7.53 

(m, 2H, h/i), 7.49 (d, 1H, c, 3JHH = 7.6), 7.42 (d, 1H, f, 3JHH = 16.8 Hz). 13C NMR (DMSO-d6) δ 

= 147.66, 140.58, 136.41, 133.33, 131.70, 131.32, 130.24, 127.16, 125.97, 122.50, 113.85, 

111.84. HRMS-FAB m/z calcd for C15H11BrN2: 299.0178, found: 299.0185. tR = 5.81 min. 

 

(E)-2-(4-(trifluoromethyl)styryl)-1H-benzo[d]imidazole (34): white solid (15 mg, 16%), Rf=0.59 

(DCM/MeOH 9:1), 1H NMR (DMSO-d6) δ = 7.96 (d, 2H, b/c, 3JHH = 8.2 Hz), 7.86-7.76 (m, 3H, 

a/d/e), 7.65-7.61 (m, 2H, g/j), 7.44 (d, 1H, f, 3JHH = 16.8 Hz), 7.28-7.24 (m, 2H, h/i). 13C NMR 

(DMSO-d6) δ = 150.29, 149.37, 143.72, 132.45, 128.38, 127.59, 125.80, 125.74, 122.33, 

120.53. 19F NMR (DMSO-d6) δ = -60.96. HRMS-FAB m/z calcd for C16H11F3N2: 289.0947, 

found: 289.0949. tR = 5.78 min. 

 

 

(E)-2-(4-methoxystyryl)-1H-benzo[d]imidazole (37): yellow solid (44 mg, 47%), Rf=0.63 

(DCM/MeOH 9:1), 1H NMR (DMSO-d6) δ = 8.14 (d, 1H, e, 3JHH = 16.6 Hz), 7.72-7.69 (m, 2H, 

g/j), 7.64 (d, 2H, a/d, 3JHH = 7.8 Hz), 7.47-7.45 (m, 2H, h/i), 7.11 (d, 1H, f, 3JHH = 16.6 Hz), 

7.03 (d, 2H, b/c, 3JHH = 7.8 Hz), 3.78 (s, 3H, OCH3).
 13C NMR (DMSO-d6) δ = 161.68, 148.65, 

142.68, 131.47, 130.02, 126.66, 125.65, 114.88, 113.54, 107.08, 55.50. HRMS-FAB m/z 

calcd for C16H14N2O: 251.1179, found: 251.1185. tR = 5.78 min. 
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(E)-2-(4-nitrostyryl)-1H-benzo[d]imidazole (40): yellow solid (81 mg, 87%), Rf=0.64 

(DCM/MeOH 9:1), 1H NMR (DMSO-d6) δ = 8.38-8.29 (m, 3H, b/c/e), 8.01 (d, 2H, a/d, 3JHH = 

8.9 Hz), 7.85-7.81 (m, 2H, g/j), 7.60-7.53 (m, 3H, f/h/i). 13C NMR (DMSO-d6) δ = 148.09, 

147.46, 140.47, 139.15, 132.35, 129.00, 125.89, 124.39, 115.06, 114.09. HRMS-FAB m/z 

calcd for C15H11N3O2: 266.0924, found: 266.0925. 

 

 

(E)-2-(2,5-dimethoxystyryl)-1H-benzo[d]imidazole (43): yellow solid (34 mg, 36%), Rf=0.77 

(DCM/MeOH 9:1), 1H NMR (DMSO-d6) δ = 8.25 (d, 1H, d, 3JHH = 16.7 Hz), 7.73-7.70 (m, 2H, 

f/i), 7.48-7.37 (m, 3H, e/g/h), 7.16 (d, 1H, b, 3JHH = 2.4 Hz), 7.08-6.99 (m, 2H, a/c), 3.83 (s, 

3H, B), 3.73 (s, 3H, A). 13C NMR (DMSO-d6) δ = 153.31, 152.70, 148.59, 137.88, 131.59, 

125.78, 123.18, 117.98, 113.67, 113.47, 110.90, 56.31, 55.63. HRMS-FAB m/z calcd for 

C17H16N2O2: 281.1285, found: 281.1291. tR = 5.76 min. 

 

 

(E)-2-(3,4-dimethoxystyryl)-1H-benzo[d]imidazole (46): yellow solid (52 mg, 55%), Rf=0.82 

(DCM/MeOH 9:1), 1H NMR (DMSO-d6) δ = 8.08 (d, 1H, d, 3JHH = 16.6 Hz), 7.73-7.69 (m, 2H, 

f/i), 7.44-7.47 (m, 2H, g/h), 7.19-7.12 (m, 3H, a/c/e), 7.04 (d, 1H, b, 3JHH = 8.6 Hz), 3.81 (s, 

3H, B),  3.78 (s, 3H, A). 13C NMR (DMSO-d6) δ = 151.65, 149.24, 148.66, 142.96, 131.60, 

126.88, 125.61, 123.23, 113.58, 111.96, 109.90, 107.39, 55.73, 55.69. HRMS-FAB m/z calcd 

for C17H16N2O2: 281.1285, found: 281.1290. tR = 5.74 min. 
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(E)-2-(2,4-dichlorostyryl)-1H-benzo[d]imidazole (49): yellow solid (44 mg, 47%), Rf=0.63 

(DCM/MeOH 9:1), 1H NMR (DMSO-d6) δ = 8.04-7.98 (m, 2H, c/d), 7.74-7.70 (m, 3H, a/f/i), 

7.65 (dd, 2H, b, 3JHH = 8.3 Hz, 4JHH = 1.7 Hz), 7.47-7.43 (m, 2H, g/h),  7.38 (d, 1H, e, 3JHH = 

16.6 Hz). 13C NMR (DMSO-d6) δ =147.73, 134.91, 132.82, 132.43, 132.01, 131.31, 129.33, 

128.12, 125.61, 114.04, 113.32. HRMS-FAB m/z calcd for C15H10Cl2N2: 289.0294, found: 

289.0305. tR = 6.06 min. 

 

(E)-5-fluoro-2-(2-(trifluoromethyl)styryl)-1H-benzo[d]imidazole (52): white solid (87 mg, 92%), 

Rf=0.54 (DCM/MeOH 9:1), 1H NMR (DMSO-d6) δ = 8.16 (dd, 1H, e, 3JHH = 16.2 Hz, 4JHH = 2.0 

Hz), 8.01 (d, 1H, a, 3JHH = 7.9 Hz), 7.82-7.72 (m, 3H, c/d/g), 7.63 (d, 1H, b, 3JHH = 7.9 Hz), 

7.58 (dd, 1H, i, 3JHH = 8.9 Hz, 4JHH = 2.3 Hz), 7.35-7.27 (m, 2H, f/h). 13C NMR (DMSO-d6) δ = 

161.56, 158.56, 148.75, 135.33, 133.31, 132.97, 130.42, 128.23, 126.83, 126.21, 125.86, 

122.18, 116.39, 115.60, 113.76, 100.51. 19F NMR (DMSO-d6) δ = -57.44, -115.16. HRMS-

FAB m/z calcd for C16H10F4N2: 307.0853, found: 307.0859. tR = 5.89 min. 

 

 

(E)-5-methyl-2-(2-(trifluoromethyl)styryl)-1H-benzo[d]imidazole (55): white solid (29 mg, 

31%), Rf=0.66 (DCM/MeOH 9:1), 1H NMR (MeOD-d4) δ = 8.14 (dd, 1H, e, 3JHH = 16.5 Hz, 

4JHH = 2.0 Hz), 7.96 (d, 1H, a, 3JHH = 7.8 Hz), 7.75 (d, 1H, d, 3JHH = 7.8 Hz), 7.69 (t, 1H, b, 

3JHH = 7.8 Hz), 7.60-7.54 (m, 2H, c/g), 7.47 (s, 1H, i), 7.33 (dd, 1H, h, 3JHH = 8.4 Hz, 4JHH = 

1.4 Hz), 7.19(d, 1H, f, 3JHH = 16.5 Hz) 2.46 (s, 3H, CH3).
 13C NMR (DMSO-d6) δ = 146.86, 

135.77, 132.85, 130.40, 128.26, 126.72, 126.30, 116.25, 113.51, 21.21. 19F NMR (DMSO-d6) 

δ = -57.44. HRMS-FAB m/z calcd for C17H13F3N2: 303.1104, found: 303.1112. tR = 5.78 min. 
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(E)-5-chloro-2-(2-(trifluoromethyl)styryl)-1H-benzo[d]imidazole (58): grey solid (62 mg, 66%), 

Rf=0.85 (alumina, DCM/MeOH 9:1), 1H NMR (DMSO-d6) δ = 8.21 (dd, 1H, e, 3JHH = 16.3 Hz, 

4JHH = 2.0 Hz), 7.99 (d, 1H, a, 3JHH = 7.8 Hz), 7.82-7.72 (m, 4H, c/d/g/i), 7.62 (t, 1H, b, 3JHH = 

7.8 Hz), 7.45 (dd, 1H, h, 3JHH = 8.8 Hz, 4JHH = 2.0 Hz), 7.33 (d, 1H, f, 3JHH = 16.3 Hz. 13C 

NMR (DMSO-d6) δ =148.87, 135.37, 133.26, 132.37, 130.33, 129.49, 128.24, 127.18, 

126.28, 125.51, 116.76, 115.71, 114.03. 19F NMR (DMSO-d6) δ = -57.41. HRMS-FAB m/z 

calcd for C16H10ClF3N2: 323.0557, found: 323.0569. tR = 5.75 min. 

 

 

(E)-5-methoxy-2-(2-(trifluoromethyl)styryl)-1H-benzo[d]imidazole (61): green solid (30 mg, 

32%), Rf=0.50 (DCM/MeOH 9:1), 1H NMR (DMSO-d6) δ = 8.18 (dd, 1H, e, 3JHH = 16.3 Hz, 

4JHH = 1.7 Hz), 7.98 (d, 1H, a, 3JHH = 7.5 Hz), 7.82-7.75 (m, 2H, c/d), 7.68-7.60 (m, 2H, b/g), 

7.32 (d, 1H, f, 3JHH = 16.3 Hz), 7.17 (d, 1H, i, 4JHH = 2.1 Hz), 7.10 (dd, 1H, h, 3JHH = 9.2 Hz, 

4JHH = 2.1 Hz), 3.82 (s, 3H, CH3). 
13C NMR (DMSO-d6) δ = 158.10, 146.44, 135.21, 133.14, 

130.44, 128.28, 126.71, 115.79, 115.07, 96.19, 55.92. 19F NMR (DMSO-d6) δ = -57.41. 

HRMS-FAB m/z calcd for C17H13F3N2O: 319.1053, found: 319.1057. tR = 5.78 min. 

 

 

Synthesis of (E)-methyl 3-(3-bromophenyl)acrylate (63):  

(E)-3-bromocinnamic acid 1 g (4.40 mmol, 1 eq) (62) was dissolved in 10 mL MeOH. To the 

solution 1 ml H2SO4 (conc) was added. The reaction was refluxed during 24 h. The reaction 

was neutralized with a saturated NaHCO3 solution and the organic phase extracted with 15 

ml x 2 EtOAc. The organic phase is washed with 25 ml brine and dried over MgSO4. The 

solvent was removed under reduced pressure to obtain colorless oil (0.74 g, 79%). Rf=0.71 

(DCM), 1H NMR (DMSO-d6) δ = 7.94 (s, 1H), 7.71 (d, 1H, 3JHH = 6.7 Hz), 7.64-7.57 (m, 2H), 

7.35 (t, 1H, 3JHH = 6.7 Hz), 6.70 (d, 1H, 3JHH = 13.4 Hz), 3.72 (s, 3H). MS (ESI, 70 eV) m/z 

(%): 242.6 (100) [M+H]+. 
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Synthesis via Suzuki coupling (64, 65, 66): 

 

(E)-methyl 3-(3-bromophenyl)acrylate (63)  0.50 g (2.04 mmol, 1 eq) and furan-2-boronic 

acid 0.46 g (4.15 mmol, 2 eq) were added to a solution of 13 mL toluene, 3 mL EtOH and 3 

mL aqueous   1 M Na2CO3 solution and stirred during 30 min at r.t. To the solution 0.24 g 

(0.21 mmol, 0.1 eq) of tetrakis(triphenylphosphine)palladium(0) were added. The reaction 

mixture was heated at 85°C overnight and after cooling to r.t. extracted with 15 mL x 3 

EtOAc. The organic phase was washed with 20 ml brine and dried over MgSO4. The solvent 

was removed under reduced pressure and the crude purified by flash (Hexane / EtOAc: 0-10 

% EtOAc). 

 

(E)-methyl 3-(3-(furan-2-yl)phenyl)acrylate (64): white solid (460 mg, 26%), Rf=0.46 

(Hexane/EtOAc 5:1), 1H NMR (DMSO-d6) δ = 8.06 (s, 1H, d), 7.79-7.64 (m, 4H, a/e/g/h), 7.48 

(t, 1H, f, 3JHH = 7.6 Hz), 7.09 (d, 1H, c, 3JHH = 3.1 Hz), 6.77 (d, 1H, i, 3JHH = 16.1 Hz), 6.63 

(dd, 1H, b, 3JHH = 2.0 Hz), 3.76 (s, 3H, j). MS (ESI, 70 eV) m/z (%): 251.2 (100) [M+Na]+. 

 

(E)-methyl 3-(3-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)phenyl)acrylate (65): white solid (237 

mg, 29%), Rf=0.42 (Hexane/EtOAc 3:1), 1H NMR (DMSO-d6): δ = 7.95 (s, 1H, d), 7.72 (d, 1H, 

i, 3JHH = 15.7 Hz), 7.65 (dd, 2H, f/h, 3JHH = 7.9), 7.45 (t, 1H, g, 3JHH = 7.9 Hz), 7.26 (d, 1H, b, 

4JHH = 2.3 Hz), 7.21, (dd, 1H, d, 3JHH = 8.1 Hz, 4JHH = 2.3 Hz), 6.94 (d, 1H, c, 3JHH = 8.1 Hz), 

6.77 (d, 1H, j, 3JHH = 15.7 Hz), 4.28 (s, 4H, a/a´), 3.74 (s, 3H, k). MS (ESI, 70 eV) m/z (%): 

297.2 (100) [M+H]+. 
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(E)-methyl 3-(3-(pyridin-3-yl)phenyl)acrylate (66): white solid (475 mg, 49%), Rf=0.53 

(DCM/MeOH 9:1), 1H NMR (DMSO-d6): δ = 8.99 (s, 1H, d), 8.61 (dd, 1H, c, 3JHH = 4.7 Hz, 

4JHH = 1.7 Hz), 8.20-8.14 (m, 2H, a/e), 7.84-7.74 (m, 3H, b/h/i), 7.60-7.49 (m, 2H, f/g), 6.85 

(d, 1H, j, 3JHH = 16.1 Hz), 3.76 (s, 3H, k). MS (ESI, 70 eV) m/z (%): 240.6 (100) [M+H]+.  

