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Abstract 
 

Ferroptosis is a recently characterized iron-dependent form of regulated cell death associated 

with the accumulation of (phospho)lipid hydroperoxides. Since its characterization, there has been a 

spirited debate in the literature over the origin of the lipid hydroperoxides in ferroptotic cells. Many 

investigators have implicated lipoxygenases (LOXs), enzymes known to catalyze the oxidation of 

polyunsaturated fatty acids (especially linoleate and arachidonate) to yield lipid hydroperoxides. Previous 

work by our group, investigated the induction and suppression of ferroptosis in human embryonic kidney 

(HEK-293) cells transfected to overexpress the three most widespread isoforms of LOX (5-LOX, 15-LOX-1 

and p12-LOX). The results suggested that LOX catalysis is not required for ferroptosis.  

Our previous work did not include investigations into cells transfected to overexpress 15-LOX-2. 

However, a series of recent publications has since implicated the 15-LOX-2/PEPB1 complex as a key player 

in ferroptotic cell death. Therefore, in this work, HEK-293 cells were transfected to overexpress the 15-

LOX-2 isoform, as confirmed by immunodetection, and were subject to induction and suppression of 

ferroptosis pharmacologically. A library of small molecules was assembled consisting of LOX inhibitors, 

radical-traping antioxidants (RTAs) and LOX inhibitors that display off-target RTA activity. Consistent with 

our previous investigations, only LOX inhibitors with radical trapping activity or iron chelators were 

effective at suppressing ferroptosis. Furthermore, the poor performance of 15-LOX-2 inhibitors at 

rescuing cells transfected to overexpress 15-LOX-2 from ferroptosis does not support the role of the 15-

LOX-2/PEBP1 complex as a central mediator of ferroptotic lipid peroxidation. 

We also report the details of corresponding investigations in cell lines that are reported to express 

high levels of LOXs and that have been used to establish characteristics of ferroptosis, including HT-22 

mouse hippocampal cells (15-LOX-1 and/or 15-LOX-2) and HT-1080 human fibrosarcoma cells (all LOXs). 

The two cellular models were also subject to cell-rescue studies with our small molecule library. Again, 

only LOX inhibitors that possess radical-trapping antioxidant activity or which are good iron chelators 
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could rescue cells from ferroptosis. These results underscore our previous conclusion that although 

lipoxygenase activity may contribute to the pool of cellular lipid hydroperoxides, autoxidation drives 

ferroptotic cell death.  
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1 Introduction 

1.1 Reactive Oxygen species and Oxidative Stress  

 

Under aerobic conditions, the availability of molecular oxygen (triplet), and the ease at which it 

accepts electrons (E˚(V) + 1.3 vs SHE),1 renders it a likely source of reactive oxygen species (ROS). 

Superoxide (O2
- •) is the primary radical product of molecular oxygen reduction and is released as a by-

product of enzyme oxidations, cellular metabolism and from organelles like the mitochondria.2 From 

superoxide, are derived a number of secondary ROS, such as H2O2, HOO• and the notoriously reactive HO•. 

From a pathological standpoint, free radicals are often implicated with oxidative stress and disease (Figure 

1.1). 

 
Figure 1.1 Free radicals, like superoxide and secondary ROS are often implicated with oxidative stress.    

 

Superoxide (O2
- •) and its conjugate acid (pKa 4.8), hydroperoxyl (HOO•) readily undergo 

dismutation to form hydrogen peroxide (H2O2). Although this is a fast reaction (k ≈ 2 X 105 M-1s-1), it is 

highly pH dependent, and at physiological pH the pre-equilibrium is unfavourable. Superoxide dismutase 

(SOD) accelerates this reaction to near diffusion control (k ≈ ~2 X 109 M-1s-1).3,4 Hydrogen peroxide (H2O2) 

can undergo one-electron reduction by, for example, low-valent transition metals like iron(II) and 

copper(I), to form hydroxyl radicals (HO•).5 Superoxide (O2
- •) and hydrogen peroxide (H2O2) pose some 

danger to biological molecules and tissue, but downstream products such as the hydroxyl radical (HO•) 

are highly damaging as they react with almost everything at near diffusion controlled rates (Figure 1.2).6,7 
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Figure 1.2 Superoxide fuels pathways that produce secondary cytotoxic ROS products.  

 

Other sources of ROS within the cell include nitric oxide (NO•), an endothelial-derived relaxing 

factor.8 Nitric oxide (NO•) and superoxide (O2
- •) can combine at near diffusion controlled rates (6.7 ± 0.9 

x 109 M-1s-1) to form peroxynitrite (ONOO-), that once protonated becomes unstable and decomposes into 

NO2• and HO•. 9,10 This pathway has been suggested as a lucrative source of hydroxyl radical given the 

speed at which nitric oxide (NO•) and superoxide (O2
- •) combine.   

There exists a number of endogenous ROS sources.11 Enzymes, such as NADPH oxidase,12,13 nitric 

oxide synthase,14,15 and xanthine oxidase3,16 generate  ROS, such as superoxide, nitric oxide and hydrogen 

peroxide (Figure 1.3). In addition, lipoxygenase (non-heme iron) and cytochrome P450 (heme iron) 

directly catalyzes the oxidation of polyunsaturated fatty acids (PUFAs).17,18  

 

Figure 1.3 Simplified depictions featuring net transformations of NADPH oxidase synthase19 nitric 

oxidase 20 and xanthine oxidase.21  
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Sub-cellular systems like the endoplasmic reticulum and the mitochondrial electron transport 

chain are reported sources of ROS.22,23 In particular, complex I (NADH dehydrogenase) and complex III 

(ubiquinone-cytochrome c reductase) of the ETC are reported sites of increased ROS production.24 During 

oxidative phosphorylation, reducing cofactor NADH donates electrons at complex I, and FADH at complex 

II, of the electron transport chain. Donated electrons are carried by ubiquinone (Q), in its reduced form, 

ubiquinol (QH), to complex III, where electrons are further transferred to cytochrome c. Electron transfer 

is necessary for proton translocation from the matrix to the inner mitochondrial space, thus generating a 

transmembrane potential required for ATP synthesis. However, the incomplete reduction/oxidation of 

Q/QH2 can lead to the transfer of electrons to molecular oxygen instead, generating superoxide and the 

rapid transformation to H2O2 by superoxide dismutase.   

Oxidative stress arises when the cell is unable to manage the production of free radicals, and the 

balance between oxidant and prooxidant unravels.25 To date, redox imbalance has been implicated in a 

number of human pathologies26 including, acute lung inflammation, 27,28 atherosclerosis,29–31  ischemia-

reperfusion, 32,33 cancer,34 diabetes,35 and neurodegenerative disorders like Parkinson’s 36 and Alzheimer’s 

diseases.37  

 

1.2 Lipid Peroxidation  

Although the foregoing oxidants can react with a variety of biomolecules, their reactions with 

lipids are particularly problematic as these can initiate chain reactions. Lipids are a diverse class of 

biologically active molecules that are essential for life. In water, they spontaneously aggregate to form 

micelles, and bilayers, driven by favourable geometry, thermodynamics, and interactive forces.38 As a 

result, lipids serve an integral role in subcellular structuring and membrane architecture. Lipids also 

contribute to signal transduction, energy storage and protein sorting and membrane anchoring39,40. The 
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study of lipids and the subsequent reaction with molecular oxygen has garnered extensive investigations 

and is formally known as lipid peroxidation.25   

 

Figure 1.4 Shown are three classes of lipids commonly found in human and animal lipid membranes, 

glycerophospholipids, sphingolipids and sterol lipids.  

 

The free and esterified lipids that comprise mono-bilayers are ideal substrates for free radical 

oxidation. Structurally, most esterified lipids are constructed from combinations of biological precursor 

fatty acyls and polar head groups affixed to a glycerol backbone40 (Figure 1.4). Increased points of 

unsaturation along the hydrocarbon backbone render polyunsaturated fatty acids (PUFA) more prone to 

oxidation than saturated fatty acids.41 The incorporation of oxygen onto the lipid backbone alters lipid 

organization,42 membrane rigidity,43 permeability44 and other biophysical properties.45 Moreover, highly 

reactive electrophilic products can be formed as byproducts of lipid peroxidation5 such as, 4-

hydroxynonenal (4-HNE) and malondialdehyde (MDA).46 Maintaining the biological assembly of lipids is 

crucial for cellular, tissue and organism integrity.  
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1.2.1 Mechanism of Lipid Peroxidation: Initiation 

Lipid peroxidation is an example of an autoxidation chain reaction, with initiating, propagating, 

and terminating steps. Initiation describes the inception of reactive radical species (In•) from both 

endogenous and exogenous sources. Initiating radicals go on to abstract H atoms from weak C-H bonds 

along lipid hydrocarbon backbones, resulting in lipid derived radicals (L•) (Figure 1.5).11  

 

Figure 1.5 Simplified mechanism of autoxidation.  

 

Initiating radicals can arise from exogenous sources such as air pollution, pesticides, UV light and 

ionizing radiation (X,γ- rays, β,α-particles, etc.). Initiators are compounds that readily accept or donate 

electrons to yield a radical and an ion, or, contain weak bonds that either thermally or photochemically 

homolyze to yield a pair of radicals. Aldehydes, for example, exposed to UV light, readily decompose to 

generate a carbonyl radical and a hydrogen atom [10].47   
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In the context of free radical lipid peroxidation, thermal decomposition of hydroperoxides 

remains the predominant mode of initiation at high temperatures. Hydroperoxides (LOOH) decompose 

following first order kinetics to form alkoxyl species (LO•) and the notoriously reactive hydroxyl radicals 

(HO•) [11].48 However, at physiological temperature (37 ˚C), low valent transition metals like iron and 

copper, as well as other one electron reductants, such as ascorbate, are more likely to promote the 

Fenton-type decomposition of hydroperoxyls to reactive alkoxyl (LO•) or hydroxyl (HO•) radical species 

[12-13].5  Low concentrations of hydroperoxide are sufficient to serve as the predominant chain initiating 

species as one hydroperoxide decomposes into two radical chain initiating species.49  

 

 

For the study of free radical chain reactions, azo compounds are often used as initiators due to 

the facile homolysis of the C-N bond to form nitrogen gas and two equivalents of a carbon centred radical. 

