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Lipoxygenases 

General 

Lipoxygenases (LOXs) are non-heme, iron containing enzymes which can be found in both plant and 

animal kingdoms. Located in the cytosol or other organelles,[1] lipoxygenases catalyze the regio- and 

stereospecific insertion of oxygen (O2) into polyunsaturated fatty acids (PUFAs), such as arachidonic or 

linoleic acid, which contain a series of cis double bonds.[2] These molecules are essential fatty acids in 

humans and are formed from hydrolyzed membrane lipids by the cytosolic phospholipase A2 

(cPLA2).[3] These conversions result in hydroperoxy fatty acids, or eicosanoids, that are further 

metabolized into signaling compounds such as leukotrienes and lipoxins,[4–8] which play a regulatory 

role in several inflammatory and respiratory diseases. 

The LOX family is classified in ten types of regiospecific lipoxygenases, namely 5-, 8-, 9-, 10-, 11-, 12-, 

13-, 15-, fusion-, mini- and Mn-LOXs[8] but from all the existing lipoxygenases, four of them, namely 

5-, 8-, 12- and 15-LOX are found in mammals. The overall structure of the plant and animal 

lipoxygenases is similar but with low sequence similarity, around 25%.[9] However, human 5-, 12- and 

15-LOXs share a higher sequence similarity of 60%.[10] In general, mammalian lipoxygenases have a 

single-polypeptide-chain with a molecular mass of 75-81 kDa consisting of 662-711 amino acids.[2] 

These enzymes contain highly conserved domains and sequence motifs which are important both for 

the distinct structure of lipoxygenases and for the binding of a catalytic iron atom.[11] Lipoxygenases 

consist of a small N-terminal β-barrel domain and a large C-terminal subunit that harbours the 

catalytic non-heme iron. Based on available x-ray data, the N-terminal β-barrel domain seems to 

consist primarily of anti-parallel β-strands. The second part of the enzyme is the C-terminal domain 

and consists of 18 α-helices which interrupted by a small β-sheet subdomain.[12] It is tightly 

associated with the N-terminal domain through the aromatic amino acid, tyrosine, which located in 

the N-terminal domain. This is important for the stability of the protein and for its catalytic activity.[13] 

The C-terminal domain harbours the substrate-binding pocket and the catalytically active non-heme 

iron. The core of this domain is formed by two long helices which contain four of the five ligands of 

the ferrous atom. This iron in all LOX-isoforms is octahedrically coordinated by five amino acid side 

chains and a water or hydroxide ligand.[3,14] These five amino acids are four histidines and a C-

terminal isoleucine in rabbit 15-LOX. Other LOX proteins have three histidines and one asparagine or 

serine rather than four histidines. The substrate-binding pocket is a hydrophobic cavity which is 

accessible from the protein surface. Moreover, the geometry of the substrate binding pocket and the 

orientation of the substrate determine the positional specificity of oxygenation in the distinct 

isoforms. Even though these bits of information can help with unravelling the active site of the 

proteins, no full structure information is available yet. 



Chapter 1 

 

12 

 

 

Figure 1. The products from arachidonic acid after the reaction with different lipoxygenases. 

 

Radical mechanism of Lipoxygenases  

The metal in the catalytic center, is a single iron atom which interacts with the side chains of the 

surrounding amino acids and the carboxylic group of the C-terminus. With the aid of these ferrous, 

lipoxygenases are able to oxygenate their substrates through a radical reaction.[4,14] When a substrate 

is near to the iron atom, the reaction is initiated by a stereospecific hydrogen abstraction (Figure 2). 

This leads to a radical carbon with both the removed proton and the resulting electron is taking up 

by the iron atom. During this process, the non-heme iron is reduced to Fe2+. Then a radical 

rearrangement takes place to form a conjugated diene. When oxygen is inserted, it reacts with the 

radical carbon forming a peroxy radical. Subsequently, the last step, the radical reduction takes place. 

The peroxy radical is reduced by an electron from the ferrous to result in an anion which then it will 

be protonated to give the hydroperoxide. In this process, the iron atom is oxidized and turns into its 

active Fe3+ state to start the cycle again. The hydrogen abstraction and oxygen insertion occur 

antarafacially. In other words, it occurs from the opposite direction of the plane determined by the 

double bond system of the substrate. With the radical mechanism explained, there is however, no 

unifying mechanistic concept that explains the reaction specificity of all LOX isoforms.  
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Figure 2. The free radical mechanism of lipoxygenases. 