 

Hydrolysis of compounds 64-66: 

120 mg (0.53 mmol, 1 eq) of (E)-methyl 3-(3-(furan-2-yl)phenyl)acrylate (64) were dissolved 

in 4 mL MeOH. The reaction mixture was heated at 35°C and 84 mg (1.50 mmol, 2.85 eq) 

KOH were added. The reaction was stirred during 3.5 h and 6 mL of water were added. The 

unreacted ester was eliminated by extracting with Et2O (2 x 3 mL) and the aqueous phase 

was acidified to pH 2 to obtain a precipitate which was dried under vacuum.  

 

(E)-3-(3-(furan-2-yl)phenyl)acrylic acid (67): white solid (110 mg, 95%), Rf=0.05 (DCM), 1H 

NMR (DMSO-d6) δ = 8.02 (s, 1H, d), 7.79 (d, 1H, a, 3JHH = 1.9 Hz), 7.74 (d, 1H, e, 3JHH = 8.1 

Hz), 7.67-7.61 (m, 2H, g/h), 7.48 (t, 1H, f, 3JHH = 7.6 Hz), 7.09 (d, 1H, c, 3JHH = 3.5 Hz), 6.67-

6.61 (m, 2H, b/i). MS (ESI, 70 eV) m/z (%): 213.1 (100) [M-H]-.  

 

(E)-3-(3-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)phenyl)acrylic acid (68): white solid (197 mg, 

87%), Rf=0.72 (DCM/MeOH 9:1), 1H NMR (DMSO-d6): δ = 7.96 (s, 1H, d), 7.73-7.66 (m, 3H, 

i/f/h), 7.50 (t, 1H, g, 3JHH = 7.6 Hz), 7.30 (d, 1H, b, 4JHH = 2.2 Hz), 7.26, (dd, 1H, d, 3JHH = 8.0 

Hz, 4JHH = 2.2 Hz), 6.99 (d, 1H, c, 3JHH = 8.0 Hz), 6.71 (d, 1H, j, 3JHH = 16.0 Hz), 4.33 (s, 4H, 

a/a´). MS (ESI, 70 eV) m/z (%): 283.2 (100) [M+H]+.  
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(E)-3-(3-(pyridin-3-yl)phenyl)acrylic acid (69): white solid (288 mg, 64%), Rf=0.18 

(Hexane/EtOAc 1:2), 1H NMR (DMSO-d6): δ = 9.00 (d, 1H, d, 4JHH = 1.6 Hz), 8.62 (dd, 1H, c, 

3JHH = 4.7 Hz, 4JHH = 1.6 Hz), 8.21 (dq, 1H, a, 3JHH = 8.0 Hz, 4JHH = 1.6 Hz), 8.10 (s, 1H, e), 

7.79-7.69 (m, 2H, f/g), 7.69 (d, 1H, i, 3JHH = 15.8 Hz), 7.60-7.53 (m, 2H, b/h), 6.72 (d, 1H, j, 

3JHH = 15.8 Hz). MS (ESI, 70 eV) m/z (%): 224.6 (100) [M-H]-.  

 

Compounds 70-72 were synthesized following the same procedure as with compounds 6, 9, 

12, 15, 18, 21, 24, 27, 33, 36, 39, 42, 45, 48, 51, 54, 57, 60. 

 

(E)-N-(2-aminophenyl)-3-(3-furanphenyl)acrylamide (70): yellow solid (490 mg, 32%), 

Rf=0.59 (DCM/MeOH 9:1),1H NMR (DMSO-d6) δ = 9.42 (s, 1H, NH), 7.99 (s, 1H, d), 7.81-

7.73 (m, 2H, a/e), 7.64-7.51 (m, 3H, f/g/h), 7.39 (d, 1H, j, 3JHH = 8.2 Hz), 7.05-6.98 (m, 2H, 

c/i), 6.92 (dd, 1H, e, 3JHH = 8.2 Hz, 4JHH = 1.3 Hz), 6.77 (dd, 1H, k, 3JHH = 8.2 Hz, 4JHH = 1.3 

Hz), 6.66-6.57 (m, 2H, b/m), 4.98 (s, 2H, NH2). MS (ESI, 70 eV) m/z (%): 327.2 (100) 

[M+Na]+. 

 

(E)-N-(2-aminophenyl)-3-(3-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)phenyl)acrylamide (71): 

white solid (20 mg, 8%), Rf=0.69 (Hexane/EtOAc 1:2), 1H NMR (DMSO-d6): δ = 9.44 (s, 1H, 

NH), 7.89 (s, 1H, e), 7.70-7.51 (m, 4H, f/g/h/i), 7.42 (d, 1H, k, J = 7.5 Hz), 7.27-7.24 (m, 2H, 

b/d), 7.08-6.95 (m, 3H, c/j/m), 6.81 (d, 1H, n, J = 8.3 Hz), 6.64 (t, 1H, l, J = 7.5 Hz), 5.01 (s, 

2H, NH2), 4.34 (s, 4H, a/a´). MS (ESI, 70 eV) m/z (%): 373.5 (100) [M+H]+.  
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(E)-N-(2-aminophenyl)-3-(3-(pyridin-3-yl)phenyl)-acrylamide (72): white solid (91 mg, 23%), 

Rf=0.17 (Hexane/EtOAc 1:5), 1H NMR (DMSO-d6): δ = 9.40 (s, 1H, NH), 8.97 (d, 1H, d, 4JHH 

= 2.0 Hz), 8.63 (dd, 1H, c, 3JHH = 4.7 Hz, 4JHH = 2.0 Hz), 8.16 (dq, 1H, a, 3JHH = 8.2 Hz, 4JHH = 

2.0Hz), 8.00 (s, 1H, e), 7.79 (d, 1H, h, 3JHH = 7.3 Hz), 7.72-7.51 (m, 4H, b/f/g/i), 7.38 (d, 1H, 

k, 3JHH = 7.6 Hz), 7.04 (d, 1H, j, 3JHH = 15.7 Hz), 6.94 (dt, 1H, m, 3JHH = 7.6 Hz, 4JHH = 1.4 Hz), 

6.78 (dd, 1H, n, 3JHH = 7.6 Hz, 4JHH = 1.4 Hz), 6.60 (dt, 1H, l, 3JHH = 7.6 Hz, 4JHH = 1.4 Hz), 

4.97 (s, 2H, NH2). MS (ESI, 70 eV) m/z (%): 316.4 (100) [M+H]+.  

 

Compounds 73-75 were synthesized following the same procedure as with compounds 7, 13, 

16, 19, 22, 25, 28, 34, 37, 40, 43, 46, 49, 52, 55, 58, 61 

 

 
(E)-2-(3-(furan-2-yl)styryl)-1H-benzo[d]imidazole (73): orange solid (120 mg, 34%), Rf=0.38 

(DCM/MeOH 9:1), 1H NMR (DMSO-d6) δ = 8.17 (d, 1H, h, 3JHH = 16.7 Hz), 8.05 (s, 1H, d), 

7.87-7.81 (m, 4H, a/e/j/m), 7.69 (dd, 1H, f, 3JHH = 7.7 Hz), 7.62 (d, 1H, g, 3JHH = 7.7 Hz), 7.57-

7.54 (m, 2H, k/l), 7.45 (d, 1H, i, 3JHH = 16.7 Hz), 7.12 (d, 1H, c, 3JHH = 3.1 Hz), 6.68 (dd, 1H, 

b, 3JHH = 3.1 Hz, 3JHH = 1.4 Hz). 13C NMR (DMSO-d6) δ = 152.13, 148.23, 143.47, 134.77, 

132.09, 131.21, 129.97, 126.98, 125.71, 122.43, 113.91, 112.25, 106.92. HRMS-FAB m/z 

calcd for C19H14N2O: 287.1179, found: 287.1185.  
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(E)-2-(3-(pyridin-3-yl)styryl)-1H-benzo[d]imidazole (74): yellow solid (50 mg, 58%), Rf=0.63 

(DCM/MeOH 5:1), 1H NMR (DMSO-d6): δ = 8.93 (d, 1H, d, 3JHH = 1.9 Hz), 8.56 (dd, 1H, c, 

3JHH = 4.7 Hz, 4JHH = 1.3 Hz), 8.12 (dt, 1H, a, 3JHH = 8.0 Hz, 4JHH = 1.9 Hz), 7.98 (s, 1H, e), 

7.72 (d, 1H, i, 3JHH = 16.7 Hz), 7.69-7.66 (m, 2H, f/h), 7.55-7.51 (m, 3H, g/k/n), 7.48 (dd, 1H, 

b, 3JHH = 8.0 Hz, 4JHH = 4.7 Hz), 7.34 (d, 1H, j, 3JHH = 16.7 Hz), 7.18-7.16 (m, 2H, l/m). 13C 

NMR (DMSO-d6): δ = 150.51, 148.64, 147.71, 137.81, 136.51, 135.22, 134.91, 134.39, 

129.83, 127.55, 126.87, 125.74, 123.92, 122.57, 117.65, 114.75. HRMS m/z calcd for 

C20H15N3: 298.1339, found 298.1341. tR = 5.79 min. 

 
(E)-2-(3-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)styryl)-1H-benzo[d]imidazole (75): white solid 

(12 mg, 63%), Rf=0.76 (DCM/MeOH 9:1), 1H NMR (DMSO-d6): δ = 8.27 (d, 1H, i, 3JHH = 16.6 

Hz), 7.99 (s, 1H, e), 7.89-7.85 (m, 2H, k/n), 7.81-7.73 (m, 2H, g/h), 7.67-7.59 (m, 3H, f/l/m), 

7.52 (d, 1H. j, 3JHH = 16.6 Hz), 7.33-7.27 (m, 2H, c/d), 7.05 (d, 1H, 3JHH = 8.1 Hz), 4.36 (s, 4H, 

a/a´). 13C NMR (DMSO-d6): δ = 148.33, 143.77, 143.56, 140.59, 134.75, 132.63, 132.05, 

129.82, 126.85, 125.68, 119.68, 117.62, 115.39, 113.90, 110.96, 64.21. HRMS m/z calcd for 

C23H18N2O2: 355.1447, found: 355.1441. tR = 5.87 min. 
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Synthesis of compound 2 (ST-920) 

 

SF 2. Synthesis followed for compound 2. 

 

The synthesis of the compound (E)-2 was done following the reaction scheme shown above. 

The compounds A and B were synthesized following the literature procedures.[1] The isomers 

(E) and (Z) of compound 2 were synthesized according to the general  literature procedure[2] 

for styrene synthesis. We describe here only analytical data for E-isomer, Z-isomer will be 

described elsewhere. 

 

(E)-2-(3,5-dimethoxystyryl)-1H-benzo[d]imidazole (2):  

A homogeneous suspension of phosphoniumchloride (B) (3.70 g, 8.64 mmol, 1 eq) in THF 

(100 mL) under argon was cooled and retained at -23 °C for 1 h. n-Butyllithium (5.40 mL, 

8.64 mmol, 1 eq of a 1.6 M solution in hexanes) was added dropwise via syringe, and the 

resultant red solution was stirred at -23 °C for 60 min, at which time the 3,5-

dimethoxybenzaldehyde (1.44 g, 8.64 mmol, 1 eq) in 100 mL of dry THF was added 

(dropwise) from an addition funnel. Stirring was continued at -23 °C for 3 h and at room 

temperature for 16 h. By this time, the red color had completely disappeared. Ice-water (100 

mL) was added to the mixture, and the aqueous phase was washed with ether (3 x 100 mL). 

The combined organic phases was washed with water (100 mL) and dried. Removal of 

solvent in vacuo yielded a crude residue, which was subjected to column chromatography 

(silica gel; eluent 1-5% MeOH in DCM) to afford the pure isomeric product as slower 

migrating isomer as light yellow powder (993 mg, 41%), Rf=0.16 (DCM/MeOH 95:5), 1H NMR 



S21 
 

(DMSO-d6) δ =12.60 (s, 1H, NH), 7.60 (d, 1H, d, 3JHH = 10.3 Hz), 7.61-7.48 (m, 2H, f/i), 7.30 

(d, 1H, e, 3JHH = 10.4 Hz), 7.17-7.23 (m, 3H, g/h), 6.81 (d, 1H, a/c, 3JHH = 1.3 Hz), 6.60 (t, 

21H, b3JHH = 1.5 Hz, ), 3.84 (s, 6H, A/B);  13C NMR (DMSO-d6) δ = 154.31, 152.80, 150.59, 

137.98, 131.59, 125.78, 123.18, 118.98, 113.67, 113.47, 110.90, 56.31, 55.63. MS (ESI, 70 

eV) m/z (%): 281.1 (100) [M+H]+. Elemental Analysis calcd. for C17H16N2O2: C (72.84), H 

(5.75), N (9.99), found: C (72.51), H (6.08), N (9.60). 

 

IPS (1) was isolated from Photorhabdus luminescens strain TT01 as previously described.[3] 

 

 In-house compounds screened 

 

SF 3. In-house compounds screened.  
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SF 4. Inhibition values of in-house compounds screened. 

 
(E)-styryl-1H-benzo[d]imidazole library was purchased at (Asinex, Moscow, Russia) 
 

 

SF 5. (E)-styryl-1H-benzo[d]imidazole library. 

ST-912 ST-922 ST-923 ST-1061 EB147 Resveratrol
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. 

Entry IC50 pIC50 ± S.E. 