The decomposition of azo compounds, like AIBN and MeO-AMVN50 are characterized by the 

decomposition constant, kd , at a given temperature for a respective medium (Figure 1.6).  

 

Figure 1.6 Common aza-initiators, AIBN and MeO-AMVN, decompose following first order kinetics to form 

molecular nitrogen and two equivalents of radical fragment. kd and t1/2 MeO-AMVN51 and t1/2 AIBN were 

measured in MeOH.25   
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1.2.2 Mechanism of Lipid Peroxidation: Propagation 

Propagation follows a two-step process. First, the newly formed lipid radical (L•) undergoes rapid 

addition of molecular oxygen at near diffusion controlled rates 109 M-1s-1, forming peroxyl radical LOO•.52 

The addition of molecular oxygen is very rapid so peroxyl radicals (LOO•) are the dominant radical species 

present in the chain reaction. The rate limiting propagation step is instead characterized by the second 

step, hydrogen atom transfer from substrate (LH) to peroxyl radical (LOO•). Ultimately, for each lipid 

derived radical consumed, there is one lipid derived radical formed until substrate is consumed or 

termination pathways become more favourable.   

The rate constant for propagation, kp characterizes the bimolecular H atom transfer from labile C-

H bonds to peroxyl radicals. The rate is largely governed by the bond dissociation enthalpy (BDE) of the C-

H bond, which is dictated by the resonance stabilization of the newly formed radical and additional 

electronic effects.25,53,54 Typical molecular targets are organic material containing weak C-H bonds, such 

as allylic C-H bonds and labile H atoms adjacent to heteroatoms as these sites are capable of stabilizing 

unpaired electrons by resonance and stereo-electronic effects (Figure 1.7). Therefore, unsaturated lipids 

become more oxidizable given increased points of unsaturation. 

 

Figure 1.7 Propagation rate constants kp, for oxidizable substrates 1. Measured at 30 ˚C55 2. Measured at 

37C.56  
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Figure 1.8 Lipid peroxidation products of linoleate. kp measured at 30 ˚C. 25,55   

 

The product distribution of oxidized unsaturated lipids has been extensively studied and 

documented in the literature.25,26,57 For instance, linoleate, which contains two points of unsaturation, 

undergoes H atom abstraction from the C11 position (BDE: 73 -74 kcal/mol)58 to form a highly delocalized 

pentadienyl radical (Figure 1.8). Subsequent addition of molecular oxygen to C9 and C13 positions form 

the kinetic products (cis,trans)(trans,cis). Following addition of O2 at position C11, the resulting peroxyl 

radical is only trapped into the (cis,cis) form in the presence of a good H atom donor (i.e.: α-TOH). The 

addition of molecular oxygen is a reversible process, as described by kβ, the rate constant for beta 

fragmentation. Beta fragmentation of the peroxyl radical can promote thermal isomerization to form 

trans-alkene products (trans,trans).59 Ultimately, product distribution is dependent on factors such as the 

rate of H atom transfer and the reversibility of molecular oxygen addition.  

The composition of autoxidation products grows more complex given increased points of 

unsaturation. This is demonstrated, for example, by the difference in product distribution between 
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linoleate and arachidonate, as the initial H atom abstraction can occur at any of the three bisallylic 

positions.  (Figure 1.9).  

 

Figure 1.9 (A)Evolution of arachidonate oxidation products.  Arachidonate H atom abstraction can occur 

at C7, C10 and C13 bisallylic positions and following addition of molecular oxygen, results in six 

regioisomeric hydroperoxyeicosatetraenoic acid (HPETE) products. (B) Illustrated are known downstream 

isoprostane, isofuran and cyclic endoperoxide products of arachidonate oxidation. Scheme adapted from 

Adapted from.25,57,60 kp of arachidonic acid measured at 37˚C .56  
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Arachidonate contains four double bonds that can participate in subsequent oxidations and 

radical cyclizations, leading to downstream products such as isofurans, isoprostanes and cyclic 

endoperoxides. Arachidonate derived isoprostanes are structural isomers of biologically active 

prostaglandins,61 normally accessed enzymatically by cyclooxygenases (COX).62,63 Efforts to isolate and 

characterize isoprostanes and other arachidonate oxidation products are necessary to identify ulterior 

bioactivity or off-target pathways.64,65   

 

1.2.3 Mechanism of Lipid Peroxidation: Termination 

As the concentrations of radicals increase, termination can outcompete propagation, resulting in 

the reaction of two radical species to form non radical products, marking the end of chain carrying species. 

Radical consumption can also be promoted following inhibition by chain breaking molecules, such as 

radical trapping antioxidants (RTAs).48,66 Given the swift addition of molecular oxygen to lipid derived 

radicals (L•), peroxyls LOO• are the dominant radical species present, hence, they are most likely to react.67 

The termination rate constant, kt, characterizes these peroxyl-peroxyl radical reactions and varies 

considerably with the structure of the substrate. The reaction of either two primary or secondary peroxyl 

radicals forms an initial tetroxide intermediate (Figure 1.10) that shortly decomposes to molecular 

oxygen, a carbonyl and an alcohol species (kt = 106 to 108 M-1s-1 55).68–70   

 

Figure 1.10 Russell termination is the accepted mechanism for termination of primary and secondary 

peroxyl radicals.  
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Tertiary radicals cannot access this mechanism of termination as they lack an alpha C-H bond. 

Instead tertiary peroxyl radicals (T > 158 K), combine and undergo an alternative mechanism (kt = 103 to 

105 M-1 s-1)55 to form non-radical products (Figure 1.11).71   

 

Figure 1.11 Proposed mechanism of termination for tertiary peroxyl radicals.  

 

 

1.2.4 Lipoxygenase mediated lipid peroxidation 

Lipid peroxidation products also arise from enzyme-catalyzed reactions. Lipoxygenases (LOX) are 

a family of enzymes that catalyze the regio- and stereoselective peroxidation of PUFAs to hydroperoxide 

products.18 In total there are six distinct isoforms of human LOX (eLOX-3,5-LOX, 12-LOX-1. 12-LOX-2, 15-

LOX-1, 15-LOX-2), which are named in accordance to their respective hydroperoxide products; 

hydroperoxyeicosatetraenoic acid (HPETE). 72 LOX products are important signalling molecules (HPETE, 

HETE) and mediators of inflammation (leukotrienes, lipoxins).73–75 However, certain isoforms have been 

implicated in mediating ferroptotic cell death76–78 and contributing to disease states such as ischemia79 

and atherosclerosis (Table 1.1).80,81  

Table 1.1 Primary localization of LOX isoforms in mammals. 

h5-LOX 82 h12S-LOX  h15-LOX-1 83 h15-LOX-2  

Leukocytes 

Macrophages 

Mast cells 
Dendritic cells 
β-lymphocytes 

Blood platelets 84 

Epidermal cells 85 

Prostasomes 

Epidermal cells 
Hair roots 

Cornea 

Eosinophils86 

Bronchoalveolar epithelial   
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Typical LOX substrates are homoconjugated PUFAs – particularly free arachidonic and linoleic 

acid. Given low concentrations of free fatty acids, cytosolic phospholipid lipase A2 (cPLA2) cleaves 

esterified arachidonate and linoleate to their corresponding acids for uptake by LOXs.87 Although, there 

is precedence that certain LOX isoforms will also dioxygenate membrane bound phospholipids, and 

cholesterol esters in lipoproteins (Figure 1.12).88,89  

 

Figure 1.12 Synthesis of Lipoxins and Leukotrienes. Phospholipase cPLA2 cleaves esterified AA to free fatty 

acid, where subsequent enzymatic transformation by 5-LOX generates Leukatriene A4. LTC4S catalyzes the 

first step in the biosynthesis of cysteinyl leukotrienes such as LTC4. LTA4 hydrolase (LTA4H) converts LTA4 

to LXA4. 5-LOX or 12-LOX catalyze the formation of LTB4.  Scheme adapted from 90  

 

Crystal structures of soybean L-1, L-3 , mammalian 15 LOX and human 5 LOX have been published 

in an effort to characterize enzyme structure and mechanistic pathways of LOX.91–94 The general structure 

for LOX includes two domains. The first, an N-terminal β-barrel domain, that plays a role in localizing LOX 

proximally to substrate within membranes and lipoproteins.93 And, the second, a C-terminal catalytic 

domain, that contains the active site non-heme iron core, coordinated to five ligands. Typically, the active 

site iron is coordinated to five amino acid residues and a hydroxide/water ligand95,96 Rabbit reticulocyte 

15 LOX contains amino acid residue histidine (His-361, His-366, His-541, His-545) and isoleucine (Ile-663) 

as ligands, although the identity of the residues varies between isoforms.93  
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Figure 1.13 Proposed catalytic cycle for 5-lipoxygenase wherein arachidonic acid undergoes H atom 

abstraction from the bisallylic site at C7 to form a pentadienyl radical spanning C5 to C10, followed by the 

addition of molecular oxygen to C5 and subsequent reduction to form 5-hydroperoxyeicosatetraenoic 

acid.  