 

15-Lipoxygenase 

Human 15-LOX existing in two isoforms, namely 15-LOX-1 and 15-LOX-2.[15] 15-LOX-1, which is the 

main focus in this project, seems to prefer linoleic acid as its major substrate over arachidonic acid, 

[16–18] which is the major polyunsaturated fatty acid in human nutrition and diet.[19,20] This is quite 

remarkable since arachidonic acid is the major substrate for most other mammalian lipoxygenases. 

15-LOX-1 has a molecular mass of 74.804 Da and consists of 662 amino acids. Both isoforms of 

human 15-LOX are predominantly expressed in airway epithelial cells, reticulocytes, eosinophils, 

alveolar macrophages, mast cells and dendritic cells.[16,21–27] Certain interleukins have shown to induce 

the expression of 15-LOX in cultured mast cells, monocytes and epithelial cells.[27–29] These findings 

suggest that these cytokines may act as important physiological and pathophysiological regulators of 

15-LOX in vivo.[22] Being expressed in many immune cells found in the respiratory tract and in the 

skin, these enzymes have been implicated in several immune diseases.  

When arachidonic acid becomes available, 15-LOX converts this polyunsaturated fatty acid into 15S-

hydroperoxy-5Z,8Z,11Z,13E-eicosatetraenoic acid (15(S)-HPETE). This compound can be reduced to 

15(S)-HETE[25,30–32] and eventually to 15-oxo-5Z,8Z,11Z,13E-eicosatetraenoic acid (15-OxoETE).[33] Some 

studies suggest that these molecules are involved in cancer. For example, 15(S)-HPETE and 15(S)-

HETE have been shown to inhibit chronic myeloid leukemia cells by inducing apoptosis.[34] Therefore, 
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it is suggested that 15-LOX might have anti-carcinogenic effects. 15(S)-HPETE is also metabolized into 

lipoxins or eoxins. 5-LOX is able to convert 15(S)-HPETE to 5S,6S,15S-epoxytetraene which then can 

be further metabolized in lipoxins A4 (LXA4), lipoxins B4 (LXB4) and Lipoxin C4 (LXC4) by LXA4 

hydrolase, LXB4 hydrolase and GSH-transferase, respectively. From LXC4, lipoxin D4 (LXD4) and 

lipoxin E4 (LXD4) are produced by γ-glutamyl transferase and dipeptidase respectively. Aside from 

lipoxins, eoxins, first referred as 14,15-leukotrienes,[22] can be produced by further conversion of 

15(S)-HPETE by 15-LOX itself to eoxin A4 (EXA4).[21,22,30,31] To produce the other eoxins EXC4, EXD4 

and EXE4, a chain reaction with EXA4 as the starting molecule occurs.[21,22,35] While lipoxins are anti-

inflammatory, eoxins have shown to be pro-inflammatory mediators. Having similar actions as 

leukotrienes, they may be implicated in several respiratory diseases such as asthma, COPD and 

chronic bronchitis. In addition, they may play a role in atherosclerosis, rhinitis and in certain types of 

cancer like Hodgkin’s disease.[21,22,35] In conclusion, 15-LOX is responsible for the biosynthesis of 

lipoxins and eoxins which are anti-inflammatory and pro-inflammatory mediators, respectively. 

Application of small molecule inhibitors of 15-LOX in disease models is the next step towards 

defining the role of 15-LOX as a potential therapeutic target in inflammatory diseases. 

 

The role of human 15-Lipoxygenase-1 in asthma 

Asthma affects millions of people worldwide, creating a major burden to the healthcare system. This 

disease is associated with chronic inflammation in the airways, causing symptoms such as coughing, 

wheezing and shortness of breath. Novel medicines are needed to relieve the symptoms associated 

with asthma in order to improve the quality of life. Inflammatory airways diseases are closely 

associated with aberrant activity of enzymes which produce mediators that regulate inflammation. 

Development of novel small molecule inhibitors for these enzymes provides perspective in drug 

discovery for asthma. 