BE1 >100 µM - 
BE2 >100 µM - 
BE3 >100 µM - 
BE4 >100 µM - 
BE5 59.9 µM 4.2 ± 0.01 
BE6 >100 µM - 
BE7 >100 µM - 
BE8 >100 µM - 

 
Table 1. IC50 values of tested compounds 

 Biochemistry 

sEH activity assay 

sEH was expressed in E. coli and purified by affinity chromatography.[4] For the recombinant 

affinity purified sEH, we used a fluorescent-based assay[5] that uses PHOME (3-phenyl-

cyano(6-methoxy-2-naphthalenyl)methyl ester-2-oxiraneacetic acid) in a 96-well format 

assay to determine IC50 values. Recombinant sEH (2 µg/well) was incubated with inhibitors 

for 10 min at room temperature in 25 mM Bis-Tris/HCl, 0.1 mg/mL BSA, Triton-X-100 0.01% 

buffer (110 µL, pH 7.0) before substrate (PHOME) was added ([S]final = 50 µM). Activity was 

evaluated by measuring the appearance of the fluorescent product 6-

methoxynaphthaldehyde (λem= 330 nm, λex = 465 nm). 

 

Cell culture and treatment  

Cell lines were obtained from the Deutsche Sammlung von Mikroorganismen und 

Zellkulturen (DSMZ). HeLa and MCF-7 cell lines were grown in Dubelcco’s modified Eagle’s 

medium (DMEM) containing 10% fetal calf serum (FCS), 100 units/mL each of penicillin and 

streptomycin and 1 mM sodium pyruvate. HepG2 was grown in DMEM containing 10% FCS, 

0.1 mM non-essential aminoacids and 100 units/mL each of penicillin and streptomycin. 

U937 and A498 cell lines were grown in RPMI 1640 medium containing 10% inactivated FCS 

and 100 units/mL each of penicillin and streptomycin. All cell lines were grown at 37°C in an 

atmosphere containing 5% CO2.  

 

 

Cell viability 

Cell viability in HeLa, HepG2, A498, MCF-7 and U937 was determined using the water 

soluble and stable tetrazolium salt WST-1 (Roche, Mannheim, Germany) which is cleaved to 

a soluble formazan by a complex cellular mechanism that occurs primarily at the cell surface. 

This bioreduction is largely dependent on the glycolytic production of NAD(P)H in viable 
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cells. Therefore, the amount of formazan dye formed directly correlates to the number of 

metabolically active cells in the culture. Cells were seeded into 96-well plates to a density of 

5 x 103 cells/100 µL well (HeLa, HepG2, A498, MCF-7) and 100 x 103 cells/100 µL well 

(U937). After 48 h of growth to allow attachment of cells to the wells, compounds were added 

at various concentrations (0.1-30 µM). After 48 h of growth, 10 µL containing WST-1 reagent. 

Cell viability was assessed using a microplate reader (infinite M200, Tecan Group Ltd., 

Crailsheim, Germany) according to the manufacturer’s protocol (absorbance of the formazan 

product at 450 nm with a reference wavelength at 620 nm). Results are expressed as a 

percentage relative to vehicle-treated control (1% DMSO was added to untreated cells). 

 

Annexin V/Propidium iodide (PI) staining  

 

HepG2 cells were seeded into 8-well chamber slide to a density of 10,000 cells /well and 

allowed to attach for 24h at 37°C in an atmosphere containing 5% CO2. Cells were treated 

with inhibitors for 24 or 48 h in medium containing 10% FCS, followed by washing once with 

washing buffer. Then, cells were co-stained by covering the slips with a solution containing 

annexin V labeling and PI (Annexin-V-FLUOS staining kit, Roche Diagnostics, Mannheim, 

Germany) for 10-15 min at room temperature. Coverslips were washed with assay buffer and 

mounted on microscopes slides, and cell staining was visualized by fluorescence microscopy 

(Axio Observer.Z1, Carl Zeiss AG, Jena, Germany) and the pictures are 1344x1024 pixel, 

86x96 dpi with 24 bit coloring.  

 

 Statistics 

Data are expressed as mean values with S.E. All IC50 and EC50 values are means with S.D. 

of the IC50 or EC50 values obtained from measurements at five different concentrations of the 

compounds in three to five independent experiments.  IC50 and EC50 values were determined 

using a sigmoidal dose response (variable slope) equation from GraphPad Prism® 

(GraphPad Software, LaJolla, USA) software.  

 

 

 Computational methods 

Docking studies 

We used GOLD[7–9] (Genetic Optimisation for LigandDocking) Suite 5.1 for receptor 

preparation as well as for docking and scoring of the compounds. Hydrogen atoms were 

added to the receptor (PDBCode: 3KOO) using the Add Hydrogens function and water 

molecules were deleted. The binding site was defined by selecting the reference ligand, 

available from the co-crystallized protein-ligand complex. All remaining adjustments 
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selectable within the Gold Docking Wizard were kept default. The standards coring function 

ChemPLP[10] was used to rank the docking modes. 
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ABSTRACT: Metabolic syndrome is a complex condition which often requires the use of multiple medications as a treatment.
The resulting problems of polypharmacy are increase in side effects, drug−drug interactions, and its high economic cost.
Development of multitarget compounds is a promising strategy to avoid the complications arising from administration of
multiple drugs. Modulators of peroxisome proliferator-activated receptors (PPARs) are established agents in the treatment of
dyslipidaemia, hyperglycaemia, and insulin resistance. Inhibitors of soluble epoxide hydrolase (sEH) are under evaluation for
their use in cardiovascular diseases. In the present study, a series of dual sEH/PPAR modulators containing a pyrrole acidic
headgroup and a urea pharmacophore were designed, synthesized, and evaluated in vitro using recombinant enzyme and cell-
based assays. Compounds with different activity profiles were obtained which could be used in the treatment of metabolic
syndrome.

■ INTRODUCTION

The metabolic syndrome (MetS)1 is a clustering of factors
mainly consisting of the so-called “deadly quartet’’ of
hyperglycaemia, hypertriglyceridemia, hypertension, and obe-
sity. MetS results in an increased risk for atherosclerosis and
diabetes. Because of its complex nature, the current therapy
strategies of MetS require multiple treatments regulating lipid
and glucose homeostasis as well as blood pressure and
coagulation. Up-to-date treatment for MetS follows a lifestyle
change of the patient to increase the physical activity, initiation
of drug therapy with statins to reduce LDL, blood pressure
reducing agents, oral antidiabetics, and compounds to handle
obesity. Nevertheless, the combination of several drugs for
individual risk factors can decrease the efficacy and enhance the
toxicity of each drug. Thus, there is a strong unmet medical
need in reliable and efficient drugs targeting multiple symptoms
of MetS over the long term, thereby minimizing problems with
polypharmacy.2

PPARs contribute to the regulation of glucose, lipid, and
cholesterol metabolism, therefore they seem to be a valuable
target to treat MetS.3 With the hypolipidemic fibrates and the
antidiabetic thiazolidindiones (TZD), two drug classes had
entered the market. PPARγ agonists like troglitazone,
rosiglitazone, and most recently pioglitazone were suspended
by some authorities due to severe adverse events. However, a
very promising finding had been made when Choi et al.4

showed that the antidiabetic effect of the TZDs is partially
mediated by the inhibition of the cyclin-dependent kinase 5
mediated phosphorylation of PPARγ. With this discovery, a
promising new development regarding PPARγ as a drug target
arises.
The fibrate-derived PPARα agonists (e.g., clofibrate,

bezafibrate) are used in the treatment of dyslipidaemia
associated with atherosclerosis and dyslipidaemia primarily

linked to type 2 diabetes mellitus. The remaining subtype
PPARδ stimulates fatty acid oxidation in heart and skeletal
muscle and plays a role in cell differentiation and athero-
sclerosis. Reviewing recent patent literature implied that the
development of PPARδ agonists is a promising target toward
MetS associated pathologies.5

Soluble epoxide hydrolase (sEH) metabolizes epoxyeicosa-
trienoic acids (EETs), previously produced by epoxygenases, to
the corresponding dihydroxyeicosatrienoic acids (DHETs).
Inhibition or deletion of soluble epoxide hydrolase prevents
hyperglycaemia, promotes insulin secretion, reduces islet
apoptosis, and decreases adipogenesis.6,7 On the basis of this
knowledge, sEH has attired the attention as possible target to
treat MetS8 in conjunction with selective PPAR activation. This
current study presents dual modulators that target sEH and
PPAR, an interesting therapeutic approach to treat MetS
related pathologies. PPARs and sEH are related through the
modulatory action of sEH substrates and metabolites on PPAR.
Latest investigations demonstrated that EETs9 are PPARγ

and PPARα ligands. Competition as well as direct binding
assays revealed that 14,15-EET10 binds to the ligand-binding
domain of PPARα.
Furthermore, latest publications discovered that DHETs

have a high potency to activate PPARα,10 suggesting that
DHETs may have additional vascular actions as a result of their
effect on PPARα. Figure 1 summarizes the expected mode of
action of dual acting compounds which should lead to
increased EETs levels due to sEH inhibition and substitute
the beneficial activation of PPAR by DHETs. Fang et al.
discovered an activation of PPARα by substituted urea-derived
sEHIs after cellular metabolism.11
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In the present work, we describe novel compounds that are
able to inhibit sEH and activate PPAR regardless their
metabolism. Further development of these compounds could
lead to agents with beneficial action on hyperglycaemia,
hypertriglyceridemia, and hypertension, which can serve as a
starting point for the development of polypharmacological
compounds as a treatment of MetS.12

■ CHEMISTRY
We prepared the compounds 5a−i, 6a−i that are connected
through a methylbenzyl linker between the pyrrole ring and the
urea pharmacophore. An adamantyl group has been used in
many sEH inhibitors13 with high in vitro efficacy (e.g., AUDA),
and Ph-pOCF3 substituted moiety showed improved pharma-
cokinetic properties.14 On the basis of this knowledge, we
developed derivatives carrying pyrrole structures linked to urea
containing compounds (sEH pharmacophore) that end in a
carboxylic group needed for activation of all PPAR subtypes.
We followed the previous strategy15 to synthetize potent PPAR
agonists: acidic headgroup−aromatic core−linker−hydropho-
bic tail.16 In the present study, we explored the effect of the
substitution pattern (o-, m-, p-) on the activity at the different
targets. We synthesized the compounds 6a−i, with an acidic
group and 5a−i as ethyl carboxylate esters, as seen in Scheme 1.
Starting from ethyl 1H-pyrrole-2-carboxylate (1) that reacted
with the o-, m-, or p-(bromomethyl) benzonitrile (2) via phase
transfer catalysis using TBAI in a mixture of DCM/aqueous
NaOH (1/1), we obtained the following N-alkylated products
(3a−c) that underwent reduction with Raney Ni, the
corresponding amines (4a−c) remaining which reacted with
three different isocyanates: cyclohexylisocyanate, adamantyliso-
cyanate, and p-OCF3-phenylisocyanate, yielding the corre-
sponding urea derivatives (5a−i). To obtain the compounds

(5a−i) as carboxylic acid, they were solved in a mixture of
THF/MeOH/water (1:1:2) and treated with KOH under
microwave radiation to yield (6a−i).

■ RESULTS AND DISCUSSION

Known PPARα, γ, and δ selective agonists (GW7647,17

pioglitazone,18 L-16504119) and the sEH inhibitor AUDA13

were evaluated and used as references. To obtain dual
modulators of sEH/PPAR, it was necessary to link both
pharmacophores via an aromatic spacer and maintain the
lipophilic core which is characteristic of PPAR agonists.
Adamantyl and cyclohexyl ureas have been shown to exhibit
high sEH inhibitory properties. In terms of sEH inhibition, the
ethyl ester derivatives with cyclohexyl moieties (5a−c) are
better tolerated than adamantyl (5d−f) or Ph-pOCF3 (5g−i),
reaching IC50 values in the range from 23 to 39 nM. In general,
the introduction of a Ph-pOCF3 substituent decreased the
inhibitory activity, yielding inactive (5h, 6g) or slightly active
compounds (5g, 5i, 6h, 6i) (Table 1). The comparison of
carboxylic acids with the corresponding esters in terms of sEH
inhibition shows that cyclohexyl substituted esters (5a−c) and
adamantyl (5d−f) are more potent than their carboxylic acids
counterparts (6a−c, 6d−f). Regarding the substitution pattern,
the inhibitory potency of cyclohexyl carrying esters remains
unaffected (5a−c, 23 nM < IC50 < 39 nM). This tendency
holds true for adamantyl substituted esters (5d−f, 43 nM <
IC50 < 87 nM). This behavior stands in contrast with the
inhibitory potency of the acids, possibly due to an alternative
binding mode which already has been described for sEH.19

Regarding cyclohexyl acid derivatives o- (6a, IC50 = 747 nM)
and p- (6c, IC50 = 252 nM), substituted compounds were more
potent than the m-substituted moiety (6b, IC50 = 1923 nM). In
the case of adamantyl, the p- (6f, IC50 = 73 nM) was more
potent than o-adamantyl (6d, IC50 = 178 nM) and m- (6e, IC50
= 304 nM) derivatives, possibly due to sterical hindrance.
The PPAR activation potency of the compounds showed a

wide diversity from modulatory effects at 10 μM to full
agonistic properties with certain EC50 values (Table 2).
Regarding the PPAR activities, only two ethyl ester derivatives
showed a partial activation of PPARγ at 10 μM (5b, 21%; 5c,
16%). As expected, the majority of carboxylic acids (6a−i) were
able to activate PPARs. We observed that adamantyl derivatives
(6d−f) were able to activate PPARγ selectively, probably due to
the larger left distal ligand binding pocket compared to the
other receptor subtypes.16 The selectivity was impaired when
testing Ph-pOCF3 derivatives that activated both PPARα and
PPARγ concerning o-substitution (6g, 38% (PPARα) and
128%, EC50 = 2 μM (PPARγ)). While m- and p-substituted
compounds (6h, 6i) yield a PPARα full agonism, only partial
agonism was observed for the o-substituted Ph-pOCF3

Figure 1. Mode of action of dual sEH/PPAR modulators. The sEH
inhibitor leads to a decreased DHETs level, which might lead to
decreased PPAR activation. This effect is compensated by the sEH/
PPAR dual modulation.