Mechanistically (Figure 1.13), PUFAs enter the substrate binding pocket, a hydrophobic cavity 

accessible from the enzyme surface. Herein, the lipid is positioned to promote the correct stereo- and 

regioselectivity of oxygenation. The iron(III)-OH active site97 abstracts a H atom from an allylic or bisallylic 

position to generate a delocalized pentadienyl lipid radical.98,99 This is the irreversible rate determining 

state and is proposed to follow a proton coupled electron transfer (PCET) reaction that occurs by proton 

tunnelling.98,100 A separate channel promotes the partition of molecular oxygen from solvent where it 

diffuses into the enzyme active site.101 Molecular oxygen approaches and adds to the lipid radical 

antarafacially, relative to proton abstraction,  forming a peroxyl radical.93 The peroxyl radical is 

subsequently reduced to its conjugated hydroperoxyl fatty acid.98 There has been much debate whether 

LOX mechanism proceeds via organo-iron102 or free radical intermediates103 though EPR experiments have 

favoured the latter. 

 

1.3 Inhibition of Radical Mediated Lipid Peroxidation: Antioxidants  

Autoxidation promotes oxidative degradation of organic materials such as petroleum-derived 

rubbers, and lubricants, polymers, cosmetics, food products and has even been implicated as a key player 

in oxidative stress. It is of both medical and economic benefit to employ the use of antioxidants (AO); 
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molecules that slow or inhibit the process of autoxidation. Antioxidants can serve as radical trapping 

antioxidants (RTAs), which react with chain-carrying species, or, preventative antioxidants, that reduce 

the rate at which new radical chains are being formed.66 Superoxide dismutase (SOD) is an essential 

preventative antioxidant that scavenges superoxide, precluding the formation of initiating radicals.104 

Whereas, H atom donors like phenols and diarylamines are common RTA scaffolds (Figure 1.14). Synthetic 

antioxidants such as butylated hydroxytoluene (BHT)105 and alkylated diphenylamines are the industrial 

choice for additives in oils and lubricants. In vivo, nature’s best antioxidant is the most biologically-active 

form of vitamin E, alpha tocopherol.106,107   

 

Figure 1.14 The structures of common classes of radical-trapping antioxidants, and representative 

examples, are shown. A simplified scheme is included, depicting the inhibition of autoxidation to form 

non-radical products. 
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An effective chain breaking antioxidant outcompetes propagation pathways (kinh >>> kp) by 

donating a labile H atom to peroxyl radicals.105 This reaction generally follows a proton coupled electron 

transfer (PCET) mechanism when possible.108,109 The resulting radical (ArX•) does not react with molecular 

oxygen or substrate, and instead, consumes another equivalent of chain carrying radical to form non-

radical products. In the case of hindered phenols, bulky substituents flanking the phenoxyl radical, and 

delocalization of the unpaired electron into the aromatic ring, render the radical persistent enough to 

combine with a peroxyl radical at ortho or para positions (Figure 1.15).104 Phenolic antioxidants capture 

two equivalents of chain carrying radicals and are therefore characterized by a stoichiometry of n = 2 . 

The stoichiometry, n, describes the number of radical chains that have been broken (Figure 16D).   

 

Figure 1.15 Hindered phenols capture two equivalents of peroxyl radical. First, the phenol donates a labile 

H atom to ROO•, followed by combination of the resultant radical (ArO•) with a second equivalent of ROO• 

to the para (less hindered) or ortho positions.  

 

The H atom transfer to peroxyl radical is the rate limiting step of autoxidation inhibition and is 

characterized by inhibition rate constant, kinh.110 The absolute value of kinh serves as a reliable measure of 

an RTA’s potency. A strong correlation can be made between RTA potency and low bond dissociation 

enthalpies (BDE) of the ArX-H bond (X = O, NHAr’).111 However, factors such as solvent, steric and 

substituent effects must also be taken into account. 
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Figure 1.16 (A) Kinetic solvent effect of H donor ArXH. In the presence of solvent, S, with H-bonding 

capacity, ArXH is unable to react with peroxyl radicals. (B) The kinetic solvent effect for H atom abstraction 

from phenols depends on the above relationship with Abraham’s parameters; αH
2 : solute H-bonding 

acidity and βH
2: solvent H bonding basicity. (C) kinh rate constant measured for α-tocopherol from co-

autoxidations in styrene versus Egg PC liposomes suspended in Tris buffer (pH 7.4)112 (D) Expression that 

describes the kinetics of autoxidation in the presence of an RTA, where n refers to the number of peroxyl 

radicals an RTA (AH) traps, and kinh is the rate of H atom transfer from the RTA to the peroxyl radical. 

 

Early investigations revealed the phenolic O-H BDE is greatly influenced by electron donating 

groups (EDG) and electron withdrawing groups (EWG) .105,113 EDGs stabilize phenoxyl radicals, and 

therefore, lower the BDE of the O-H bond, resulting in more exothermic reactions with peroxyl radicals.111 

Furthermore, the H bonding capacity of solvent can also impact the kinetics of inhibition, as described by 

the kinetic solvent effect (KSE) (Figure 1.16.A).114,115 The majority of classic and modern RTAs generally 

include a polar H-donor group (ArXH, X = N,O) which forms a complex with peroxyl radicals (H bond 

acceptor) in a pre-reaction complex. However, solvents with a capacity for H-bonding can also form an H-

bond complex with the RTAs labile H atom, resulting in a complex that is unreactive to peroxyl radicals.109 

The magnitude of the kinetic solvent effect will ultimately depend on the H bonding capacity of the solvent 

(βH
2)116 and the H donor capacity of the donor (αH

2) (Figure 1.16.B).117As a result, rate constants measured 

in nonpolar organic solution are not truly representative of the RTA potency in water or lipid membranes 

(Figure 1.16.C-D).   
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Antioxidants such as α- tocopherol and designer RTAs, Lip-1 and Fer-1 have proven to be 

extremely potent alternatives. The role of antioxidants as anti-ferroptotic agents is further discussed in 

Chapter 1.5. 

 

1.4 Inhibition of Enzymatic Lipid Peroxidation 

In recent years there has been great interest in small molecules that inhibit lipoxygenases, given 

their putative role in atherosclerosis118, cancer119 and stroke.79 Broadly speaking, the mechanism of LOX 

inhibitors can be classified into five distinct categories; redox Inhibitors, iron chelators, active site 

inhibitors, allosteric inhibitors and suicide probes (Table 1.2).96  

Table 1.2 Categories of LOX inhibitors. 

                      Mechanism of Action 

Redox Inhibitor Affect oxidation state of catalytic non-heme iron 

Iron chelator Coordinate to non-heme iron, displacing activating ligands 

Active site inhibitor Competes with and obstructs PUFA substrate from entering active site 

Allosteric inhibitor Bind to secondary site and promotes conformational change 

Suicide probes Form covalent, irreversible bond in enzyme active site 
 

Traditionally, LOX inhibition activity is determined by spectrometric kinetic assays that monitor 

the formation of hydroperoxide (HPETE) product by absorbance of the conjugated diene moiety at 234 

nm, or colourmetrically using agents like xylenol orange.87,120 Modern strategies have modified these 

techniques for use in high throughput screens of small molecule libraries and in rational drug design.121–

123   

To date, the h5-LOX inhibitor, and anti-asthmatic drug, Zileuton is the only FDA approved LOX 

inhibitor on the market.124 Zileuton contains a hydroxamic acid moiety that binds to h5-LOX iron as a 

ligand, inhibiting enzymatic activity. The h5-LOX isoform is involved in the synthesis of leukotrienes, a 

known bronchoconstriction agent.90 However, Zileuton is not oxidatively stable and suffers a low half-life 

in vivo.125   
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A common molecular standard in the study of LOX inhibition is NDGA, a natural product 

antioxidant isolated from the creosole bush. NDGA is a pan-LOX inhibitor126–128 that is proposed to reduce 

lipoxygenase non-heme Fe2+ to its inactive Fe3+ and corresponding semiquinone derivative.129 However, 

given the unique functions of LOX isoforms in vivo, there has been a desire to construct LOX specific 

isoform inhibitors.   

 

Figure 1.17 Molecular structures of common LOX inhibitors, highlighted according to reported isoform 

selectivity.  
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There remain a series of challenges associated with discovering novel LOX inhibitors. To date, 

there is a limited inventory of published lipoxygenase crystal structures and isoform characterization data. 

Furthermore, it is often a challenge to find suitable animal models given the variance in LOX homologs 

between species. In humans, the hALOX15 codes for 15-LOX-1 but murine alox15 encodes for a 12-LOX.81 

Given the recent implication of LOX in ferroptosis, there has been renewed interest and demand for both 

pan and isoform specific LOX inhibitors.  

 

1.5 “Oxidative Cell Death”: Oxytosis & Ferroptosis 

Lipid peroxidation is often implicated in cell death and disease. The insertion of polar oxygen 

groups along the carbon lipid backbone alters membrane bilayer properties and promotes fragmentation 

and formation of downstream electrophilic byproducts that can undergo further reactions. A classic link 

between oxidized lipids and cell death was explored in the late 50’s, wherein the neurotoxic effect of 

glutamate was investigated by Lucas and Newhouse130 who exposed retinal neurons to continuous 

glutamate exposure and observed their death. Since then, it has been postulated that excitatory 

neurotransmitter induced cell death is linked to neurological disease states like Alzheimer’s and 

Parkinson’s diseases.131 Efforts to deconvolute the mode of glutamate induced cell death in neurons has 

sparked much debate.  