Current therapeutic strategies for asthma focus on regulation of different inflammatory mediators like 

leukotrienes, lipoxins and eoxins. Synthesis of these mediators requires polyunsaturated fatty acids 

(PUFAs), such as arachidonic or linoleic acid, as well as a very important class of enzymes, the 

Lipoxygenases (LOX’s). A growing body of evidence suggests that human 15-lipoxygenase-1 (h-15-

LOX-1, also denoted 12/15-LOX) plays an important role in airway inflammatory diseases. h-15-LOX-1 

is mainly expressed in airway epithelial cells, eosinophils, alveolar macrophages, dendritic cells and 

reticulocytes.[21] It has been shown that 15-LOX-1 plays a key regulatory role in the production of 

lipid mediators that regulate inflammation. 
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Figure 3. Biosynthesis of Lipoxins and Eoxins through 15-LOX. In this figure, the biosynthesis of lipoxins and eoxins 

is shown. After the conversion of arachidonic acid to 15(S)-HPETE, this molecule can be further reduced to 15(S)-

HETE and 15-OxoETE. Alternatively, 15(S)-HPETE can be metabolized into lipoxins through 5-LOX or eoxins through 

15-LOX. This scheme is made based on the information of several studies.[21,22,25,30–33,35–37] 

 

Inflammatory mediators. The 15-LOX-1 expression level connected with its enzymatic activity 

highlights the importance of this enzyme in asthma. Several studies describe high expressed levels of 
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h-15-LOX-1 in airways of patients with severe asthma.[28,38–40] In addition, different cytokines, like 

interleukins or interferon-γ (INF-γ) have been associated with high expression levels of h-15-LOX-1 

and asthma. For example, in human lung epithelial cells, it has been shown that interleukin 4 (IL-4) 

and interleukin 13 (IL-13) are responsible for the increased expression of this enzyme [41] and thus 

enhance the production of its metabolites. 15-LOX-1 arachidonic acid metabolites, such as 15(S)-

HETE, eoxins (EX’s) and lipoxins (LX’s), and linoleic acid, like 13(S)-HpODE and 13(S)-HODE, have been 

connected with airway inflammatory diseases and most importantly with asthma. In brief, the 

enzymatic activity of 15-LOX-1 plays a key role in the disease process in asthma. 

15(S)-HETE and 13(S)-HODE. The enzyme 15-LOX-1 can convert arachidonic acid and linoleic acid into 

15(S)-HpETE and 13(S)-HpODE that can be reduced to 15(S)-HETE and 13(S)-HODE. These mediators 

have been shown to play a key role in asthma as demonstrated in several studies. In severe 

asthmatics, increased levels of 15(S)-HETE have been associated with airway eosinophil 

accumulation.[42,43] Moreover, in human epithelial cells, high levels of h-15-LOX-1 activity has been 

found to stimulate the formation of 15-HETE esterified to phosphotidylethanolamine (15-HETE-PE), 

which contribute to the increase of secreted mucins MUC5AC observed in asthma.[44] In addition, in 

vivo studies in human asthmatic epithelial cells have shown that 15-HETE-PE interacts with 

phosphatidylethanolamine binding protein 1 (PEBP1) to displace Raf-1 and sustain mitogen-activated 

protein kinase/extracellular signal-regulated kinase (MAPK/ERK) activation. This could conduce to 

mucus hypersecretion and eosinophilic inflammation in asthma.[45] Finally, the linoleic acid metabolite 

13(S)-HODE has been found to cause airway epithelial injury which leads to asthma.[46] Thus the 

production of 15(S)-HETE and 13(S)-HODE by 15-LOX-1 contributes to the inflammatory process in 

asthma. 

Eoxins (EX’s). EX’s are another type of inflammatory metabolites originating from the catalytic 

conversion of arachidonic acid by 15-LOX-1. EX’s are pro-inflammatory molecules which have been 

found to be 100 times more potent pro-inflammatory molecules than histamine and almost as potent 

as leukotriene C4 (LTC4) and leukotriene D4 (LTD4).[47] It has been reported that the h-15-LOX-1 

pathway can generate EX’s in eosinophils, mast cells, and nasal polyps from allergic subjects.[47] For 

instance, elevated levels of 15(S)-HETE, eoxin C4 (EXC4) and LTC4 have been identified in activated 

eosinophils from severe and aspirin-intolerant asthmatics.[48] To conclude, biosynthesis and biological 

effects of EX’s in cells related to airway inflammation, suggest that h-15-LOX-1 inhibition could be a 

treatment of inflammatory respiratory disorder such as asthma.[21,47]  