Scheme 1. Synthesis of sEH/PPAR Dual Modulators 5a−i, 6a−ia

aReagents and conditions: (a) tetrabutylammonium iodide, NaOH 50% aqueous, DCM, 0 °C to rt, 12 h; (b) Raney Ni, H2, MeOH; (c) R-NCO,
DIPEA, DCM, rt, 12 h; (d) THF/MeOH/H2O (1:2:2), KOH, MW, 90 °C, 15 min.
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derivative (6g), which can be probably explained by the sterical
hindrance. A pan-agonist was obtained (6h) that activated all
classes of PPAR (58% on PPARα, 43% on PPARγ. and 25% on
PPARδ). When considering p-substituted compounds, another
dual PPARα/γ agonist was found (6i, 67% on PPARα and 84%
on PPARγ at 10 μM). Surprisingly, cyclohexyl moieties (6a−c)
did not lead to sustainable PPAR activation, indicating that this
building block is not suitable for incorporation into dual acting
sEH/PPAR modulators.
Regarding dual modulation of sEH/PPAR, we obtained two

compounds that partially activated PPARγ (6e, f) and inhibited
sEH with moderate potency (IC50 values of 304 and 73 nM,
respectively). Compound 6h inhibited sEH (IC50 = 943 nM)
and activated PPARα,γ,δ (EC50 = 6 μM on PPARα, 43% at 10
μM on PPARγ, 25% at 10 μM on PPARδ). Compound 6i
inhibited sEH (IC50 = 258 nM) and activated PPARα,γ (EC50 =
5 μM on PPARα, 84% at 10 μM on PPARγ), resulting in an
interesting compound to be evaluated in further experiments.

■ CONCLUSION

This work describes the synthesis of dual sEH/PPAR
modulators as potential agents for the treatment of metabolic
syndrome. Following a combinatorial approach, an acidic

headgroup, known as a pharmacophore important for PPAR
dual agonistic activity, was combined with different hydro-
phobic urea derivatives in order to introduce an epoxide
mimetic.
The resulting compounds displayed high inhibition on sEH

and different patterns of PPAR agonistic activity.
This study demonstrates that the pharmacophores of PPAR

agonists and sEH inhibitors can be easily combined, resulting in
a simplified blueprint of a dual sEH/PPAR modulator. Further
in vivo pharmacological evaluation studies are needed in order
to evaluate which pattern of PPAR activation shows the most
promising profile for treatment of metabolic syndrome.

■ EXPERIMENTAL SECTION
General. All reagents and solvents were purchased from the

suppliers Alfa-Aesar GmbH & Co. KG (Karlsruhe, Germany) and
Sigma-Aldrich Chemistry GmbH (Hannover, Germany) and used
without further purification. Retention factors were determined by thin
layer chromatography with silica coated aluminum foil (particle size 60
μm) obtained from Merck KGaA (Darmstadt, Germany). Flash
chromatography was performed on packed silica columns (particle size
50 μm) from Varian Medical Systems GmbH (Darmstadt, Germany).
1H (250/400 MHz) and 13C (64 MHz) spectra were measured on AV
250 and AMX 400 nuclear magnetic resonance spectrometers from

Table 1. Inhibition and Activation Values of dual sEH/PPAR Modulators 5a−i, 6a−ia

name R1 R2 subst IC50 (nM) sEH % activation @10 μM PPARα % activation @10 μM PPARγ % activation @10 μM PPARδ

GW7647 nt 100 nt nt
pioglitazone nt nt 100 nt
L-165041 nt nt nt 100
AUDA 107 ± 12.8 nt nt nt
5a Et cyclohexyl o- 39 ± 1.4 ia ia ia
5b Et cyclohexyl m- 27 ± 8.0 ia 21 ± 4.1 ia
5c Et cyclohexyl p- 23 ± 1.0 ia 16 ± 4.6 ia
5d Et adamantyl o- 43 ± 10.0 ia ia ia
5e Et adamantyl m- 46 ± 4.2 ia ia ia
5f Et adamantyl p- 87 ± 8.4 ia ia ia
5g Et Ph-pOCF3 o- 2009 ± 1165.6 ia ia ia
5h Et Ph-pOCF3 m- ia ia ia ia
5i Et Ph-pOCF3 p- 611 ± 248.4 ia ia ia
6a H cyclohexyl o- 747 ± 194.9 ia ia ia
6b H cyclohexyl m- 1923 ± 724.7 ia ia ia
6c H cyclohexyl p- 252 ± 17.1 ia ia ia
6d H adamantyl o- 178 ± 55.4 ia 45 ± 14.7 ia
6e H adamantyl m- 304 ± 78.3 ia 16 ± 5.7 ia
6f H adamantyl p- 73 ± 4.5 ia 18 ± 7.8 ia
6g H Ph-pOCF3 o- ia 38 ± 1.9 105 ± 14.4 ia
6h H Ph-pOCF3 m- 943 ± 658.3 58 ± 5.7 43 ± 12.5 25 ± 4.5
6i H Ph-pOCF3 p- 258 ± 48.0 67 ± 13.4 84 ± 24.1 ia

ant = not tested, ia = inactive.

Table 2. EC50 Values of Dual sEH/PPAR Modulatorsa

name IC50 (nM) sEH EC50 (max activation) PPARα EC50 (max activation) PPARγ EC50 (max activation) PPARδ

GW7647 nt 0.2 ± 0.05 μM nt nt
pioglitazone nt nt 0.2 ± 0.05 μM nt
L-165041 nt nt nt 0.039 ± 0.008 μM
AUDA 107 ± 12.8 nt nt nt
6d 178 ± 55.4 ia 6 ± 0.8 μM (60 ± 1.3%) ia
6g ia 7 ± 1.5 μM (55 ± 9.5%) 2 ± 0.4 μM (128 ± 14.4%) ia
6h 943 ± 658.3 6 ± 0.5 μM (97 ± 38.9%) nd nd
6i 258 ± 48.0 5 ± 0.6 μM (90 ± 11.4%) nd ia

ant = not tested; ia = inactive; nd = not determinable.
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Bruker. Mass spectra were measured using electrospray ionization (+)
with a VG Plattform II spectrometer from Fisons. High resolution
mass spectra were measured by a MALDI LTQ Orbitrap XL
spectrometer from Thermo Scientific. All compounds were charac-
terized by NMR and MS. All final compounds had a purity of ≥95% as
determined by HPLC (LC2020, Shimadzu, Duisburg, Germany),
except for 6f (92%). Data are expressed as mean values with SE. All
IC50 and EC50 values are means with SE of the IC50 or EC50 values
obtained from measurements at five different concentrations of the
compounds in 3−5 independent experiments. IC50 and EC50 values
were determined using a sigmoidal dose response (variable slope)
equation from GraphPad Prism (GraphPad Software, LaJolla, CA)
software.
General Procedure for the Preparation of Compounds 3a−c

(o-, m-, p-). A solution of ethyl 1H-pyrrole-2-carboxylate (1) (7.2
mmol) in DCM (50 mL) was cooled to 0 °C. Tetrabutylammonium
iodide (0.22 mmol) and 50 mL of sodium hydroxide solution (50%)
were added. The mixture was stirred for 30 min at 0 °C before
(bromomethyl)benzonitrile (2) (7.9 mmol) was added. The mixture
was allowed to warm to room temperature and stirred vigorously
overnight. The reaction was quenched by adding concentrated
hydrochloric acid until a pH of 1 was reached. The aqueous layer
was extracted three times with 20 mL DCM. The collected organic
layers were washed twice with 10 mL of brine, dried over MgSO4, and
concentrated under reduced pressure. After purification by flash
chromatography (Hex:EE 0−15%), white crystals remained.
General Procedure for the Preparation of the Compounds

4a−c. A mixture of ethyl (cyanobenzyl)-1H-pyrrole-2-carboxylate
(3a−c) (5.9 mmol, 1 equiv) and Raney nickel (5.9 mmol) in 100 mL
of dry ammoniacal methanol was stirred overnight at room
temperature at H2 atmosphere under a pressure of 6 bar. The catalyst
was filtered off through Celite, and the solvent was removed under
reduced pressure to give a yellow oil.
General Procedure for the Preparation of the Compounds

5a−i. A solution of ethyl 1-(aminomethyl)benzyl)-1H-pyrrole-2-
carboxylate (4a−c) (0.97 mmol) and N,N-diisopropylethylamine
(2.9 mmol) in 10 mL of dry DCM was stirred at room temperature
under argon. An isocyanate (0.97 mmol) was added, and the mixture
was stirred overnight. The solvent was evaporated under reduced
pressure. The crude product was purified by hot filtration in hexane
and recrystallized from ethanol.
General Procedure to Obtain Carboxylic Acid Compounds

6a−i. The ethyl ester (5a−i) was treated with potassium hydroxide
(0.652 mmol) in a solvent mixture of THF/MeOH/H2O (1:2:2) and
accomplished under microwave irradiation at 90 °C (35 W) during 15
min. The solvent was removed under reduced pressure and the residue
solved in water. For precipitation, 1 M hydrochloric acid was added.
After filtration, the white solid was lyophilized. 1-(2-((3-
Cyclohexylureido)methyl)benzyl)-1H-pyrrole-2-carboxylic acid (6a)
was obtained from ethyl 1-(((ureido)methyl)benzyl)-1H-pyrrole-2-
carboxylate 5a (46 mg, 0.12 mmol) and yielded 25 mg (50% yield). 1H
NMR (CH3OH-d4): δ 7.19 (d, J = 7.2 Hz, 1H), 7.08−7.04 (m, 2H),
6.9 (m, 1H), 6.77 (m, 1H), 6.39 (d, J = 7.2 Hz, 1H), 6.09 (m, 1H),
5.54 (s, 2H), 4.29 (s, 2H), 3.39 (m 1H), 1.79 (m, 2H), 1.64 (m, 2H),
1.51 (m, 1H) and 1.25 (m, 5H) ppm. 13C NMR (CH3OH-d4): δ
160.0, 162.6, 137.7, 135.0, 130.1, 127.3, 126.9, 125.5, 119.9, 117.3,
110.1, 55.9, 52.6, 42.5, 34.3, 31.4, 26.2, 25.3, and 24.8 ppm. HPLC
(98% purity). HRMS: measured m/z [M + H+] 356.1967 (theoretical,
356.1969).
Activity Assays. sEH activity assay. For the recombinant affinity

purified sEH, we used a fluorescent-based assay19 that uses PHOME
(3-phenyl-cyano(6-methoxy-2-naphthalenyl)methyl ester-2-oxirane-
acetic acid) in a 96-well format assay to determine IC50 values.
Recombinant sEH (2 μg/well) was incubated with inhibitors for 10
min at room temperature in 25 mM Bis-Tris/HCl and 0.1 mg/mL
BSA buffer (110 μL, pH 7.0) before substrate (PHOME) was added
([S]final = 50 μM). Activity was evaluated by measuring the appearance
of the fluorescent product 6-methoxynaphthaldehyde (λem = 330 nm,
λex = 465 nm).

PPAR Transactivation Assay. COS7 cells were grown in DMEM
supplemented with 10% FCS, sodium pyruvate, and penicillin/
streptomycin at 37 °C and 5% CO2. The day before transfection,
cells were seeded in 96-well plates at a density of 30000 cells per well.
Transient transfection was carried out by Lipofectamine LTX reagent
(Invitrogen) according to the manufacturer’s protocol with pFR-Luc
(Stratagene), pRL-SV40 (Promega), and the Gal4-fusion receptor
plasmids (pFA-CMV-hPPAR-LBD) of the respective subtype. Five h
after transfection, the medium was changed to DMEM without phenol
red and 10% FCS, containing 0.1% DMSO and the respective
concentrations of the test compounds.

Following overnight incubation with the test compounds, cells were
assayed for reporter gene activity using Dual-Glo luciferase assay
system (Promega, Mannheim, Germany) according to the manufac-
turer’s protocol. Luminescence was measured with a GENios Pro
luminometer (Tecan Deutschland GmbH, Crailsheim, Germany).
Each concentration of the compounds was tested in triplicate wells,
and each experiment was repeated independently at least three times.
Normalization for transfection efficacy and cell growth was done by
division of the firefly luciferase data by renilla luciferase data, resulting
in relative light units. Activation factors were obtained by dividing by
DMSO control. EC50 and standard deviation values were calculated by
mean values of at least three determinations by SigmaPlot 2001 (Systat
Software GmbH, Erkrath, Germany) using a four-parameter logistic
regression. All compounds were evaluated by comparison of the
achieved maximum effect to that of the reference compound (GW
7647 for PPARα, pioglitazone for PPARγ, and L165,041 for PPARδ
each with 1 μM).
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Determination of compound purity 

The purity of final compounds was determined using LC2020 (Shimadzu, Duisburg, Germany) on a Kinetex 2.6 µm 

C18 100 Å, 100 x 2.1 mm (Phenomenex, Aschaffenburg, Germany). The method included a water/methanol 

gradient run of 5-95% and detection at 254 nm and 280 nm. 

 

Characterization of compounds 3a-c (o-, m-, p-): 

Ethyl 1-(2-cyanobenzyl)-1H-pyrrole-2-carboxylate (3a). Starting from ethyl 1H-pyrrole-2-carboxylate 1g (7.2 

mmol, 1 eq). Yield: 1.5 g, 82 %. 1H-NMR (DMSO-d6): δ 7.84 (d, J = 7.7 Hz, 1H), 7.59 (t, J = 6.6 Hz, 1H), 7.52 (d, J 

= 8.3 Hz, 1H), 7.43 (t, J = 9.6 Hz, 1H), 6.98 (d, J = 1.8 Hz, 1H), 6.56 (t, J = 7.8 Hz, 1H), 6.28 (d, J=2.7 Hz, 1H), 

5.76 (s, 2H), 4.08 (q, J = 6.9 Hz, 2H) and 1.14 (t, J = 7.2 Hz, 3H) ppm. MS (ESI): m/z 277 (M + Na+). 

Ethyl 1-(3-cyanobenzyl)-1H-pyrrole-2-carboxylate (3b). Starting from ethyl 1H-pyrrole-2-carboxylate 1g (7.2 

mmol, 1 eq). Yield: 1.6 g, 88 %. 1H-NMR (DMSO-d6): δ 7.71 (d, J = 9.3 Hz, 1H), 7.52 (d, J = 6.5 Hz, 2H), 7.37 (d, 

J = 9.7 Hz, 2H), 6.96 (t, J = 1.8 Hz, 1H), 6.22 (t, J = 2.4 Hz, 1H), 5.61 (s, 2H), 4.14 (q, J = 7.1 Hz, 2H) and 1.19 (t, J 

= 7.2 Hz, 3H) ppm. MS (ESI): m/z 277 (M + Na+).  