Neurons, in the presence of elevated concentrations of glutamate can trigger two observed forms 

of cell death.132 The first pathway is mediated by excitotoxic glutamate stimulation of ionotropic 

receptors.133 The second “oxidative” pathway termed, “oxytosis”, is mediated by inhibition of system xc
- 

and the disruption of cysteine homeostasis.134,135 Investigations using primary neurons and neuronal cell 

lines describe an initial swelling of the neuron, followed by a slow degeneration in parallel with decreased 

glutathione, formation of ROS and calcium fluctuations.132,134,136,137  
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Over 20 years since “oxytosis” was first documented, parallel observations emerged in 2012 

regarding a novel form of regulated, nonapoptotic cell death in cancer cell lines.138 Ferroptosis was also 

marked by an accumulation ROS, in the form of lipid hydroperoxides. Cells experienced loss in lipid 

membrane integrity and interruption of cysteine homeostasis.138,139 Traditional hallmarks of apoptosis, 

such as chromatin fragmentation and membrane blebbing were not observed.138 Both ferroptosis and 

oxytosis have also been highlighted as a key-players in “oxidative stress” and are implicated in numerous 

degenerative disorders pertaining to neurological and cardiovascular systems and cancer.140   

 

1.5.1 Mechanism of Ferroptosis 

The recent emergence of the novel, non-apoptotic, regulated cell death modality termed 

‘ferroptosis’ has been associated with extensive investigations into the respective biochemical pathways 

associated with the accumulation of oxidized lipids past a manageable threshold.  Within the cell, lipid 

hydroperoxides are the product of two separate pathways; 1. radical mediated lipid peroxidation and 2. 

the lipoxygenase catalyzed substitution of molecular oxygen onto polyunsaturated lipids at regiospecific 

positions. Polyunsaturated phospholipids can be sourced into both cycles following the catalyzed addition 

of coenzyme A by acyl-CoA synthetase 4 (ACSL4)141, and subsequent esterification by lysophatidylcholine 

acyltransferase (LPCAT-3)142, resulting in PUFA-esterified phospholipids. This places lipid monolayers and 

bilayers at direct risk of oxidative damage, resulting in lipid re-organization, damage to membrane 

proteins and loss of membrane integrity. 

The identification of ferroptosis as a regulated form of cell death was controversial. Apoptosis and 

its definitive characteristics have long been synonymous with regulated cell death (ie: cytoplasmic 

shrinking, chromatin condensation, nuclear fragmentation, plasma membrane blebbing and 

phagocytization of apoptotic bodies).143,144 Instead, ferroptosis is morphologically more similar to necrotic 
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cell death, which is associated with early plasma membrane permeabilization and subsequent rupture 

and swelling of cytoplasmic organelles.145   

 

Figure 1.18 (A) Examples of Endogenous RTAs (B) Glutathione peroxidase 4 detoxifies lipid hydroperoxides 
to the corresponding lipid alcohols. (C) FSP1 pathway works in parallel with GPX4 to eliminate sources of 
ROS. 

 

Typically, a cell is equipped with the necessary machinery to maintain the cellular redox balance. 

The cell can employ endogenous radical trapping antioxidants (RTAs), such as α-tocopherol that inhibit 

(phospho)lipid peroxidation (Figure 1.18.A).  However, it is the GPX4/glutathione pathway that is 

responsible for eliminating lipid hydroperoxides and is required for cellular survival. The glutathione -

dependent system oversees the production of antioxidant molecule glutathione (GSH) from precursor 

molecule cysteine.146 Cysteine cannot be synthesized intracellularly and undergoes rapid oxidation to the 

corresponding disulfide (cystine) in medium. However, the cell circumvents this issue by reducing cystine 

to cysteine within the cell.147 Glutathione cellular homeostasis also plays an essential role as a reducing 
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agent for glutathione peroxidase 4, one of eight peroxidases necessary for life.78,148 GPX4 (PHGPx) is the 

only peroxidase known to serve alongside endogenous antioxidants by detoxifying oxidized phospholipids 

in membranes to their reduced form (Figure 1.18.B).149–151 Evidence has suggested GPX4 plays a specific 

role in regulating arachidonic acid metabolism.78 Recently, the rather exciting characterization of 

flavoprotein FSP1 (formerly AIFM2) was shown to prevent lipid oxidation in a parallel pathway to GPX4. 

FSP1 suppresses ferroptosis by catalyzing the regeneration of CoQ10, a lipid-soluble RTA, using NADPH 

(Figure 1.18.C).152   

 

Figure 1.19 Cystine and glutamate are located in abundance in the intra- and extra- cellular space. In the 
presence of these amino acids, system xc

-, a disulfide linked heterodimer, mediates the entry of cystine 
and exodus of L-glutamate. This exchange occurs in a 1:1 ratio.146 Once inside, cystine is reduced to 
cysteine and undergoes a series of catalyzed reactions to form glutathione (GSH), the reducing cofactor 
of GPX4.153 Lipid hydroperoxides are the product of radical mediated lipid peroxidation or lipoxygenase 
catalyzed deoxygenation. Lipid hydroperoxides can undergo Fenton chemistry in the presence of Iron 2+ 
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species. Red text indicates pro-ferroptotic targets and the respective ferroptotic inducers. Green text 
indicates anti-ferroptotic targets. GLS: glutaminase, GR: Glutathione reductase, GS: Glutamine synthetase 

  

There is precedent in the literature that loss of any part of this key cellular machinery poses a 

lethal threat to the cell. For instance, human fibroblasts exposed to cystine-free medium rapidly die, as 

cysteine is also a synthetic precursor to several thiol-containing proteins.154 Likewise, neuron-specific 

GPX4 knockout mice and tam-inducible GPX4 knockout MEFs were reported to undergo an increase in 

lipid peroxidation, followed by cell death.78 Glutathione is a necessity for cell survival, mice lacking the 

GSH-synthesizing enzyme, γ-glutamylcysteine synthetase (γ-GCS) died at the same developmental stage 

as GPX4 knockout mice.78,155 And finally, loss of FSP1 also sensitized cancer cells to ferroptosis.152  

 

1.5.2. Induction of Ferroptosis  

The discovery that pharmacological intervention by a small molecule could be achieved provided 

crucial evidence that ferroptosis execution was not programmable. The first breakthrough, (1S,3R)-RSL3, 

was discovered in a screening assay for oncogene HRAS lethal molecules.156 (1S,3R)-RSL3 was determined, 

using affinity based chemoproteomics, to covalently bind and inhibit selenoprotein GPX4,  the cell’s main 

defense for detoxifying lipid hydroperoxides.140 Similar screening processes also identified two more 

GPX4inhibitors , ML210 and ML162.157 More recent efforts lead to the discovery of FIN56, which promotes 

the degradation of GPX4 (Figure 1.20).158 
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Figure 1.20 Small molecules that induce ferroptosis pharmacologically by inhibition of GPX4.  

 

Another strategy targets the cystine glutamate antiporter, system xc
- (Figure 1.21). Erastin was 

discovered from a 23,000-compound library in screening for cancer therapeutics; it modulates 

VDAC2/VDAC3 and disrupts the influx of cystine by inhibiting system xc
-.159 Erastin’s toxic effects can be 

circumvented by supplementing the cell with GSH. Several other pharmacological inhibitors of system xc
- 

have been discovered: sulfasalazine,138 sorafenib,160,161 and notably, increased concentrations of 

glutamate.135   

 

Figure 1.21 Small molecules that induce ferroptosis pharmacologically by inhibition of system xc
-. 

Ferroptosis can also be induced at alternative sites (Figure 1.22). Buthionine sulfoximine (BSO) 

inhibits the enzyme glutamate-cysteine ligase, thereby, disrupting synthesis of glutathione.140 Inhibitor 

iFSP1 inhibits flavoprotein FSP1, an essential reducing agent for enzyme CoQ10.152 And, recently, the 

synthetic diterpene derivative, ferropticide, has been shown to be a potent ferroptosis inducer. Though 
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its mechanism has not yet been elucidated, the chloroacetyl group would suggest a mechanism of action 

to similar to RSL3 or ML162.162 Ferroptosis can also be induced by genetic mediation targeting key genes 

involved in lipid metabolism, iron regulation and endogenous antioxidants. Previous reports targeted 

GPX4 using short hairpin RNA (shRNA) and short interference RNA (siRNA) to knockout the selenoenzyme 

in HT-1080 cells. Cell rescue could only be achieved following culture in medium supplemented with α-

TOH and iron chelator, DFOM.140 

 

Figure 1.22 Small molecules that induce ferroptosis pharmacologically by alternative methods. 

 

 

 

1.4.4. Inhibition of Ferroptosis 

Given the recent characterization of ferroptotic cell death, extensive efforts are underway to discover 

potential ferroptosis inhibitors. Breakthrough screening of small molecule libraries have identified 

ferrostatin-1 (Fer-1) and liprostatin-1 (Lip-1), potent inhibitors of erastin induced cell death.138,163 Research 

from our group has shown that both Lip-1 and Fer-1 are potent RTAs whose anti-ferroptotic activity 

steams from inhibiting lipid peroxidation.112 Earlier investigations have established the potential of natural 

antioxidants as potential ferroptotic inhibitors (Figure 1.23). Polyphenols,164 flavonoids and vitamin E 

analogs165 are reported as effective agents against glutamate challenge. In particular, alpha tocopherol, 

the most active form of vitamin E, has been proven especially effective in vivo.112,138,163 The vitamin E 
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scaffold has served an inspiration for synthetic derivatives such as the tetrahydronaphthyridinol motif 

(THNs). To date, THN derivatives are the most potent phenol-like antioxidants recorded166 and make 

exceptionally efficient anti-ferroptotic agents.112  

 

Figure 1.23 Common anti-ferroptotic agents, antioxidants, lipoxygenase inhibitors and iron chelators. 
Redox activity for NDGA and Zileuton was accessed in inhibited co-autoxidations in cumene and 
liposomes, and corresponding rate constants were derived.167 

 

There exists precedence in the literature that supports lipoxygenase inhibitors as cytoprotective 

agents against oxidative cell death (Figure 1.23). For example, 15-LOX-1 inhibitor ML351121 was shown to 
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be protective against glutamate challenge in HT-22 cells. Furthermore, our group recently investigated a 

series of lipoxygenase inhibitors in HEK 293 cells transfected to overexpress either 5-LOX, p12-LOX or 15-

LOX-1.167 Therein, it was determined that pan-LOX inhibitor, NDGA, and 5h-LOX inhibitor Zileuton were 

effective at rescuing over-expressing HEK cells from ferroptosis due to their radical trapping activity 

(Figure 1.23). 