Lipoxins (LX’s). The enzyme h-15-LOX-1 appears to play a versatile role because they can also 

produce lipoxins (LX’s), which are anti-inflammatory mediators. The presence of LXs has been 

demonstrated in the respiratory tracts of patients with asthma.[49–51] In particular, lipoxin A4 (LXA4) and 
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lipoxin B4 (LXB4) have been characterized as anti-inflammatory mediators with various actions in 

different target cells.[52] In asthma, LXA4 has been proved to suppress airway hyper-responsiveness 

and pulmonary inflammation.[53] LXB4 along with LXA4 has been reported to inhibit neutrophil entry 

into inflamed sites and counter-regulate the main aspects of inflammation.[52] Thus 15-LOX-1 is a 

versatile enzyme that plays a role in both the onset as well as the termination of immune responses. 

Therefore, the effects resulting from inhibition of this enzyme should be carefully considered in each 

disease model under investigation in order to estimate the contribution of the different effects to the 

final outcome. 

To sum up, human 15-lipoxygenase-1 (h-15-LOX-1) plays a key role in airway inflammation. It can 

convert polyunsaturated fatty acids (PUFAs) into different inflammatory mediators. Elevated levels of 

the enzyme and its metabolites have been connected with airway inflammatory diseases and most 

importantly with asthma. Inhibition of the enzyme has been showing encouraging results. These 

findings suggest that targeting h-15-LOX-1 by small molecule inhibitors is a potential novel 

therapeutic approach for inflammatory respiratory disorders such as asthma. 

 

The role of human 15-Lipoxygenase-1 in CNS diseases 

Despite initial speculations that inflammation plays a minor role in central nervous system (CNS) 

disorders, most recent evidence shows the opposite. In various acute, chronic and psychiatric CNS 

disorders, pro-inflammatory mediators like cytokines, prostaglandins and leukotrienes, have been 

found to play pivotal roles.[54–57] In addition, elevated levels of IL-1, IL-6 and TNFα have been 

identified in brain tissue of patients with Alzheimer’s (AD)[54,58,59] and Parkinson’s (PD)[54,60] disease. 

Furthermore, several animal studies suggest a connection between IL-1 and stroke,[54] multiple 

sclerosis[54,59,61] and depression.[54]  

The Lipoxygenases (LOXs) are an important class of enzymes that demostrate regulatory roles in the 

inflammatory process. Several lines of evidence suggest that 15-LOX-1 (also known as 12/15-LOX, 

leukocyte-type 12-LOX), could be a potential therapeutic target for various neurological diseases with 

an inflammatory component. This enzyme is widely expressed in the CNS, and its catalysis products 

are critical factors in the emergence of brain pathology.[62] Moreover, it has been shown that 15-LOX-

1 is upregulated in mice following a stroke and the ensuing ischemia.[63] In addition, 15-LOX-1 has 

been recently linked in various CNS diseases[63–72] like Alzheimer’s and Parkinson’s diseases as well as 

stroke. Recent evidence shows that 15-LOX-1 plays conserved roles in the molecular mechanisms 

contributing to the pathophysiology of these diseases.  
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While in the airway, 15-LOX-1 causes inflammation, in the CNS, it can trigger apoptosis. In CNS 

diseases, the depletion of glutathione under oxidative stress conditions gives rise to a mechanism 

involving Bid activation that induces mitochondrion dependent cell death.[70] This provides a model in 

which 15-LOX-1 exhibits a key role in the induction of apoptosis under oxidative stress conditions 

(Figure 4). 

 

Figure 4. Overview on the mechanisms of glutamate-induced cell death in HT-22 cells. Glutamate induces 

glutathione depletion by inhibition of xc-transporters and consequently leads to GpX4 depletion and increased 15-

LOX-1 activity followed by an increase in lipid peroxides. This leads to Bid activation and mitochondrial damage 

followed by a second boost in ROS production and release of mitochondrial pro-apoptotic proteins such as AIF. 