 

Ethyl 1-(4-cyanobenzyl)-1H-pyrrole-2-carboxylate (3c). Starting from  ethyl 1H-pyrrole-2-carboxylate 1g (7.2 

mmol, 1 eq).Yield: 1.6 g, 88 %. 1H-NMR (DMSO-d6): δ 7.81 (d, J = 8.2 Hz, 1H), 7.42 (d, J = 2 Hz, 3H), 7.09 (d, J = 

9.4 Hz, 2H), 6.24 (t, J = 2.6 Hz, 1H), 5.65 (s, 2H), 4.14 (q, J = 6.6 Hz, 2H) and 1.19 (t, J = 6.8 Hz, 3H) ppm. MS 

(ESI):  m/z 277 (M + Na+). 

 

 

Characterization of compounds 4a-c (o-, m-, p-): 

 

Ethyl 1-(2-(aminomethyl)benzyl)-1 H-pyrrole-2-carboxylate (4a). Starting from Ethyl 1-(2-cyanobenzyl)-1H-

pyrrole-2-carboxylate (3a) 1 g (5.9 mmol, 1 eq). Yield: 1.3 g, 95 %. 1H-NMR (DMSO-d6): δ 7.45 (d, J = 9.3 Hz, 

2H), 7.15 (d, J = 6.5 Hz, 2H), 6.99 (d, J = 9.7 Hz, 2H), 6.33 (t, J = 1.8 Hz, 1H), 6.24 (t, J = 2.4 Hz, 1H), 5.66 (s, 

2H), 4.07 (q, J = 7.1 Hz, 2H) and 1.17 (t, J = 7.2 Hz, 3H) ppm. MS (ESI): m/z 281 (M + Na+). 

 

Ethyl 1-(3-(aminomethyl)benzyl)-1 H-pyrrole-2-carboxylate (4b). Starting from Ethyl 1-(3-cyanobenzyl)-1H-

pyrrole-2-carboxylate (3b) 1 g (5.9 mmol, 1 eq). Yield: 1.5 g, 98 %. 1H-NMR (DMSO-d6): δ 7.26 (d, J = 9.3 Hz, 

2H), 7.12 (d, J = 6.5 Hz, 2H), 6.92 (d, J = 9.7 Hz, 2H), 6.88 (t, J = 1.8 Hz, 1H), 6.20 (t, J = 2.4 Hz, 1H), 5.54 (s, 

2H), 4.18 (q, J = 7.1 Hz, 2H) and 1.23 (t, J = 7.2 Hz, 3H) ppm. MS (ESI): m/z 281 (M + Na+). 

 

Ethyl 1-(4-(aminomethyl)benzyl)-1 H-pyrrole-2-carboxylate (4c). Starting from Ethyl 1-(4-cyanobenzyl)-1H-

pyrrole-2-carboxylate (3c) 1 g (5.9 mmol, 1 eq). Yield: 1.5 g, 98 %. 1H-NMR (DMSO-d6): δ 7.27 (d, J = 8.2 Hz, 

3H), 7.05 (d, J = 2 Hz, 2H), 6.9 (d, J = 9.4 Hz, 1H), 6.19 (t, J = 2.6 Hz, 1H), 5.52 (s, 2H), 4.18 (q, J = 6.6 Hz, 2H) 

and 1.22 (t, J = 6.8 Hz, 3H) ppm. MS (ESI):  m/z 281 (M + Na+). 
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Characterization of compounds 5a-i: 

 

Ethyl 1-(2-((3-cyclohexylureido)methyl)benzyl)-1 H-pyrrole-2-carboxylate (5a). Starting from Ethyl 1-(2-

(aminomethyl)benzyl)-1 H-pyrrole-2-carboxylate (4a) 0.25 g (0.97 mmol, 1 eq).Yield: 0.25 g, 67.4 %. 1H-NMR 

(CH3OH-d4): δ 7.19 (d, J = 7.2 Hz, 1H), 7.08 (m, 2H), 6.91 (m, 1H), 6.86 (m, 1H), 6.35 (d, J = 7.2 Hz, 1H), 6.11 (m, 

1H), 5.54 (s, 2H), 4.3 (s, 2H), 4.07 (q, J = 7.1 Hz, 2H), 3.39 (m 1H), 1.79 (m, 2H), 1.64 (m, 2H), 1.51 (m, 1H), 1.25 

(m, 5H) and 1.13 (t, J = 7.1 Hz, 3H) ppm. 13C-NMR (CH3OH-d4): δ 160, 162.6, 137.7, 135, 130.1, 127.3, 126.9, 

125.5, 119.9, 117.3, 110.1, 61.2, 55.9, 52.6, 42.5, 34.3, 31.4, 26.2, 25.3, 24.8 and 14.1 ppm. HRMS: measured m/z 

[M + H+] 384.2282 (theoretical, 384.2282). 

 

Ethyl 1-(3-((3-cyclohexylureido)methyl)benzyl)-1 H-pyrrole-2-carboxylate (5b). Starting from Ethyl 1-(3-

(aminomethyl)benzyl)-1 H-pyrrole-2-carboxylate (4b) 0.25 g (0.97 mmol, 1 eq). Yield: 0.3 g, 81 %. 1H-NMR 

(CH3OH-d4): δ 7.09 (m, 2H), 6.93 (m, 2H), 6.85 (m, 2H), 6.06 (m, 1H), 5.45 (s, 2H), 4.15 (s, 2H), 4.08 (q, J = 7.2 

Hz, 2H), 3.38 (m 1H), 1.78 (m, 2H), 1.62 (m, 2H), 1.51 (m, 1H), 1.23 (t, J = 7.1 Hz, 3H) and 1.16 (m, 5H) ppm. 13C-

NMR (CH3OH-d4): δ 160.1, 157.4, 137.3, 135.2, 130.6, 128.7, 126.8, 125.9, 120.1, 116.9, 109.8, 60.7, 55.8, 52.9, 

44.8, 34.2, 32.3, 27.1, 25.4, 24.8 and 14.7 ppm. HRMS: measured m/z [M + H+] 384.2276 (theoretical, 384.2282) 

 

Ethyl 1-(4-((3-cyclohexylureido)methyl)benzyl)-1 H-pyrrole-2-carboxylate (5c). Starting from Ethyl 1-(4-

(aminomethyl)benzyl)-1 H-pyrrole-2-carboxylate (4c) 0.25 g (0.97 mmol, 1 eq). Yield: 0.3 g, 81 %. 1H-NMR 

(CH3OH-d4): δ 7.28 (d, J = 8.2 Hz, 1H), 7.18 (d, J = 8 Hz, 2H), 7.17 (d, J = 8 Hz, 2H) 6.9 (d, J = 9.4 Hz, 1H), 6.19 

(t, J = 2.6 Hz, 1H), 5.52 (s, 2H), 4.16 (q, J = 7.3 Hz, 2H), 4.15 (s, 2H), 3.38 (m 1H), 1.78 (m, 2H), 1.62 (m, 2H), 

1.51 (m, 1H), 1.23 (t, J = 7.1 Hz, 3H) and 1.16 (m, 5H) ppm. 13C-NMR (CH3OH-d4): δ 160.1, 157.6, 137.5, 136, 

130.3, 128.3, 126.7, 125.6, 119.7, 117.6, 109.5, 60.5, 55.7, 52.4, 44.4, 33.9, 31.8, 26.8, 25.7, 24.4 and 14.9 ppm. 

HRMS: measured m/z [M + H+] 384.2286 (theoretical, 384.2282). 

 

Ethyl 1-(2-((3-((3s,5s,7s)-adamantan-1-yl)ureido)methyl)benzyl)-1 H-pyrrole-2-carboxylate  (5d). Starting from 

Ethyl 1-(2-(aminomethyl)benzyl)-1 H-pyrrole-2-carboxylate (4a) 0.25 g (0.97 mmol, 1 eq).Yield: 0.25 g, 59.3 %. 
1H-NMR (DMSO-d6): δ 7.22-7 (m, 3H), 6.87-6.85 (m, 1H), 6.35 (d, J = 8.1 Hz , 1H), 6.12-6.09 (m, 1H), 5.52 (s, 

2H), 4.23 (s, 2H), 4.06 (q, J = 7.1 Hz, 2H), 1.82-1.97 (m, 8H), 1.6 (m, 7H),  and 1.12 (t, J = 7.2 Hz, 3H) ppm. 13C-

NMR (CH3OH-d4): δ 160.2, 157, 140.3, 139.4, 135.2, 130.7, 128.5, 126.2, 121.3, 118.3, 115.9, 109.7, 60.3, 52.7 

52.5, 47.6, 44.7, 42.7, 40.5, 37.6, 37.3, 32.3, 29.1 and 14.1 ppm. HRMS: measured m/z [M + H+] 436.2584 

(theoretical, 436.2595). 

 

Ethyl 1-(3-((3-((3s,5s,7s)-adamantan-1-yl)ureido)methyl)benzyl)-1 H-pyrrole-2-carboxylate (5e). Starting from 

Ethyl 1-(3-(aminomethyl)benzyl)-1 H-pyrrole-2-carboxylate (4b) 0.25 g (0.97 mmol, 1 eq).Yield: 0.3 g, 71.2 %. 1H-

NMR (DMSO-d6): δ 7.16 (t, J = 7.6 Hz, 1H), 7.03 (d, J = 8.2 Hz, 1H), 6.96-6.91 (m, 2H), 6.87-6.82 (m, 2H), 6.08-

6.05 (m, 1H), 5.46 (s, 2H), 4.1 (s, 2H), 4.09 (q, J = 7.2 Hz, 2H), 1.82-1.98 (m, 8H), 1.6 (m, 7H),  and 1.16 (t, J = 7.1 
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Hz, 3H) ppm. 13C-NMR (CH3OH-d4): δ 160.1, 156, 140.6, 139.7, 135.1, 130.5, 128.7, 127.3, 122.3, 119.2, 116.8, 

109.6, 60.2, 52.9, 51.5, 47.6, 44.5, 41.7, 40.8, 37.7, 37.6, 32.6, 28.9 and 14.3 ppm. HRMS: measured m/z [M + H+] 

436.2586 (theoretical, 436.2595). 

 

Ethyl 1-(4-((3-((3s,5s,7s)-adamantan-1-yl)ureido)methyl)benzyl)-1 H-pyrrole-2-carboxylate (5f). Starting from 

Ethyl 1-(4-(aminomethyl)benzyl)-1 H-pyrrole-2-carboxylate (4c) 0.25 g (0.97 mmol, 1 eq). Yield: 0.3 g, 71.2 %. 1H 

-NMR (DMSO-d6): δ 7.09 (d, J = 8.6 Hz, 2H), 6.96 (s, 2H), 6.93 (d, J = 8.6 Hz, 2H), 6.86 (m, 1H), 6.06 (m, 1H), 

5.44 (s, 2H), 4.1 (s, 2H), 4.08 (q, J = 7.2 Hz, 2H), 1.82-1.98 (m, 8H), 1.6 (m, 7H),  and 1.16 (t, J = 7.1 Hz, 3H) ppm. 
13C-NMR (CH3OH-d4): δ 160.0, 157.0, 140.8, 139.3, 134.9, 130.8, 128.4, 126.6, 121.9, 120.2, 117.6, 109.8, 60.9, 

52.5, 51.9, 46.9, 43.8, 42.7, 40.6, 37.4, 36.5, 31.6, 29 and 14.5 ppm. HRMS: measured m/z [M + H+] 436.2585 

(theoretical, 436.2595). 

 

Ethyl 1-(2-((3-((4-(trifluoromethoxy)phenyl)ureido)methyl)benzyl)-1 H-pyrrole-2-carboxylate (5g). Starting from 

Ethyl 1-(2-(aminomethyl)benzyl)-1 H-pyrrole-2-carboxylate (4a) 0.25 g (0.97 mmol, 1 eq).Yield: 0.25 g, 56 %. 1H-

NMR (DMSO-d6): δ 7.35 (d, J = 9.2 Hz, 2H), 7.27 (d, J = 7.3 Hz, 1H), 7.17-7.04 (m, 4H), 6.89 (d, J = 8.5 Hz, 2H), 

6.4 (d, J = 7.3 Hz, 1H), 6.1 (s, 1H), 5.54 (s, 2H), 4.38 (s, 2H), 4.07 (q, J = 7.2 Hz, 2H),  and 1.1 (t, J = 7.1 Hz, 3H) 

ppm. 13C-NMR (CH3OH-d4): δ 160.2, 156.3, 155.1, 145.3, 140.1, 138.9, 134.7, 130.1, 127.5, 122.3, 120.5, 119.3, 

114.5, 110.7, 109.2, 61.5, 52.4, 48.1, 45.5 and 14 ppm. HRMS: measured m/z [M + H+] 462.1633 (theoretical, 

462.1635). 

 

 

Ethyl 1-(3-((3-((4-(trifluoromethoxy)phenyl)ureido)methyl)benzyl)-1 H-pyrrole-2-carboxylate (5h). Starting from 

Ethyl 1-(3-(aminomethyl)benzyl)-1 H-pyrrole-2-carboxylate (4b) 0.25 g (0.97 mmol, 1 eq).Yield: 0.3 g, 67.2 %. 1H 

-NMR (DMSO-d6): δ 7.35 (d, J = 9.2 Hz, 2H), 7.19-7.04 (m, 4H), 6.97-6.94 (m, 2H), 6.89-6.83 (m, 2H), 6.04 (m, 

1H), 5.48 (s, 2H), 4.27 (s, 2H), 4.07 (q, J = 7.2 Hz, 2H),  and 1.1 (t, J = 7.2 Hz, 3H) ppm. 13C-NMR (CH3OH-d4): δ 

160, 156.7, 155.3, 146, 140.7, 139.1, 135.2, 131.1, 127.8, 122.7, 121.5, 119.6, 114.1, 110.5, 110.1, 61.1, 52.7, 48.3, 

44.5 and 14.1 ppm. HRMS: measured m/z [M + H+] 462.1634 (theoretical, 462.1635). 