Although the role of iron in ferroptosis is important, it is still poorly understood. Iron chelators 

such as deferoxamine have been reported as potent anti-ferroptotic agents against erastin challenge in 

HT-1080 cells138,156 yet the molecule’s mechanism of action still remains unknown. A recent compound 

library screen by Dixon et al, reported iron chelators chlorquinadol and milciclib as potentially effective 

ferroptosis inhibitors.168  

Additionally, the replacement of reactive site, bis-allylic, positions on PUFAs with deuterium 

atoms (d-PUFA) was proposed by Shcheponov et al.77 According to kinetic isotope theory, hydrogen atom 

abstraction occurs more rapidly than abstraction of heavy deuterium atoms, ultimately slowing the 

propagation of lipid oxidation.169 Deuterated linoleic acid (11,11-d2-LA) halts lipid peroxidation, and the 

kinetic isotope effect for propagation rate constant (kp) of LA over deuterated substrate was reported as 

12.8.170 Remarkably, it has been observed that substituting with as little as 20%  deuterated lipids provides 

protection against oxidative cell death.167,170–172 
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1.6 Research Objectives 

Ferroptosis, an apoptosis distinct, form of regulated cell death is marked by a lethal accumulation of 

lipid hydroperoxides.138 Since its characterization, there has been lively debate regarding the origin of lipid 

hydroperoxides within the cell. A number of investigators have implicated lipoxygenases (LOX), enzymes 

that catalyze deoxygenation of PUFAs to corresponding lipid hydroperoxides.78 The recent work by our 

group using 5-LOX, 12-LOX and 15-LOX-1-overexpressing HEK 293 cells suggest that LOX does not occupy 

a central role in regulated cell death, instead radical mediated lipid peroxidation, or, autoxidation is the 

central pathway responsible for driving ferroptosis,167 but several questions remain unaddressed. 

In this work, our group’s previous investigations will be extended beyond transfected HEK 293 cells to 

include non-transfected cell lines that have been reported to express lipoxygenases. HT-22 and HT-1080 

cells were selected as suitable models, as both are established cell lines in the field of ferroptosis and have 

been previously characterized to express LOX. Furthermore, 15-LOX-2 expression is linked to both model 

cell lines. A recent publication has implicated 15-LOX-2 and PEBP1, a RAF1 kinase inhibitory protein, as 

key mediators in ferropotitic cell death.173 To probe the role of LOX in ferropotsis, in particular 15-LOX-2, 

in our selected model cell lines, the following research objectives were proposed;  

1) Engineer HEK 293 cells to stably express 15-LOX-2, in order to evaluate its proposed role as a key 

mediator of ferroptotic cell death. 

2) Expand the molecular library from 2018 work to include a more diverse range of LOX inhibitors, 

such as inhibitors of isoforms, p-12LOX, 15-LOX-1 and 15-LOX-2, as well as LOX inhibitors that 

display off-target RTA activity (ie: NDGA, Zileuton, PD146176 and baicalein).  

3) Assess the anti-ferropotic potency of both RTAs and LOX inhibitors in selected model cell lines 

using multiple ferroptotic inducing agents.  

4) Re-characterize established cell models HT-22 and HT-1080 for LOX expression. 
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CHAPTER 2: Off-Target Activities of Lipoxygenase Inhibitors Confound the Role of Enzyme-Catalyzed 

(Phospho)Lipid Peroxidation in Ferroptosis  

 

2.1 Introduction 

First coined in 2012, ferroptosis is an iron dependent, apoptosis distinct, form of regulated cell 

death that is marked by an accumulation of oxidized lipids, specifically polyunsaturated phospholipids 

located within lipid membranes (PUFA-PL).1 The introduction of polar groups along the lipophilic backbone 

disrupts lipid organization,2 membrane integrity,3 and permeability,4 moreover, highly reactive 

electrophilic products are formed as byproducts of lipid peroxidation.5 The identification and study of 

ferroptosis has provided key evidence linking lipid peroxidation to a number of human pathologies, such 

as neurodegenerative disorders6,7, ischemia8,9 and cancer.10  

 

Figure 2.1 (A) Lipid hydroperoxides are the product of two pathways, radical mediated lipid peroxidation 
and enzymatically mediated LOX catalysis. Enzyme glutathione peroxidase 4 (GPX4) detoxifies lipid 
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hydroperoxides to the neutral alcohol. RSL3 directly inhibits GPX4 while erastin and glutamate inhibit 
system Xc

- which transports necessary precursor, cystine, required for glutathione biosynthesis. (B) 
Structures of common ferroptosis inducing agents.  

 

The cell employs protective machinery, to manage the accumulation of lipid oxidation products. 

Most notably, selenoenzyme glutathione peroxidase 4 (GPX4) directly detoxifies lipid hydroperoxides to 

their non-reactive lipid alcohols11–13 (Figure 2.1). Endogenous antioxidants like α-tocopherol and 

tetrahydrobiopterin (BH4)14 quench chain carrying radicals within the lipid membrane, and in parallel the 

recently characterized FSP1 pathway can inhibit lipid peroxidation through regeneration of enzyme Q1015 

(Figure 2.2). The redundancy of antioxidant machinery ensures cellular protection against lipid 

peroxidation. Pharmacologically, ferroptosis can be induced by small molecules that directly target these 

safeguards within the cell. RSL3 directly binds to and inhibits GPX4,16,17 while erastin18 and increased 

concentrations of glutamate19,20 inhibit the cystine-glutamate antiporter, system Xc
-, suppressing the 

biosynthesis of glutathione, GPX4’s reducing co-substrate (Figure 2.1).  

Figure 2.2 (A) Ubiquinol traps peroxyl radicals within lipid membranes and is regenerated by enzyme FSP1 
(Ferroptosis suppressor protein 1). Peroxides are subsequently detoxified to the corresponding lipid 
alcohol by GPX4. (B) BH4 can directly quench lipid peroxyls, in parallel to regenerating endogenous 
antioxidant, α-tocopherol. DHFR: Dihydrofolate reductase  
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A key point of debate in the field concerns the origin of lipid hydroperoxides that accumulate in 

ferroptosis, and whether they are formed enzymatically or non-enzymatically (autoxidation) (Figure 2.1). 

Mechanistically, autoxidation describes H-atom transfer from bisallylic positions (kp) on oxidizable 

substrate (LH) to radical species, followed by subsequent insertion of molecular oxygen to form lipid 

hydroperoxides (LOOH).21  Radical trapping antioxidants (RTAs) are molecules with labile X-H bonds 

(generally aryl O-H or aryl N-H bonds) that can undergo H-atom transfer with propagating peroxyl radicals 

to form non-radicals products [1-2], effectively shutting down the autoxidation pathway.22,23  

 

Given ferroptosis is a purportedly regulated cell death process, its execution should be held under 

genetic control. As such, lipoxygenase enzymes, which directly catalyze the regio-and stereoselective 

dioxygenation of PUFAs  to hydroperoxyeicosanoid products24 (PUFA-OOH), are often implicated as likely 

culprits. In humans there exist six different isoforms of lipoxygenase, 15-LOX-2, eLOX3, 12R-LOX, 15-LOX-

1, 12S-LOX, and 5-LOX (ALOX15B, ALOXE3, ALOX12B, ALOX15, ALOX12, ALOX 5), of which, certain isoforms 

can be selectively targeted pharmacologically and inhibited by small molecule LOX inhibitors.  

Links between oxidative cell death and lipoxygenase have been made following earlier 

investigations into the toxic effects of glutamate in neurons. Increased concentrations of extracellular 

glutamate can trigger a form of oxidative cell death, ‘oxytosis’, that is marked by intracellular fluctuations 

of calcium, depletion of glutathione and an increase in ROS production. In one key experiment, treatment 

of mouse neuronal cells (HT-22) with glutamate was linked to 12/15 lipoxygenase activation as 

determined by immunodetection using human antiserum. Furthermore, HT-22 cells treated with specific 

12/15-LOX-1 inhibitor baicalein and pan-LOX inhibitor NDGA were protected from glutamate toxicity.25,26 
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Additional investigations in 2008 by the Conrad group suggested that GPX4 and 12/15 LOX were key 

regulators of oxidative cell death. GPX4 knockout cells (MEFs) cultivated in the presence of LOX inhibitors 

NDGA, AA861, baicalein and PD146176 were protected, whereas cells grown without supplementation 

died within 24 hours.27 However, it was later demonstrated that GPX4 and ALOX 15 double knockout cells 

were not protected from GPX4 deficiency, casting some doubt on the role of 15-LOX-1 in cell death.28   

The first potent inhibitors of ferroptosis were discovered in high throughput cell-based screens. 