 

15-Lipoxygenase inhibitors 

Considering the potent pro-inflammatory properties of lipoxygenases and their products, the 

modulation of the lipoxygenase pathways using small molecule inhibitors should provide new 

therapeutic approaches for numerous inflammatory diseases and cancer. Due to the key role of 15-

LOX-1 in several disease processes, small molecule inhibitors of this enzyme have been developed. 

One of these inhibitors is PD-146176 (1), reported by Parke-Davis (now Pfizer).[73] Other researchers 

from Bristol-Myers Squibb (BMS) identified tryptamine-based compounds (3),[74] imidazole-based 

compounds (4) [75] and pyrazole-based compounds [76] as inhibitors for 15-LOX with low nanomolar 

affinity. However, since these compounds have unfavourable physical properties, it is unlikely that 

these compounds would continue for the development as a drug.[77] In addition, 3-aroyl-1-(4-

sulfamoylphenyl)thiourea (5) [78] and pyrimidinylthio-pyrimidotriazolothiadiazines[79] derivatives were 

published as 15-LOX inhibitors. These compounds have shown to have affinities against soybean 15-

LOX with IC50 values ranging of 2-25 µM.  
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Due to the important role of this enzyme in airway inflammation, h-15-LOX-1 inhibitors have been 

tested in various disease models demonstrating very encouraging results. For example, the inhibitors 

PD-146176 (1) and ML351 (2) have been tested in human lung macrophages, confirming the 

regulatory role of the enzyme in the production of chemokines induced by LPS and IL-4/IL-13.[80] 

Another inhibitor, baicalein (6), has been applied in mouse models, reducing the pro-inflammatory 

mediators such as 13-(S)-HODE.[81] Moreover, 15-LOX-1 appears as an emerging drug target for the 

treatment of neurological diseases. Therefore, different 15-LOX-1 inhibitors, such as baicalein (6) or 

LOXBlock-1 (7), have shown encouraging results in neuroprotective studies.[63,68–70] In addition, PD-

146176 (1) has been found to mitigate the effects of the AD phenotype.[66] 

 

Figure 5. 15-lipoxygenase inhibitors. 

 

Activity-Based Protein Profiling 

ABPP is a powerful and attractive tool to label enzymatic activities in protein extracts, living cells and 

tissues and even in animal models.[82] It can be applied for relatively easy target enzymes and for 

difficult and less abundant enzymes. For this labeling, an activity-based probe (ABP) is fundamental 

and can be viewed as a chemical antibody to report on the expression of a protein. At the same time 

it can act as a probe to detect the target active enzymes in a living system.[82] An ABP can be 

therefore a mechanism-based inhibitor or protein-reactive natural product. Its reactive group, which 

binds to the enzyme, is usually an electrophile. The second part of an ABP is its tag which may be 

either a reporter such as a fluorophore or an affinity label such as biotin. Labelling of the enzyme 

with the ABP can be performed in a one-step or two-step manner, depending if the probe already 
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contains or lacks its tag. When the probe already has a tag, only one step is needed to label the 

protein. In case of a two-step labelling, the probe which lacks its tag first binds to its target protein. 

When bound, a chemical reaction, like click chemistry, is used to attach the probe to the tag. This can 

only be done when the probe has a second reactive group to make the click reaction happen. When 

the probe is bound to its target enzyme a method is needed to detect the enzyme activity. The 

original version of ABPP uses a gel-based method.[83–86]  

 

 

Figure 6. Gel-Based Activity-Based Protein Profiling. 

 

After the probe is bound to its target enzyme, the proteins are separated using SDS-PAGE. When 

observing the gel using in-gel fluorescence scanning, the band of the target enzyme should appear. 

When an inhibitor is first pre-incubated, the probe is not able to bind to the enzyme, which results in 

the disappearance of the target enzyme band.[87]  

First the probe, using either a one-step or two-step method, has to bind to the enzyme. Then, the 

probe bound enzyme is separated from the unbound proteins using sodium dodecyl sulfate 

polyacrylamide electrophoresis (SDS-PAGE). Subsequently, these proteins can be visualized by either 

in-gel fluorescence scanning when a fluorescent probe is used or avidin blotting when a biotinylated 

probe is used. Only the bands of enzymes bound to its probe can be detected. When a biotinylated 

probe is used, the probe-labelled enzymes can be further identified using mass spectrometry analysis 

after separation of unlabeled proteins using (strept)avidin chromatography. This technique can also 

be used to observe enzyme inhibition. In this case, the inhibitor is first pre-incubated with the 

enzyme. When this has occurred, the probe is not able to bind to its target and therefore no enzyme 

activity is detected. This can be observed by the disappearance of the band of the target enzyme in 

the gel, compared to the control. 
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Scope of the thesis 