 

 

Ethyl 1-(4-((3-((4-(trifluoromethoxy)phenyl)ureido)methyl)benzyl)-1 H-pyrrole-2-carboxylate (5i). Starting from 

Ethyl 1-(4-(aminomethyl)benzyl)-1 H-pyrrole-2-carboxylate (4c) 0.25 g (0.97 mmol, 1 eq).. Yield: 0.3 g, 67.2 %. 1H 

-NMR (DMSO-d6): δ 7.33 (d, J = 9.2 Hz, 2H), 7.15 (d, J = 8.5 Hz, 2H), 7.05 (d, J = 8.5 Hz, 2H), 6.97-6.93 (m, 3H), 

6.85 (m, 1H), 6.07 (m, 2H), 5.43 (s, 2H), 4.28 (s, 2H), 4.07 (q, J = 7.2 Hz, 2H)  and 1.2 (t, J = 7.2 Hz, 3H) ppm. 13C 

-NMR (CH3OH-d4): δ 160.1, 157.7, 154.3, 146.2, 140.1, 139.2, 134.9, 130.5, 128.7, 122.5, 121.3, 119.7, 114.5, 

110.8, 109.2, 61, 52.5, 48.7, 44.3 and 14.8 ppm. HRMS: measured m/z [M + H+] 462.1633 (theoretical, 462.1635). 
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Characterization of compounds 6b-i: 

 

1-(3-((3-cyclohexylureido)methyl)benzyl)-1 H-pyrrole-2-carboxylic acid (6b). Starting from Ethyl 1-(3-((3-

cyclohexylureido)methyl)benzyl)-1 H-pyrrole-2-carboxylate (5b) 0.05 g (0.13 mmol, 1 eq). Yield: 25 mg, 50%. 1H-

NMR (CH3OH-d4): δ 7.16-7.03 (m, 2H), 6.93-6.91 (m, 2H), 6.88-6.84 (m, 2H), 6.07-6.04 (m, 1H), 5.49 (s, 2H), 4.14 

(s, 2H), 3.38 (m 1H), 1.78 (m, 2H), 1.62 (m, 2H), 1.51 (m, 1H), and 1.16 (m, 5H) ppm. 13C-NMR (CH3OH-d4): δ 

160.1, 157.4, 137.3, 135.2, 130.6, 128.7, 126.8, 125.9, 120.1, 116.9, 109.8, 55.8, 52.9, 44.8, 34.2, 32.3, 27.1, 25.4 

and 24.8 ppm. HRMS: measured m/z [M + H+] 356.1964 (theoretical, 356.1969) 

 

1-(4-((3-cyclohexylureido)methyl)benzyl)-1 H-pyrrole-2-carboxylic acid (6c). Starting from Ethyl 1-(4-((3-

cyclohexylureido)methyl)benzyl)-1 H-pyrrole-2-carboxylate (5c) 0.05 g (0.13 mmol, 1 eq). Yield: 25 mg, 50 %. 1H-

NMR (CH3OH-d4): δ 7.23 (d, J = 8 Hz, 2H), 6.99 (d, J = 8 Hz, 2H), 6.92 (m, 1H) 6.88 (m, 1H), 6.04 (m, 1H), 5.45 

(s, 2H), 4.15 (s, 2H), 3.38 (m 1H), 1.78 (m, 2H), 1.62 (m, 2H), 1.51 (m, 1H) and 1.16 (m, 5H) ppm. 13C-NMR 

(CH3OH-d4): δ 160.1, 157.6, 137.5, 136, 130.3, 128.3, 126.7, 125.6, 119.7, 117.6, 109.5, 55.7, 52.4, 44.4, 33.9, 31.8, 

26.8, 25.7 and 24.4 ppm. HRMS: measured m/z [M + H+] 356.1967 (theoretical, 356.1969). 

 

1-(2-((3-((3s,5s,7s)-adamantan-1-yl)ureido)methyl)benzyl)-1 H-pyrrole-2-carboxylic acid (6d). Starting from Ethyl 

1-(2-((3-((3s,5s,7s)-adamantan-1-yl)ureido)methyl)benzyl)-1 H-pyrrole-2-carboxylate  (5d) 0.05 g (0.13 mmol, 1 

eq). Yield: 29 mg, 98 %. 1H-NMR (DMSO-d6): δ 7-6.96 (m, 3H), 6.85-6.83 (m, 1H), 6.36 (d, J = 8.1 Hz, 1H), 6.09 

(m, 1H), 5.53 (s, 2H), 4.27 (s, 2H), 1.82-1.97 (m, 8H) and 1.6 (m, 7H) ppm. 13C-NMR (CH3OH-d4): δ 160.2, 157, 

140.3, 139.4, 135.2, 130.7, 128.5, 126.2, 121.3, 118.3, 115.9, 109.7, 52.7 52.5, 47.6, 44.7, 42.7, 40.5, 37.6, 37.3, 

32.3 and 29.1 ppm. HRMS: measured m/z [M + H+] 408.2286 (theoretical, 408.2282). 

 

1-(3-((3-((3s,5s,7s)-adamantan-1-yl)ureido)methyl)benzyl)-1 H-pyrrole-2-carboxylic acid (6e). Starting from Ethyl 

1-(3-((3-((3s,5s,7s)-adamantan-1-yl)ureido)methyl)benzyl)-1 H-pyrrole-2-carboxylate (5e) 0.05 g (0.13 mmol, 1 eq). 

Yield: 29 mg, 50 %. 1H-NMR (DMSO-d6): δ 7.15 (t, J = 7.6 Hz, 1H), 7.04 (d, , J = 8.2 Hz, 1H), 6.97-6.91 (m, 2H), 

6.87-6.82 (m, 2H), 6.09-6.05 (m, 1H), 5.43 (s, 2H), 4.12 (s, 2H), 1.82-1.98 (m, 8H) and 1.6 (m, 7H) ppm. 13C-NMR 

(CH3OH-d4): δ 160.1, 156, 140.6, 139.7, 135.1, 130.5, 128.7, 127.3, 122.3, 119.2, 116.8, 109.6, 52.9, 51.5, 47.6, 

44.5, 41.7, 40.8, 37.7, 37.6, 32.6 and 28.9 ppm. HRMS: measured m/z [M + H+] 408.2276 (theoretical, 408.2282). 

 

1-(4-((3-((3s,5s,7s)-adamantan-1-yl)ureido)methyl)benzyl)-1 H-pyrrole-2-carboxylic acid (6f). Starting from Ethyl 

1-(4-((3-((3s,5s,7s)-adamantan-1-yl)ureido)methyl)benzyl)-1 H-pyrrole-2-carboxylate (5f) 0.05 g (0.13 mmol, 1 eq). 

Yield: 29 mg, 50 %. 1H-NMR (DMSO-d6): δ 7.09 (d, J = 8.6 Hz, 2H), 6.96 (s, 2H), 6.93 (d, J = 8.6 Hz, 2H), 6.88 

(m, 1H), 6.07 (m, 1H), 5.44 (s, 2H), 4.1 (s, 2H), 1.82-1.98 (m, 8H) and 1.6 (m, 7H) ppm. 13C-NMR (CH3OH-d4): δ 

160, 157, 140.8, 139.3, 134.9, 130.8, 128.4, 126.6, 121.9, 120.2, 117.6, 109.8, 52.5, 51.9, 46.9, 43.8, 42.7, 40.6, 

37.4, 36.5, 31.6 and 29 ppm. HRMS: measured m/z [M + H+] 408.2283 (theoretical, 408.2282). 
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1-(2-((3-((4-(trifluoromethoxy)phenyl)ureido)methyl)benzyl)-1 H-pyrrole-2-carboxylate  (6g). Starting from Ethyl 1-

(2-((3-((4-(trifluoromethoxy)phenyl)ureido)methyl)benzyl)-1 H-pyrrole-2-carboxylate (5g) 0.05 g (0.13 mmol, 1 

eq). Yield: 30 mg, 50 %. 1H-NMR (DMSO-d6): δ 7.35 (d, J = 9.2 Hz, 2H), 7.27 (d, J = 7.3 Hz, 1H), 7.1-7.02 (m, 

4H), 6.89 (d, J = 8.5 Hz, 2H), 6.4 (d, J = 7.3 Hz, 1H), 6.11 (s, 1H), 5.6 (s, 2H) and 4.36 (s, 2H), ppm. 13C-NMR 

(CH3OH-d4): δ 160.2, 156.3, 155.1, 145.3, 140.1, 138.9, 134.7, 130.1, 127.5, 122.3, 120.5, 119.3, 114.5, 110.7, 

109.2, 52.4, 48.1 and 45.5 ppm. HRMS: measured m/z [M + H+] 434.1315 (theoretical, 434.1322). 

 

1-(3-((3-((4-(trifluoromethoxy)phenyl)ureido)methyl)benzyl)-1 H-pyrrole-2-carboxylic acid (6h). Starting from 

Ethyl 1-(3-((3-((4-(trifluoromethoxy)phenyl)ureido)methyl)benzyl)-1 H-pyrrole-2-carboxylate (5h) 0.05 g (0.13 

mmol, 1 eq).  Yield: 30 mg, 50 %. 1H-NMR (DMSO-d6): δ 7.36 (d, J = 9.2 Hz, 2H), 7.17-7.03 (m, 4H), 6.97-6.94 

(m, 2H), 6.87-6.80 (m, 2H), 6.06 (m, 1H), 5.47 (s, 2H) and 4.24 (s, 2H) ppm. 13C-NMR (CH3OH-d4): δ 160, 156.7, 

155.3, 146, 140.7, 139.1, 135.2, 131.1, 127.8, 122.7, 121.5, 119.6, 114.1, 110.5, 110.1, 52.7, 48.3 and 44.5 ppm. 

HRMS: measured m/z [M + Na+] 456.1143 (theoretical, 456.1142). 

 

1-(4-((3-((4-(trifluoromethoxy)phenyl)ureido)methyl)benzyl)-1 H-pyrrole-2-carboxylic acid (6i). Starting from Ethyl 

1-(4-((3-((4-(trifluoromethoxy)phenyl)ureido)methyl)benzyl)-1 H-pyrrole-2-carboxylate (5i) 0.05 g (0.13 mmol, 1 

eq). Yield: 30 mg, 50%. 1H-NMR (DMSO-d6): δ 7.33 (d, J = 9.2 Hz, 2H), 7.15 (d, J = 8.5 Hz, 2H), 7.05 (d, J = 8.5 

Hz, 2H), 6.97-6.93 (m, 3H), 6.86 (m, 1H), 6.06 (m, 1H), 5.46 (s, 2H), 4.25 (s, 2H) and 1.2 (t, J = 7.2 Hz, 3H) ppm. 
13C-NMR (CH3OH-d4): δ 160.1, 157.7, 154.3, 146.2, 140.1, 139.2, 134.9, 130.5, 128.7, 122.5, 121.3, 119.7, 114.5, 

110.8, 109.2, 52.5, 48.7 and 44.3 ppm. HRMS: measured m/z [M + H+] 434.1312 (theoretical, 434.1322). 
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Appendix 

5-LO inhibitors 

 

Figure 1. Chemical structures of 5-LO inhibitors. 

Chemical synthesis 

(Z)-4-bromobutyl 2-(5-fluoro-2-methyl-1-(4-(methylsulfinyl)benzylidene)-1H-inden-3-

yl)acetate (2): Sulindac (1) (1 g, 2.8 mmol, 1 eq), potassium carbonate (0.57 g, 4.2 

mmol, 1.5 eq), and 1-bromo-4-bromobutane (1 ml, 8.4 mmol, 3 eq) were dissolved in 

acetonitrile (15 ml) and heated to reflux during 3 h. The mixture is cooled and then 

filtered. The solvent from the mother liquor is evaporated under reduced pressure and 

dried over MgSO4. The crude is purified by flash chromatography (Hex:EtOAc) 

obtaining a yellow solid (1.1 g, 53% yield). 1H-NMR (DMSO-d6, 250 MHz): δ 7.79 (d, J 

= 8.0 Hz, 2H), 7.70 (d, J= 8.0 Hz, 2H), 7.39 (s, 1H), 7.20 (q, J = 5.7 Hz, 1H), 7.04 (dd, 

J1 = 2.9 Hz, J2 = 9.7 Hz, 1H), 6.76 (dt, J1 = 2.3 Hz, J2 = 8.6 Hz, 1H), 4.09 (t, J = 6.4 Hz, 



b 
 

2 H), 3.67 (s, 2H), 3.52 (t, J = 8.0 Hz, 2H), 2.80 (s, 3H), 2.15 (s, 3H), 1.83-1.65 (m, 4H). 

MS (ESI, 70 eV) m/z = 493.6 (M+H+). 

(Z)-4-(nitrooxy)butyl 2-(5-fluoro-2-methyl-1-(4-(methylsulfinyl)benzylidene)-1H-inden-3-

yl)acetate (3):  (Z)-4-bromobutyl 2-(5-fluoro-2-methyl-1-(4-(methylsulfinyl)benzylidene)-

1H-inden-3-yl)acetate (2) (0.25 g, 0.50 mmol, 1 eq) and silver nitrate (0.17 g, 1.07 

mmol, 2 eq) were solved in 10 ml of acetonitrile and heated to 85°C for 48 h. The 

mixture was filtered off and the solvent removed under reduced pressure. The crude 

was purified by flash chromatograpy (Hex:EtOAc), a yellow solid is obtained (0.20 g, 

83% yield). 1H-NMR (DMSO-d6, 250 MHz): δ 7.87 (d, J = 7.4 Hz, 2H), 7.80 (d, J = 8.9 

Hz, 2H), 7.46 (s, 1H), 7.29 (q, J = 4.4 Hz, 1H), 7.11 (dd, J1 = 4.4 Hz, J2 = 8.9 Hz, 1H), 

6.84 (dt, J1 = 2.9 Hz, J2 = 8.1 Hz, 1H), 4.54 (t, J = 5.7 Hz, 2H), 4.14 (t, J = 5.9 Hz, 2H), 

3.74 (s, 2H), 2.90 (s, 3H), 2.23 (s, 3H), 1.75 (m, 4H). 13C-NMR (DMSO-d6, 63 MHz): δ 

169.9, 164.5, 160.7, 146.3, 140.3, 138.4, 131.8, 131.8, 130.3, 129.1, 124.3, 123.2, 

110.3, 105.7, 73.1, 63.8, 43.2, 31.1, 24.6, 22.7, 10.5. MS (ESI, 70 eV) m/z = 474.6 

(M+H+). HRMS calcd. C24H24FNO6S 473.13084, found 477.13861.  