Liprostatin-1 (Lip-1) 28 was identified out of 40,000 compounds, as a potent inhibitor of TAM-induced Cre 

recombinase-mediated deletion of GPX4 MEF cells. Ferrostatin-1 (Fer-1) was discovered in a screen of 

10,000 compounds subject to erastin challenge in HT-1080 cells.29 Both compounds were effective at 

suppressing cellular lipid hydroperoxide formation as determined by BODIPY 581/591 C11, yet their 

mechanism of action was not known. In 2017, our group30 demonstrated that Lip-1 and Fer-1 are good 

radical trapping antioxidants (RTAs). In fact, Lip-1 [kinh (1.2 ± 0.1) x 104 M-1s-1] and Fer-1 [kinh (4.6 ± 0.8) x 

104 M-1s-1] exhibited more potent RTA activity than nature’s best antioxidant, α-TOH [kinh (4.7 ± 0.4) x 103 

M-1s-1] in phospholipid bilayers. Conversely, they were found to be poor inhibitors (at best) of 15-LOX-1, 

suggesting that RTA activity, and not LOX inhibition, was fundamental to Lip-1 and Fer-1’s anti-ferroptotic 

activity. This was key evidence in favour of radical mediated formation of lipid hydroperoxides within the 

cell driving ferroptotic cell death (scheme 2.1).  
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Scheme 2.1 Proposed mechanisms of (A) hindered phenolic and (B) diarylamine antioxidants (shown Lip-
1). Scheme adapted from Zilka and Pratt (2017).30 

 

In 2018, we followed this up by carrying out an in-depth investigation into the role of lipoxygenase 

in the execution of ferroptosis using human embryonic kidney cells (HEK) transfected to overexpress the 

15-LOX-1, p12-LOX and 5-LOX isoforms.31 Therein, canonical anti-ferroptotic agents, Lip-1 and Fer-1, were 

shown to be poor inhibitors of 12-LOX and 5-LOX (consistent with our previous observations with 15-LOX-

1). Additionally, cytoprotective LOX inhibitors, Zileuton, NDGA and PD146176 were unequivocally 

established as RTAs, while non-cytoprotective 5-LOX inhibitors CAY10649 and CJ-13610 were discovered 

to be devoid of RTA activity (Figure 2.3). LOX overexpressing HEK cells could only be rescued by radical 

trapping antioxidants and redox active lipoxygenase inhibitors, thus prompting the conclusion that 

lipoxygenase catalysis is not required for the execution of ferroptosis.  
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Figure 2.3 Inhibition rate constants for various LOX inhibitors measured in cumene co-autoxidations (PhCl) 
and in Egg PC liposomes (Lip) at 37˚C. 

 

In this work, experiments were extended beyond transfected HEK cells, to include the cell models 

in which oxytosis and ferroptosis were originally established: HT-22 and HT-1080. To date, the HT-1080 

fibrosarcoma cancer cell line has been used to screen oncogene RAS selective lethal compounds, 

prompting the discovery of system Xc
- inhibitor, erastin.1 The cancer cell line has also served as a model 

for assaying the potency of small molecule GPX4 inhibitors, RSL3 and RSL5.16  HT-1080 cells have been 

previously characterized to express 15-LOX-2 and eLOX-3 as determined by qPCR experiments.32   The HT-

22 mouse neuronal cell line was predominantly utilized in the study of glutamate induced neurotoxicity 

or, oxytosis. To date there is some ambiguity regarding LOX expression in HT-22 cells. HT-22 cells have 

been characterized in separate reports to express 15-LOX-125 and 15-LOX-233 by immunoblotting. 
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However, these attempts utilize an outdated method and a polyclonal antibody that has since been 

discontinued.   

This work also builds on the 2017 and 2018 works by considering the other major LOX isoform, 

15-LOX-2. As mentioned, 15-LOX-2 expression is linked to model cell lines HT-22 and HT-1080s, moreover, 

in a recent publication this isoform has been reported to complex with PEBP1, a RAF1 kinase inhibitory 

protein, altering the enzyme’s substrate preference from free PUFA to PUFA-PL.33 Molecular 

computational docking of 15-LOX-2/PEBP1 indicates a potential allosteric binding site for anti-ferroptotic 

agent, Fer-1 is formed following complexation,34 which provides an alternative explanation for its RTA 

activity. Herein, we extend ferroptosis cell rescue experiments to 15-LOX-2 overexpressing HEK 293 to 

probe the role of 15-LOX-2 inhibition. Furthermore, we investigated both HT-22 and HT-1080 cells to 

assess 15-LOX-1, 15-LOX-2 and p12-LOX expression using monoclonal antibodies.  

For this work, a small molecule library was modified from our previous work, to include LOX 

inhibitors, RTAs and LOX inhibitors with off-target RTA activity. The selection of the small molecule library 

is discussed in chapter 2.2.1 and the characterization of each molecule for LOX inhibition and RTA activity 

are described in chapters 2.2.3 & 2.2.6. Following characterization of the small molecule library for LOX 

inhibition and RTA activity, compounds were subject to cell rescue assays in 15-LOX-2 overexpressing HEK 

293 cells (chapter 2.2.4) and ferroptotic model cell lines (chapter 2.2.5). Presented herein, our results 

agree with previous conclusions from investigations into 12-LOX, 5-LOX and 15-LOX-1 overexpressing HEK 

cells31 and fortify the conclusion that autoxidation remains the key modulator of ferroptotic cell death.   
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2.2 Results 

2.2.1 Construction of Small Molecule Library  

For the purpose of these experiments, a small molecule library was constructed, consisting of 

RTAs, lipoxygenase inhibitors and some LOX inhibitors that have been shown by our group to demonstrate 

off-target RTA activity (Baicalein, Zileuton, NDGA and PD146176) (Figure 2.4).   

 

Figure 2.4 Molecular structures of selected RTAs and LOX inhibitors. 

Alpha-Tocopherol, the most biologically active form of Vitamin E and nature’s best antioxidant 

and its truncated analogue PMC were also examined as they represent the most common class of RTAs 

(scheme 2.1.A). Designer antioxidants such as the C15THN were also included as they have been recorded 

as the most potent phenolic-like RTAs characterized to date [kinh (8.8 ± 3.2) x 107 M-1s-1]. Additionally, the 

prototypical ferroptotic inhibitors Lip-1 and Fer-1 were selected as Zilka and Pratt have previously 

demonstrated both exhibit good RTA activity (scheme 2.1.B).30 Of the antioxidants included in the small 
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molecule library, all have been shown previously to exhibit no lipoxygenase inhibition capacity.31 Of the 

aforementioned RTAs, α-TOH and PMC were sourced commercially (Chapter 2.5), Lip-1 and Fer1 were 

synthesized by Ron Shah and C15THN was synthesized by Omkar Zilka. 

This library was modified from our previous work to include a broader range of LOX inhibitors; 15-

LOX-1 inhibitors ML094 and ML351, 12-LOX inhibitors ML355 and β-Thujaplicin, and 15-LOX-2 inhibitors 

MLS000327186, MLS000327069, and MLS000545091. Previously, investigators have estimated their 

potencies using a common methodology that monitors the suppression of arachidonic acid LOX catalysis 

products (hydroperoxyeicosatetraenoic acid: HpETE) spectrophotometrically (234 nm), in the presence of 

varying concentrations of LOX inhibitor (Figure 2.5A). Reported LOX inhibition measurements (Figure 

2.5B) were collected from multiple sources over a broad period. To confirm these compounds do indeed 

inhibit isoform specific LOX, and, to adopt a more cohesive dataset, enzyme inhibition was measured in 

our own laboratory.  

 

Figure 2.5. Common experimental technique using purified LOX protein to measure LOX inhibition 
potency, described by IC50 value. A) Reported Enzyme inhibition values (IC50) against varying isoforms of 
purified LOX protein: baicalein,35 β-thujaplicin,36 ML355,37 PD146176,38 ML094,39 ML351,40 NDGA,41 
Zileuton,42 MLS000327069, MLS000327186 and MLS000545091.43 
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Of the LOX inhibitors selected for our compound library, ML09439 and ML35140 were synthesized 

as described in the literature. Whereas MLS000327069 and MLS000327186 were prepared in-house, in a 

single step, substitution reaction (scheme 2.2).  

 

Scheme  2.2 . Synthesis of MLS000327069 (R1) and MLS000327186 (R2). 

 

15-LOX-2 inhibitor MLS000545091 was also prepared in-house, in four synthetic steps. The 1,2,4 

oxadiazole ring is typically accessed from cyclodehydration reactions of 1,2-diacylhydrazines (4) in an 

excess of dehydrating agent (SOCl2, POCl3).44 The cyclodehydration reaction was instead based on work 

by Stabile et al., who report the synthesis of the des-chloro derivative under milder conditions, using TsCl 

and base.45 The remaining LOX inhibitors (zileuton, NDGA, PD146176, β-thujaplicin, baicalein) were 

sourced commercially (Chapter 2.5). 