Human 15-lipoxygenase-1 (15-LOX-1) is an important mammalian lipoxygenase and plays a crucial 

role in the biosynthesis of inflammatory signaling molecules, having a regulatory role in several 

inflammatory lung diseases such as asthma, COPD and chronic bronchitis and more recently in 

various CNS diseases like Alzheimer’s and Parkinson’s as well as stroke. Novel potent inhibitors and 

new detection methods for 15-LOX-1 are urgently required to further explore the role of this enzyme 

and enable drug discovery efforts. There are two parts presented in this thesis. Part A includes 

chapters 2, 3, 4 and 5 in which we presented the design of new inhibitors while Part B includes 

chapter 6 in which we described the synthesis of activity-based probes of 15-LOX-1. 

Part A – Inhibition of 15-LOX-1 

In chapter 2, we describe the synthesis and the characterization of 6-benzyloxysalicylates as a new 

class of inhibitors of 15-LOX-1. Inspired by our previous studies, we designed novel salicylate 

inhibitors introducing an asymmetric aliphatic chain. Enzyme inhibition and kinetic studies as well as 

molecular modeling studies were performed in order to characterize a structurally novel inhibitor. 

These structure activity relationships will support further design of improved inhibitors and the 

exploration 15-LOX-1 as a drug target. 

Several types of ruthenium(II) (Ru(II)) complexes as novel inhibitors of 15-LOX-1 are presented in 

chapter 3. Our study included two novel Ru(II) complexes which were characterized by high-

resolution NMR spectroscopy, X-ray crystallography and other standard physicochemical methods. 

These novel complexes and previously described Ru(II) complexes were tested for inhibition of 15-

LOX-1. Furthermore, we identify lipoxygenases as a new class of enzymes that is inhibited by Ru(II) 

complexes, which is important for a better understanding of the action of ruthenium based drugs. 

In chapter 4, we establish a novel approach for fragments screening based on the diverse 

substitution pattern in order to find lead compounds for 15-LOX-1 inhibition. We optimized our 

results using structure-based design and molecular modeling studies and we developed a very potent 

indole inhibitor. This inhibitor was evaluated in cell-based studies using RAW 264.7 macrophages and 

ex vivo studies in mouse precision-cut lung slices and showed remarkable anti-inflammatory 

properties by a significant increase of interleukin-10 (IL-10). 

Based on substitution oriented screening (SOS) approach, we designed inhibitors to explore 15-LOX-1 

as a drug target in various inflammatory and neurological diseases, which is described in chapter 5. 

The best inhibitor was evaluated for anti-inflammatory activity in ex vivo studies using animal tissue 

and neuroprotective activity in cultured neuronal cells. Our approach enabled the identification of a 
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15-LOX-1 inhibitor with desired physicochemical properties which is active in advanced disease 

models for inflammation as well as neurodegeneration, providing a novel concept to explore this 

enzyme as a drug target. 

Part B – Detection of 15-LOX-1 

A study of activity-based labeling of 15-LOX-1 is described in chapter 6. We have created for the first 

time an activity-based probe as an efficient chemical tool for activity-based labeling of recombinant 

15-LOX-1 that also provides 15-LOX-1 activity dependent labeling in cell lysates and tissue. 

Mimicking the natural substrate of the enzyme, we designed activity-based probes that covalently 

bind to the active enzyme and include a terminal alkene as chemical reporter for bioorthogonal 

linkage of a detectable functionality via the oxidative Heck reaction. This reaction was applied for the 

first time in activity-based labeling. Our approach enabled the identification of a 15-LOX-1 activity-

based probe which provides a novel concept to explore this enzyme as a drug target. 

Part C – Summary and Future plans 

Finally, a summary of the studies described in this thesis as well as a general discussion and future 

perspectives are described in chapter 7, 8 (in Dutch) and 9 (in Greek). 
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