(S)-4-bromobutyl 2-(6-methoxynaphthalen-2-yl)propanoate (5): 

Naproxen (4) (1.50 g, 6.5 mmol, 1 eq), potassium carbonate (1.08 g, 7.8 mmol, 2 eq), 

and 1-bromo-4-bromobutane (3.9 ml, 32.6 mmol, 5 eq) were dissolved in acetonitrile 

(20 ml) and heated to reflux during 3 h. The mixture is cooled and then filtered. The 

solvent from the mother liquor is evaporated under reduced pressure and dried over 

MgSO4. The crude is purified by flash chromatography (Hex:EtOAc) obtaining a 

colorless oil (1.2 g, 50% yield). 1H-NMR (DMSO-d6, 250 MHz): δ 7.81 (q, J = 6.2 Hz, 

2H), 7.74 (s, 1H), 7.39 (dd, J1 = 2.8 Hz, J2 = 8.2 Hz, 1H), 7.27 (d, J = 3.3 Hz, 1H), 7.16 

(dd, J1 = 2.5 Hz, J2 = 9.4 Hz, 1H), 4.08 (t, J = 5.8 Hz, 2H), 3.93 (q, J = 6.9 Hz, 1H), 3.89 

(s, 3H), 3.47 (t, J = 6.5 Hz, 2H), 1.75-1.58 (m, 4H),  1.48-1.44 (d, J = 7.8 Hz, 3H). MS 

(ESI, 70 eV) m/z = 389.4 (M+Na+). 

(S)-4-(nitrooxy)butyl 2-(6-methoxynaphthalen-2-yl)propanoate (6):  

(S)-4-bromobutyl 2-(6-methoxynaphthalen-2-yl)propanoate (5) (0.25 g, 0.68 mmol, 1 

eq) and silver nitrate (0.23 g, 1.37 mmol, 2 eq) were solved in 10 ml of acetonitrile and 

heated to 85°C for 17 h. The mixture was filtered off and the solvent removed under 

reduced pressure. The crude was purified by flash chromatograpy (Hex:EtOAc), a 

colorless oil is obtained (0.20 g, 84% yield). 1H-NMR (DMSO-d6, 250 MHz): δ 1H-NMR 

(MeOD-d4, 250 MHz): δ 7.83 (q, J = 4.7 Hz, 2H), 7.72 (s, 1H), 7.41 (dd, J1 = 3.0 Hz, J2 

= 9.0 Hz, 1H), 7.30 (d, J = 2.6 Hz, 1H), 7.15 (dd, J1 = 3.4 Hz, J2 = 9.0 Hz, 1H), 4.43 (m, 
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2H), 4.07 (m, 2H), 3.96 (q, J = 8.5 Hz, 1H), 3.89 (s, 3H), 1.63-1.59 (m, 4H),  1.56-1.46 

(d, J = 7.8 Hz, 3H). 13C-NMR (DMSO-d6, 63 MHz): δ 173.8, 157.0, 135.8, 133.1, 129.2, 

128.2, 126.9, 126.0, 118.4, 105.3, 72.9, 63.2, 55.2, 44.4, 24.6, 22.8, 17.8. MS (ESI, 70 

eV) m/z = 370.4 (M+Na+). HRMS calcd. C18H21NO6 347.13689, found 347.13641.  

4-(3-bromophenyl)tetrahydro-2H-pyran-4-carbonitrile (8): 

3-bromophenylacetonitrile (7) (5.00 g, 25.5 mmol, 1 eq) and sodium hydroxide 40% (47 

ml, 25.5 mmol) were stirred in THF (30 ml) to give a brown suspension. To the mixture, 

tetrabutylammonium hydrogen sulfate (TBAHS) (0.9 ml, 2.68 mmol, 0.1 eq) were 

added and set for boiling at reflux during 30 min. Later, 2-chloroethylether (3.00 ml, 

25,5 mmol, 1 eq) were added dropwise. The reaction mixture was heated under reflux 

for 4h and then cooled. The mixture was diluted with EtOAc (40 ml), washed with 5% 

HCl (3 x 20 ml), water (2 x 20 ml) and saturated NaHCO3 (2 x 30 ml). After drying the 

organic phase over MgSO4, the solvent was removed under reduced pressure to 

provide the crude as a waxy solid. The solid was purified in a mixture of 1:1 isopropyl 

ether and hexanes (10 x 10 ml) to provide the desired product as a red crystal (3.85 g, 

56% yield). 1H-NMR (DMSO-d6, 250 MHz): δ 7.74 (s, 1H), 7.63-7.55 (m, 2H), 7.44 (t, J 

= 8.4 Hz, 1H), 4.02 (m, 2H), 3.66 (dt, J1 = 3.4, J2 = 11.1 Hz, 2H), 2.17-2.02 (m, 4H). MS 

(ESI, 70 eV) m/z = 267.1 (M+H+). 

4-(3-bromophenyl)tetrahydro-2H-pyran-4-carboxamide (9): 

4-(3-bromophenyl)tetrahydro-2H-pyran-4-carbonitrile (8) (3.85 g, 14.5 mmol, 1 eq) was 

stirred in sulfuric acid (12 ml) at room temperature for 48 h. The mixture was then 

poured onto ice and the very fine suspension was filtered and washed with water 

thoroughly until pH of wash is neutral. The white solid was washed with hexanes and 

was dried under vacuum to give a yellow solid (3.2 g, 78% yield). 1H-NMR (DMSO-d6, 

250 MHz): δ 7.58 (s, 1H), 7.53-7.50 (t, J = 7.6 Hz, 2H), 7.46-7.37 (t, J = 6.2 Hz, 2H), 

7.34 (s, 1H), 7.14 (s, 1H), 3.82-3.78 (m, 2H), 3.58-3.52 (m, 2H), 2.50-2.45 (m, 2H), 

1.88-1.79 (m, 2H). MS (ESI, 70 eV) m/z = 284.3 (M+H+). 

 

 

4-(3-((4-fluorophenyl)thio)phenyl)tetrahydro-2H-pyran-4-carboxamide (12): 

Butan-1-ol (30 ml), 4-(3-bromophenyl)tetrahydro-2H-pyran-4-carboxamide (9) (3.20 g, 

11.3 mmol, 1 eq), potassium t-butoxide (2.53 g, 22.5 mmol, 2 eq), water (0.4 ml, 22.5 
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mmol, 2 eq), tetrakis(triphenylphosphine) palladium(0) (0.26 g, 0.22 mmol, 0.02 eq) 

and 4-fluorothiophenol (1.2 ml, 11.3 mmol, 2 eq) (10) were added to a reaction flask 

and set for boiling (100°C) at reflux under a nitrogen atmosphere during 8h. The 

reaction mixture was cooled to ambient temperature and butan-1-ol (20 ml) was added 

to obtain a slurry. The crude product was isolated by filtration and washed with butan-

1-ol (20 ml) and sucked dry. The crude product was dissolved in methanol (20 ml) and 

treated with 50 mg activated carbon and heated at 60°C during 20 min. The mixture 

was hot filtrated through Celite ® and washed with hot methanol (20 ml). The solvent 

removed under reduced pressure (until 4 ml were left) and crystal formation succeeded 

at 4°C during 24 h. 1H-NMR (DMSO-d6, 300 MHz): δ 7.51-7.25 (m, 8H), 7.09 (m, 2H), 

3.76-3.71 (m, 2H), 3.48 (m, 2H), 2.43-2.37 (m, 2H), 1.82-1.71 (m, 2H). 19F-NMR 

(DMSO-d6, 282 MHz): δ -113.6. MS (ESI, 70 eV) m/z = 370.2 (M+K+). 

4-(3-((4-(2-methyl-1H-imidazol-1-yl)phenyl)thio)phenyl)tetrahydro-2H-pyran-4-

carboxamide (13): 

4-(3-((4-fluorophenyl)thio)phenyl)tetrahydro-2H-pyran-4-carboxamide (11) (2.45 g, 7.4 

mmol, 1 eq), 2-methyl-1H-imidazole (12) (1.2 g, 14.8 mmol, 2 eq), and cesium 

carbonate (4.83 g, 14.8 mmol, 2 eq) in DMSO (25 ml) were added to a reaction flask 

set for boiling at reflux (130°C) under nitrogen atmosphere during 20h. After the 

reaction was completed, it was cooled and quenched with water (25 ml), which resulted 

in formation of a precipitate. The product was isolated by vacuum filtration and washed 

with water (7x 10ml). The product was lyophilized and purified on LC-MS. 100 mg of a 

white solid were obtained (5% yield).  

1H-NMR (MeOD-d4, 250 MHz): δ 7.56 (s, 1H), 7.46-7.34 (m, 6H), 7.20 (s, 1H), 6.99 (s, 

1H), 3.87-3.79 (m, 2H), 3.73-3.63 (m, 2H), 2.48-2.44 (m, 2H), 2.36 (s, 3H), 2.05-1.95 

(m, 2H). 13C-NMR (MeOD-d4, 63 MHz): δ 146.8, 146.1, 139.4, 137.9, 135.9, 132.4, 

132.0, 131.7, 131.2, 130.8, 128.1, 127.2, 126.8, 122.6, 66.2, 35.7, 13.7. MS (ESI, 70 

eV) m/z = 395.37 (M+H+). tR = 12.91 min (>95% pure). 

4-(4-(hydroxymethyl)piperidin-1-yl)benzaldehyde (16):  

In a round-bottomed flask were 4-fluorobenzaldehyde (14) (0.500 g, 4.03 mmol,1 eq), 

piperidin-4-ylmethanol (15) (0.557 g, 4.83 mmol, 1.2 eq), and cesium carbonate (1.313 

g, 4.03 mmol, 1 eq) solved in DMF (10 ml) and the mixture was heated up to 110ºC 

during 23 h. The solvent is removed under reduced pressure and the residue taken up 

in ethyl acetate (50 ml) and washed with HCl 10% (3x20 ml); the organic phase was 



e 
 

dried over MgSO4 and the crude purified by flash chromatography (hexane/ethyl 

acetate 0  80%)  a red solid is obtained 1.3 g (73% yield).1H NMR (250 MHz, DMSO-

d6): 9.68 (s, 1H), 7.68 (d, J=8.9 Hz, 2H), 7.02 (d, J=8.9 Hz, 2H), 4.50 (t, J=5.29 Hz, 

1H), 4.01 (d, J=13.1 Hz, 2H), 3.28 (t, J=5.6 Hz, 2H), 2.89 (m, 2H), 1.68 (m, 3H), 1.17 

(m, 2H). MS (ESI, 70 eV) m/z (%): 217.8 (100), 199.6 (71), 187.8 (16.6). 

(1-(4-(3-(cyclohexylamino)-6-methylimidazo[1,2-a]pyridin-2-yl)phenyl)piperidin-4-

yl)methanol (19, EB82):  

In a round-bottom flask 4-(4-(hydroxymethyl)piperidin-1-yl)benzaldehyde (16) (1.000 g, 

4.56 mmol, 1 eq), N-cyclohexylisonitrile (18) (0.567 ml, 4.56 mmol, 1 eq), and 5-

methylpyridin-2-amine (17) (0.592 g, 5.47 mmol, 1.2 eq) in MeOH (10 ml) to give a 

yellow solution. Glacial acetic acid (0.261 ml, 4.56 mmol, 1 eq) was added and the 

reaction mixture stirred at rt o/n. The solvent was removed under reduced pressure and 

ethyl acetate was added (30 ml) and washed with (3x20 ml) NaHCO3. A precipitated 

appeared and was kept, the organic phase was dried over MgSO4 and the solvent 

reduced under reduced pressure to obtain a green solid obtained. The crude was 

purified by recrystallization from EtOH yielding 300 mg of a red solid (52% yield). 1H 

NMR (250 MHz, DMSO-d6): 8.12 (m, 3H), 7.40 (d, J=20.7 Hz, 1H), 7.04-7.02 (m, 3H), 

4.64 (d, J=3.3 Hz, 1H), 4.54 (t, J=4.0 Hz, 1H), 3.88 (d, J= 16.9 Hz, 2H), 3.30 (t, J=5.6 

Hz, 2H), 2.91 (m, 1H), 2.80 (t, J=12.7 Hz, 2H), 2.39 (s, 3H), 1.86-1.58 (m, 8H), 1.41-

1.18 (m, 7H). 13C-NMR (63 MHz, DMSO-d6): 158.2, 150.2, 146.8, 139.7, 137.6, 135.7, 

127.5, 124.0, 120.1, 115.0, 107.1, 65.6, 55.8, 48.4, 33.3, 28.3, 25.9, 17.2, 17.0. MS 

(ESI, 70 eV) m/z (%): 418.57 (100) (M+). Anal. Calcd for C26H34N4O0.5 HCl: C, 71.22, 

H, 7.98, N, 12.67. Found: C, 71.37, H, 7.98, N, 12.84. 

1-(2,5-dimethylphenyl)-4,4,4-trifluorobutane-1,3-dione (21): 

1-(2,5-dimethylphenyl)ethanone (19) (1.506 ml, 10.12 mmol, 1 eq) in MeOH (12 ml) to 

give a colorless solution. Sodium methoxide (24.29 ml, 12.15 mmol, 1.2 eq) was added 

and the mixture and stirred for 5 min, and then ethyl 2,2,2-trifluoroacetate (20) (1.208 

ml, 10.12 mmol, 1 eq) was added. After refluxing for 24 h, the mixture was cooled at rt. 

10% HCl (10 ml) was added to the mixture, and then extracted with EtOAc (20 ml), 

washed with brine and dried over MgSO4. The crude was used without further 

purification (red oil, 1.3 g, 53%). 

4-(5-(2,5-dimethylphenyl)-3-(trifluoromethyl)-1H-pyrazol-1-yl)benzenesulfonamide (23, 

DMC) 
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1-(2,5-dimethylphenyl)-4,4,4-trifluorobutane-1,3-dione (21) (1 g, 4.09 mmol, 1 eq) were 

solved in EtOH (15 ml) to give a colorless solution. 4-hydrazinylbenzenesulfonamide-

HCl (22) (0.916 g, 4.09 mmol, 1 eq) was added. The mixture is stirred and refluxed for 

20 h. After cooling at rt, the mixture was concentrated in vacuo. The residue was 

dissolved in EtOAc (20 ml) and washed with water (10 ml), brine (15 ml) and dried over 

MgSO4. The crude was purified by flash chromatography (Hex/EtOAc) yielding a white 

solid (538 mg, 33% yield). 