 

Scheme 2.3. Synthetic route of MLS000545091.  
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2.2.2 Generation and characterization of 15-LOX-2 overexpressing HEK 293 cells  

Recent reports have suggested 15-LOX-2, upon complexation with PEBP1, a RAF1 kinase inhibitory 

protein, is capable of oxidizing PUFA-PL to 15-HPETE products that purportedly drive ferroptosis. To 

further investigate the role of 15-LOX-2 in ferroptosis, we sought to transfect HEK 293 cells to overexpress 

a recombinant pcDNA3/alox15B construct similarly to our previous studies with 5-LOX, p12-LOX and 15-

LOX-1. Initial plasmid amplification in E. coli and transfection of HEK-293 cells were carried out by Ron 

Shah using 2.5 μg pcDNA3/15-LOX-2 plasmid in the presence of cationic lipids (Lipofectamine reagent) to 

facilitate the uptake of plasmid DNA. To select for cells that stably express the transfected DNA, cells were 

treated with 0.1 g/L of antibiotic, geneticin, as the pcDNA3/15-LOX-2 vector includes an antibiotic 

resistance tag. The stable transfection of 15-LOX-2 plasmid was confirmed by immunoblotting using an 

anti-15-LOX-2 monoclonal antibody and goat anti-rabbit IgG (H+L) secondary antibody [HRP]. Additionally, 

15-LOX-2 activity was confirmed by dosing 15-LOX-2 HEK 293 cell lysate, suspended in Tris buffer (pH 7.4), 

with arachidonic acid and monitoring 15-HETE product formation by UPLC-ESI-MS/MS. The LC-MS method 

used for enzyme activity experiments was previously developed by Ron Shah31 (Figure 2.6).  
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Figure 2.6 (A) Transfection method scheme. (B) LC-MS/MS chromatogram of HEK 293 cell lysate dosed 
with 70 μM AA (C) LC-MS/MS chromatogram of 15-LOX-2 HEK 293 cell lysate, selected with 0.1 g/L 
geneticin, dosed with 70 μM AA. N.b. A drift in elution time by ~1 min is observed. (D) LC-MS/MS 
chromatogram of 15-LOX-2 HEK 293 cell lysate, cultured in 1.0 g/L geneticin, dosed with 70 μM AA.  15-
LOX-2 expression was confirmed by immunoblotting with anti-15-LOX-2 monoclonal antibody (E) 
Determination of regioisomeric products by UPLC/ESI-/MS/MS based on each isomer’s unique ms/ms 
transitions relative to internal standard prostaglandin β2. (15-1 HETE (319 → 219), 12 HETE (319 → 179), 
5 HETE (319 → 115), and PGβ2 (333 → 235)). 
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It was noted that the proportion of 15-HETE produced in UPLC-MS/MS enzyme activity assays 

with transfected 15-LOX-2 HEK 293 cells was only marginally higher when compared with WT HEK 293 

cells (compare Figure 2.6B with 2.6C). Although the transfected cells stably expressed the 15-LOX-2 

protein, as determined by immunoblotting, it was especially evident that 15-LOX-2 expression levels were 

considerably lower than those found in HEK 293 cells similarly transfected to overexpress the genes 

encoding the p12, 15-1 and 5-LOX isoforms.31 Initial selection was performed with 0.1 g/L geneticin to 

improve cell survival during antibiotic selection. Freshly transfected 15-LOX-2 HEK 293 cells treated with 

concentrations of geneticin greater than 0.1 g/L were unable to survive the screening period, as plasmid 

uptake was very low. Ideally, screening should be carried out at 1.0 g/L (Figure 2.7.A) to remove all WT 

HEK 293 cells that have not successfully taken up the pcDNA3/15-LOX-2 vector. To improve plasmid 

uptake, transfection parameters such as the ratio of DNA plasmid-to-cell, the amount of Lipofectamine 

reagent and cell density were adjusted. Cells subject to these transfection conditions were still unable to 

survive antibiotic selection above 0.1 g/L. (Figure 2.7.B 2-4). Instead, freshly transfected HEK 293 cells 

selected with 0.1 g/L geneticin, were subsequently cultured in medium with gradually increasing geneticin 

until 1.0 g/L was reached. These cells were subsequently lysed, treated with arachidonic acid, and 

subjected to analysis by LC-MS/MS, where 15-HETE production was noticeably increased (Figure 2.6D). 

The expression of 15-LOX-2 was confirmed by immunoblotting using the same monoclonal antibody as 

before (Figure 2.6.D). 

 



53 
 

Figure 2.7 (A) Geneticin kill curve for WT HEK 293. 1000 cells/100uL were plated in a 96 well plate and 
cultured in varying concentrations of geneticin over 8 days. Cell viability was assessed by fluorescence 
intensity with Aquabluer assay (540 ex/590 em).  (B) transfection optimization table.  

 

The expression of 15-LOX-2 by HEK 293 cells was further probed pharmacologically, by monitoring 

inhibition of 15-HETE production using MLS000327069, a known 15-LOX-2 inhibitor.43 The quantity of 15-

HETE product was assessed by UPLC/ESI-/MS/MS, wherein, increasing amounts of MLS000327069 

effectively decreased the formation of 15-HETE product (Figure 2.8). Given these results, the 15-LOX-2 

expressing HEK 293 cells were considered a suitable model to probe enzyme activity of the small molecule 

library as detailed in Chapter 2.2.3.  
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Figure 2.8 Representation chromatogram from UPLC/ESI-/MS/MS analysis following treatment of 15-LOX-
2 HEK 293 lysate with 70 μM arachidonic acid and increasing concentration of MLS000327069 (0-20 μM). 
5 μL Aliquots were injected onto UPLC/ESI/MS/MS, and regioisomeric products were separated on an 
Acquity C18 column in an isocratic mobile phase of (acetonitrile, methanol, water and acetic acid 
42:25:33:0.007) over 10 minutes at 0.15 mL/min. Quantification of 15-HETE peaks was carried out in its 
respective mz/mz transition channel (319→219). 
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2.2.3 Characterization of LOX inhibition activity 

To date, considerable insight into the molecular mechanisms of ferroptosis has been provided 

from studies with compounds which induce or inhibit cell death. In this context, cytoprotective effects of 

LOX inhibitors have implicated enzymatic lipid oxidation in ferroptosis.  To probe the role of LOX in cell 

death, we have selected the following inhibitors: β-thujaplicin, ML355, baicalein, ML351, ML094, 

MLS000327069, MLS000327186, MLS000545091 to add to the LOX inhibitors we examined in our previous 

work. These molecules have been previously characterized for their enzyme inhibition potency, 

summarized in Figure 2.5.B, however these values are sourced from multiple laboratories, and use 

different methods. To construct a more cohesive dataset, LOX inhibitors were screened for their ability to 

inhibit p12-LOX, 5-LOX, 15-LOX-1 and 15-LOX-2 in house. 

 

Figure 2.9 Enzyme activity reaction scheme. Determination of regio-isomeric products by UPLC/ESI-

/MS/MS based on each isomer’s unique ms/ms transitions. (15-1 HETE (319 → 219), 12 HETE (319 → 179), 
5 HETE (319 → 115), and PGβ2 (333 → 235)). 

 

This was accomplished by monitoring arachidonic acid oxidation products (HETE), of transfected 

HEK-293 cell lysate, by UPLC/ESI-/MS/MS (Figure 2.9).30,31 Thus, lysed transfected HEK-293 cells were 

incubated with varying concentrations of LOX inhibitor and AA substrate at 37˚C for 10 minutes. 

Afterwards, HpETE (-OOH) products were reduced to the corresponding HETE (-OH) with 

triphenylphosphine (PPh3) and purified samples were analyzed by UPLC-ESI-MS/MS. Quantification of 

HETE regioisomers were carried out relative to 10 μM PGβ2 (Prostaglandin β-2) internal standard, 

following integration of peaks in respective m/z transition channels. Following transfection, it was 

observed by LC-MS/MS that LOX activity appeared greater in p-12 and 15-LOX-1 overexpressing cells 
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compared to 5-LOX and 15-LOX-2 overexpressing cells based on relative HETE product formation (figure 

2.10 B-E). The relatively poor activity of the latter likely results from the relatively poor expression of 15-

LOX-2 as indicated in the corresponding Western blot.  

 

Figure 2.10. (A) LC-MS/MS chromatogram of HEK 293 cell lysate dosed with 70 μM AA and magnification 
(X10) of peaks in the region of 3 min -9 min. LOX over-expressing HEK 293 cell lysate dosed with 70 μM 



57 
 

AA were subject to analysis by UPLC/MS/MS (B) p12 -LOX overexpressing HEK 293 cell lysate. 12-LOX 
expression was confirmed by immunoblotting with anti-12LOX monoclonal antibody. (C) 15-LOX-1 
overexpressing HEK 293 cell lysate. 15-LOX-1 expression was previously confirmed by immunoblotting 
with anti-15-LOX-1 monoclonal antibody.31 (D) 15-LOX-2 overexpressing HEK 293 cell lysate. 15-LOX-2 
expression was confirmed by immunoblotting with anti-15-LOX-2 monoclonal antibody (E) 5 -LOX 
overexpressing HEK 293 cell lysate. Expression was previously demonstrated using an anti 5-LOX 
monoclonal antibody.31 

 

In this context, enzyme inhibition is given as a percentage of HETE formation (%), as determined 

by quantifying HETE peaks in the corresponding m/z transition channel, with respect to a control without 

LOX inhibitor (Figure 2.10). A summary of the results of enzyme activity assays is included in Figure 2.12. 

First, the potency of purportedly redox inactive 15-LOX-1 inhibitors, ML094 and ML351 were assessed 

against 15-LOX-1 overexpressing HEK293 cell lysate in triplicate. ML094 has been reported as a very 

effective inhibitor of the 15-LOX-1 isoform as determined spectrophotometrically (IC50 = 0.01 μM)39 and, 

on average, is an order of magnitude more potent than most inhibitors in our compound library. In our 

investigations, ML094 was confirmed as an effective inhibitor, after near suppression of 15(S)-HETE 

product was achieved, but at much lower potency. It is also observed that ML094, also suppressed non-

specific autoxidation products (12-HETE, 5-HETE). Representative chromatograms have been included for 

illustrative purposes (Figure 2.11).  
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Figure 2.11 Representation chromatogram from UPLC/ESI-/MS/MS analysis following treatment of 15-
LOX-1 HEK 293 lysate with 70 μM arachidonic acid and increasing concentration of ML094 (0-20 μM). 5 μL 
Aliquots were injected onto UPLC/ESI/MS/MS, and regioisomeric products were separated on an Acquity 
C18 column in a isocratic mobile phase of (acetonitrile, methanol, water and acetic acid 42:25:33:0.007) 
over 10 minutes at 0.15 mL/min. Quantification of 15-HETE peaks was carried out in its respective mz/mz 
transition channel (319→219). 
 