1H-NMR (250 MHz, DMSO-d6): δ 7.88 (d, J=8.2 Hz, 2H), 7.53-7.49 (m, 4H), 7.26-7.16 

(m, 4H), 3.37 (s, 1H), 2.30 (s, 3H), 1.95 (s, 3H). 13C-NMR (250 MHz, DMSO-d6): δ 

143.4, 142.4, 141.8, 141.1, 135.3, 133.6, 131.3, 130.8, 130.3, 128.1, 126.7, 124.6, 

123.6, 119.0, 107.3, 20.4, 18.9. MS (ESI, 70 eV) m/z (%): 395.17 (100) (M+). Anal. 

Calcd for C18H16F3N3O2S: C, 54.68, H, 4.08, N, 10.63, S, 8.11; found, C, 54.75, H, 4.22, 

N, 10.39, S, 8.06.  

4,4,4-trifluoro-1-(p-tolyl)butane-1,3-dione (24): 

1-(p-tolyl)ethanone (1.493 ml, 11.18 mmol, 1 eq) (24) was dissolved in MeOH (12 ml) 

to give a colorless solution. Sodium methoxide (26.8 ml, 13.42 mmol, 1.2 eq) was 

added and stirred for 5 min. Afterwards, ethyl 2,2,2-trifluoroacetate (1.335 ml, 11.18 

mmol, 1 eq) (20) was added and refluxed during 24h. After cooling to rt, 10% HCl (10 

ml) was added and extracted with EtOAc (10 ml) and washed with brine (15 ml). The 

crude was used without further purification. 

4-(5-(p-tolyl)-3-(trifluoromethyl)-1H-pyrazol-1-yl)benzenesulfonamide, HCl (25, Cele) 

4,4,4-trifluoro-1-(p-tolyl)butane-1,3-dione (1 g, 4.34 mmol) was disolved in EtOH (15 

ml) to give a colorless solution. 4-hydrazinylbenzenesulfonamide-HCl (22) (0.972 g, 

4.34 mmol) was added and the mixture was refluxed for 20 h. After cooling to rt, the 

mixture was concentrated in vacuo. The residue was dissolved in EtOAc (20 ml) and 

washed with water (10 ml), brine (15 ml) and dried over MgSO4. The crude was purified 

by flash chromatography (Hex/EtOAc) and the obtained fraction was recrystallized from 

isooctane/EtOAc obtaining a white solid (151 mg, 8%). 

1H-NMR (250 MHz, DMSO-d6): δ 7.91 (d, J=8.8 Hz, 2H), 7.58-7.54 (m, 3H), 7.23 (m, 

4H), 2.34 (s, 3H). 13C-NMR (250 MHz, DMSO-d6): δ 147.4, 145.2, 143.4, 141.1, 130.8, 

130.2, 128.4, 127.3, 126.9, 106.7, 21.3. MS (ESI, 70 eV) m/z (%): 380.3 (100) (M+). 

Anal. Calcd. for C17H14F3N3O2S: C, 52.78, H, 3.69, N, 10.86, S, 8.29; found, C, 52.88, 

H, 3.60, N, 10.68, S, 8.34. 
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(E)-1-(2,5-dimethylphenyl)-3-hydroxy-3-methoxyprop-2-en-1-one (27): 

NaH (0.89 g, 22 mmol, 1.1 eq) is solved in 25 ml absolut THF under argon atmosphere 

and 2,5-dimethylacetophenone (19) (3 g, 20 mmol, 1 eq) was added at 0°C. After 30 

min stirring, a solution of THF (10 ml) and dimethyloxalate (26) (2.4 g, 20 mmol, 1 eq) 

was added. The mixture is stirred for 16 h in ultrasound bath at 45°C. The solution was 

cooled and to the suspension 75 ml 10% HCl were added and stirred for 1h. Eventually 

the solution was cooled at 0°C for 3h but no solid precipitated. THF is removed under 

reduced pressure and EtOAc is added to extract organic phase (3x50 ml). The organic 

layer is dried over MgSO4. The crude product was added to a silica gel column and 

was eluted with EtOAc:Hex (1:2). Collected fractions were a mixture of both tautomers 

(3 g, 72% yield) and were used without further purification. 

Methyl 5-(2,5-dimethylphenyl)-1-(4-sulfamoylphenyl)-1H-pyrazole-3-carboxylate (28): 

In 20 ml MeOH, (E)-1-(2,5-dimethylphenyl)-3-hydroxy-3-methoxyprop-2-en-1-one (27) 

(1 g, 4.85 mmol, 1 eq) and 4-hydrazinylbenzenesulfonamide-HCl (22) (1.19 g, 5.23 

mmol, 1.1 eq) were refluxed during 4h and cooled down. For 30 min the crude was 

stirred at 0°C, but no precipitated was obtained. MeOH was removed under reduced 

pressure and the organic layer was extracted with EtOAc (20 ml) and washed with 

brine (10 ml). The crude was purified by column chromatography with 1:1 EE/Hex as 

eluent obtaining a yellow solid (0.93 g, 53%).  

1H-NMR (250 MHz, MeOD): δ 7.87 (d, J=8.7 Hz, 2H), 7.47 (d, J=8.8 Hz, 2H), 7.13-7.11 

(m, 3H), 6.96 (s, 1H), 3.96 (s, 3H), 2.30 (s, 3H), 2.02 (s, 3H). MS (ESI, 70 eV) m/z (%): 

386.2 (100) (M+). 

4-(5-(2,5-dimethylphenyl)-3-(hydroxymethyl)-1H-pyrazol-1-yl)benzenesulfonamide (29, 

DMC-OH): 

Lithium aluminum hydride (3.89 ml, 7.78 mmol, 3 eq) was in THF (50 ml) dissolved to 

give a colorless suspension. The solution was cooled to 0°C and methyl 5-(2,5-

dimethylphenyl)-1-(4-sulfamoylphenyl)-1H-pyrazole-3-carboxylate (28) (1.0 g, 2.59 

mmol, 1 eq) in 5 ml THF was added. Eventually the reaction was stirred for 4h at room 

temperature. The reaction is quenched with water on an ice bath and after bubbles 

formation HCl concentrated was added until the solid is solved and the organic phase 

is extracted with EtOAc (20 ml). Eventually the crude is purified by column 

chromatography (EtOAc/MeOH 05%) to obtain 0.3928 g (42% yield). 
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1H-NMR (250 MHz, DMSO-d6): δ 7.77 (d, J=8.9 Hz, 2H), 7.39-7.32 (m, 4H), 7.18 (s, 

2H), 7.09 (s, 1H), 6.50 (s, 1H), 5.29 (t, J=5.8 Hz, 1H), 4.58 (d, J=4.6 Hz, 2H), 2.28 (s, 

3H), 2.00 (s, 3H). 13C-NMR (250 MHz, DMSO-d6):154.5, 142.8, 142.2, 141.8, 135.2, 

133.1, 130.6, 130.3, 130.1, 129.9, 126.7, 126.5, 122.8, 108.2, 59.7, 57.2, 21.5, 20.4, 

18.9. MS (ESI, 70 eV) m/z (%): 358.2 (100) (M+). Anal. Calcd. for C18H19N3O3S calcd. 

C, 60.49, H, 5.36, N, 11.76, S, 8.97; found, C, 60.15, H, 5.56, N, 11.30, S, 8.78. 

(2,2-dimethyl-1,3-dioxolan-4-yl)methanamine (32): 

3-amino-1,2-propandiol (30) (3.64 g, 40.0 mmol, 1 eq) in water (10 ml) to give a yellow 

solution. Then 35% HCl is added until pH 1-2 is reached, and the mixture is stirred at rt 

for 15 minutes. The solvent is evaporated up to dryness. A suspension of the resultant 

residue is made in 2,2-dimethoxypropane (31) (24.77 ml, 200 mmol, 5 eq). p-

toluenesulfonic anhydride (0.326 g, 0.999 mmol, 0.02 eq) was added and the mixture 

vigorously stirred under reflux for half an hour. The precipitated solid is filtered, washed 

with acetone (20 ml) and dried in vacuo. A mixture of R/S enantiomers are obtained 

6.39 g (95% yield). 

1H-NMR (250 MHz, DMSO-d6): δ 8.35 (s, br, 2H), 4.36-4.27 (q, J=6.56, 1H), 4.04-3.99 

(dd, J1= 5.5 Hz, J2=8.7 Hz, 1H), 3.79-3.74 (dd, J1= 5.6 Hz, J2=8.7 Hz, 1H), 2.98-2.91 

(dd, J1= 4.5 Hz, J2=12.7 Hz, 1H), 2.82-2.75 (dd, J1= 7.4 Hz, J2=12.7 Hz, 1H), 1.35 (s, 

3H), 1.28 (s, 3H). MS (ESI, 70 eV) m/z (%): 132.2 (100) (M+). 

1-(4-chlorophenyl)-3-((2,2-dimethyl-1,3-dioxolan-4-yl)methyl)urea (34): 

(2,2-dimethyl-1,3-dioxolan-4-yl)methanamine (32) (0.200 g, 1.193 mmol, 1 eq) and 

triethylamine (0.335 ml, 2.386 mmol, 2 eq) were dissolved in DCM (5 ml) to give a 

white suspension. The mixture is stirred for 1h until it becomes clear and 4-

chlorophenylisocyanate (33) (0.183 g, 1.193 mmol, 1 eq) was added. The mixture is 

stirred o/n at rt. The solvent is removed under reduced pressure and the crude purified 

by flash chromatography (Hex/EE) to yield a mixture of R/S enantiomers (269 mg, 

79%) 

1H-NMR (250 MHz, DMSO-d6): δ 8.77 (s, br, 1H), 7.48 (d, J= 8.8 Hz, 2H), 7.32 (d, 

J=8.9 Hz, 2H), 6.32 (m, 1H), 4.22 (m, 1H), 4.08 (m, 1H), 3.70 (m, 1H), 3.27 (m, 2H), 

1.43 (s, 3H), 1.31 (s, 3H). MS (ESI, 70 eV) m/z (%): 285.0 (100) (M+). 

1-(4-chlorophenyl)-3-(2,3-dihydroxypropyl)urea (35, EB72): 
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1-(4-chlorophenyl)-3-((2,2-dimethyl-1,3-dioxolan-4-yl)methyl)urea (34) (0.240 g, 0.843 

mmol, 1 eq) was dissolved in 1,4-dioxane (5 ml) to give a colorless solution. HCl 10% 

(5 ml) was added and the reaction mixture was stirred o/n at rt. The reaction is followed 

by TLC and the solvent is removed under reduced pressure to yield a slightly yellow 

powder: 160 mg, (78% yield). 

1H-NMR (250 MHz, MeOD): δ 7.29 (d, J=8.7 Hz, 2H), 7.14 (d, J=8.8 Hz, 2H). 3.64 (m, 

1H), 3.45 (d, J=5.0 Hz, 2H), 3.29 (m, 1H), 3.08 (m, 1H). 13C-NMR (250 MHz, MeOD): δ 

155.8, 139.7, 128.8, 124.1, 119.2, 70.9, 63.5, 42.3. MS (ESI, 70 eV) m/z (%): 244.7 

(100) (M+). Anal. Calcd. for C10H13ClN2O3.0.20 HCl calcd. C, 47.67, H, 5.28, N, 11.12; 

found, C, 47.82, H, 5.14, N, 10.92 

 

1-(2,2-dimethyl-1,3-dioxolan-4-yl)-N-(3-methoxy-4-((4-(trifluoromethyl)benzyl)oxy)-

benzyl) methanamine (37): 

RC3 (36) (0.280 g, 0.904 mmol, 1.01 eq) and (2,2-dimethyl-1,3-dioxolan-4-

yl)methanamine (32) (0.150 g, 0.895 mmol, 1 eq) were dissolved in 1,2-dichloroethane 

(10 ml) to give a colorless suspension. Sodium triacetoxyborohydride (0.284 g, 1.342 

mmol, 1.5 eq) was added and the reaction stirred o/n at rt. The reaction was quenched 

with NaHCO3 and washed with brine (2 x 20 ml). The organic layer was dried over 

MgSO4. The solvent was removed under reduced pressure and the residue solved in 

EtOAc (5 ml) and precipitated with oxalic acid. The solid was filtered off and dried 

obtaining a white powder 379 mg, 82% yield.  

1H-NMR (250 MHz, DMSO-d6): δ 7.80-7.66 (m, 4H), 7.23 (s, 1H), 7.06-6.96 (m, 2H), 

5.24 (s, 2H), 4.11 (s, 2H), 3.82 (s, 3H), 3.71 (m, 2H), 3.10 (m, 2H), 3.03 (m, 1H), 2.89 

(m, 1H), 1.37 (s, 3H), 1.30 (s, 3H). MS (ESI, 70 eV) m/z (%): 426.6 (100) (M+). 

3-((3-methoxy-4-((4-(trifluoromethyl)benzyl)oxy)benzyl)amino)propane-1,2-diol (38, 

EB143): 

1-(2,2-dimethyl-1,3-dioxolan-4-yl)-N-(3-methoxy-4-((4-

(trifluoromethyl)benzyl)oxy)benzyl) methanamine (37) (0.435 g, 0.844 mmol) and HCl 

concentrated (11.64 ml) in THF (10 mL) to give a colorless solution. The reaction 

mixture was stirred o/n at rt. The solvent is removed under reduced pressure and 

recrystallized from Hex/EtOAc 4:1. 
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1H-NMR (250 MHz, MeOD): δ 7.57 (m, 4H), 7.11 (s, 1H), 6.95 (m, 2H), 5.12 (s, 2H), 

4.09 (s, 2H), 3.82 (s, 3H), 3.50 (m, 2H), 3.20 (m, 2H), 3.03 (m, 1H), 2.89 (m, 1H). 13C-

NMR (250 MHz, MeOD): δ 151.7, 150.4, 143.2, 131.4, 130.6, 128.9, 126.4, 125.8, 

124.0, 115.9, 114.9, 71.0, 68.2, 65.3, 56.9, 52.4, 50.7. MS (ESI, 70 eV) m/z (%): 386.4 

(100) (M+). Anal. Calc. for C19H22F3NO4.1.65 HCl calcd. C, 51.22, H, 5.35, N, 3.14; 

found, C, 51.27, H, 5.26, N, 2.97. 
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