 

Selective LOX inhibitor ML351, is reported to potently inhibit 15-LOX-1 with an IC50 value of 0.2 

μM.40 Our investigations revealed ML351, does indeed exhibit 15-LOX-1 inhibition activity and suppressed 

15(S)-HETE formation by 53 % at a concentration of 20 μM. It is apparent that ML094 is still a more potent 

inhibitor of 15-LOX-1 and is in agreement with reported results.39,40 Furthermore, both inhibitors were 

screened against p12-LOX, 5-LOX and 15-LOX-2 overexpressing HEK293 cell lysate to assess for selectivity 
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in isoform inhibition. It was determined that ML351 and ML094 do not inhibit p-12-LOX or 15-LOX-2 

isoforms given the lack in 12-HETE and 15(R)-HETE suppression.  

As for 5-LOX, ML094 was observed to be an ineffective inhibitor of 5-LOX following a single trial, 

and will be repeated again to obtain triplicate results. In contrast, ML351 was a potent suppressor of 5-

HETE using our LC-MS method – more so than against its intended target 15-LOX-1. Previous investigations 

into ML351 suggested excellent isoform selectivity, using the traditional UV-vis approach with purified 5-

LOX (IC50 > 50 μM).40  
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Figure 2.12 p12-LOX (blue), 15-LOX-1 (orange), 5-LOX (grey) and 15-LOX-2 (yellow) over-expressing HEK 
293 cell lysate was dosed with 70 μM AA in the presence of varying concentration of LOX inhibitor. Enzyme 
inhibition was modelled with respect to suppression of arachidonic acid oxidation products of interest 
(HETE) as monitored by UPLC/ESI-/MS/MS. Quantification was determined following integration of 
targeted HETE peak in corresponding mz/mz channel relative to internal standard prostaglandin β2 (12-
HETE: 319→179/ 15-HETE: 319→219) 5 HETE (319 → 115), and PGβ2 (333 → 235)). 
 

The efficacy of p12-LOX inhibitors, baicalein, ML355, and β-thujaplicin were then investigated in 

p12-LOX HEK 293 cells. All three inhibitors were observed to suppress 12-HETE formation, with ML355 

being most potent, followed by β-thujaplicin and then baicalein. Again, the compounds were much less 

potent in our hands than the EC50s found in the literature (see above).  Of interest, it has been reported 

in previous investigations that 12-LOX inhibitors baicalein,35 ML355,37 and to a much lesser degree, β-

thujaplicin36 also inhibit 15-LOX-1. Our results are consistent with these observations, however, baicalein 

was demonstrably more potent towards inhibition of 15-LOX-1 than p12-LOX, which is contrary to prior 

publication (p12-LOX IC50 : 0.64 μM/15-LOX-1 IC50 : 1.6 μM)35. It was also observed that β-thujaplicin 

suppressed formation of 15(S)-HETE, though not as effectively as baicalein and ML355, which aligned with 

literature results (15-LOX-1 IC50 > 100 μM).36   

As for the 15-LOX-2 isoform, baicalein and ML355 were ineffective at inhibiting 15-LOX-2, whereas 

β-thujaplicin inhibited 15(R)-HETE production by 64%. There are no prior investigations into β-thujaplicin 

as an inhibitor of 15-LOX-2. Rather unexpectedly, 5-LOX overexpressing HEK 293 lysate treated with β-

thujaplicin resulted in an impressive increase in 5-HETE formation (Figure 2.13). This result was confirmed 

on a separate occasion using freshly prepared stocks.  
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Figure 2.13. Representation chromatogram from UPLC/ESI-/MS/MS analysis following treatment of 5-LOX 
HEK 293 lysate with 70 μM arachidonic acid and increasing concentration of β-thujaplicin (0-20 μM). 5 μL 
Aliquots were injected onto UPLC/ESI/MS/MS, and regioisomeric products were separated on an Acquity 
C18 column in an isocratic mobile phase of (acetonitrile, methanol, water and acetic acid 42:25:33:0.007) 
over 10 minutes at 0.15 mL/min. Quantification of 5-HETE peaks was carried out in its respective mz/mz 
transition channel (319→115) relative to internal standard, prostaglandin PGβ2 (333 → 235). 
 

If LOX activation occupied a central role in ferroptosis, then perhaps β-thujaplicin could sensitize 

5-LOX expressing cells to RSL3 induced cell death. Varying concentrations of β-thujaplicin were 

administered to 5-LOX overexpressing HEK 293 cells treated with GPX4 inhibitor, RSL3. Under these 

circumstances, β-thujaplicin did not sensitize cells to ferroptosis, but instead rescued 5-LOX cells from 
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oxidative cell death (Figure 2.14.B). The remainder of the small molecule library was subject to cell rescue 

assays in Chapter 2.2.4 and Chapter 2.2.5 

 

Figure 2.14 (A) 5-LOX (grey) over-expressing HEK 293 cell lysate was dosed with 70 μM AA in the presence 
of varying concentration of β-thujaplicin. Enzyme inhibition was modeled with respect to suppression of 
arachidonic acid oxidation products (HETE) as monitored by UPLC/ESI-/MS/MS. Quantification was 
determined following integration of targeted HETE peak in corresponding mz/mz channel (5 HETE (319 → 
115) relative to PGβ2 (333 → 235). (B) 5-LOX cells (3000 cells/100 μL) were incubated at 37˚C for 4 hours 
with 5.5 μM RSL3 and varying concentrations of β-thujaplicin. Cell viability was assessed using Aquabluer 
assay, wherein, fluorescence intensity (540 ex/ 590 em) of treated cells was compared to a live cell control. 

 

15-LOX-2 inhibitors MLS000327186, MLS000327069, and MLS000545091 were also screened for 

enzyme inhibition against each of the transfected cell lines. All three compounds inhibited 15-LOX-2 

activity. MLS000327069 suppressed 15(R)-HETE formation by 78%, MLS000327186 by 54%, and 

MLS000545091 by 40%. Initial investigations observed MLS000327186 (IC50: 0.7 μM) to be more potent 

than MLS000327069 (IC50: 0.9 μM).43 Although these compounds had no inhibitory effects against 12-

HETE formation, it was observed that MLS000327186 and MLS000327069 did inhibit 15-LOX-1 and 5-LOX 

by approximately 20%. This is consistent with reports observing IC50 > 50 μM for both compounds against 

15-LOX-1.43 It is worth noting, that the direct comparison of IC50 values obtained from enzyme inhibition 

studied in-house against literature values is inappropriate. The reported IC50 values were measured using 

a different assay, and are dependent on several factors, such as, the concentration of reagents (i.e. 
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arachidonic acid, RTA, LOX inhibitor), lipoxygenase to inhibitor ratio, and whether the experiment uses 

purified enzyme or cell lysate.   

 

2.2.4 15-LOX-2 Overexpressing HEK 293 cells are rescued from ferroptosis by RTAs and some LOX 

inhibitors  

Given the recent implication of 15-LOX-2 in ferroptosis, we sought to determine the effectiveness 

of RTAs and LOX inhibitors from our compound library in cell rescue assays. First, 15-LOX-2 overexpressing 

HEK 293 cells were screened for sensitization towards ferroptotic induction. In the 2018 work, it was 

demonstrated that LOX overexpressing cells were sensitized to GPX4 inhibition and GSH depletion as 

compared to their wild type counterparts. To assess the sensitivity of 15-LOX-2 overexpressing HEK 293 

cells to ferroptosis, cells were treated with varying concentrations of the GPX4 inhibitor, RSL3, and system 

Xc
- inhibitor, erastin. It was observed that 15-LOX-2 overexpressing HEK 293 cells were sensitized to RSL3 

induced ferroptosis, as compared to wild type HEK 293 (15-LOX-2 LD50 : 3.4 μM, WT LD50: 6.8 μM 31). 15-

LOX-2 sensitization was less prominent as compared to HEK 293 cells transfected to overexpress other 

LOX isoforms (p12-LOX: 0.4 μM, 15-LOX-1: 0.5 μM, 5-LOX: 0.6 μM), reflecting the relatively lower 

expression of 15-LOX-2, as compared with p-12-LOX and 15-LOX-1. 

Similarly, 15-LOX-2 HEK 293 were slightly sensitized to erastin induced oxidative cell death as 

compared to wild type HEK 293 cells (15-LOX-2 LD50 : 4.9 μM, WT LD50: 6.6 μM31). Again, 15-LOX-2 cells 

were less sensitive to erastin treatment compared with other LOX expressing HEK 293 cells (p12-LOX: 0.9 

μM, 15-LOX-1: 1.7 μM, 5-LOX: 1.4 μM) consistent. We previously speculated that LOX expression renders 

HEK293 more susceptible to ferroptosis due to the initiation of non-enzymatic lipid peroxidation. An initial 

increase in oxidized lipid product (HpETE) can undergo Fenton-like one electron reduction to form 

hydroxyl/alkoxyl species that are capable of initiating autoxidation (Figure 2.15.A). 
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Figure 2.15 (A) RSL3 cytotoxicity curve with 15-LOX-2 transfected HEK 293 cells LD50: 3.4 μM (B) Erastin 
cytotoxicity curve with transfected 15-LOX-2 HEK 293 cells LD50: 4.9 μM 

 

To assess the potency of our compound library in transfected 15-LOX-2 HEK 293, cells were 

subject to recue assays. The night prior, 3000 cells/ 100 μL were aliquoted into 96 well plates and left to 

adhere overnight. The following morning, culture medium was removed and replaced with medium 

containing 5.5 μM RSL3. To each well, varying concentrations of compound library were administered and 

4 hours later, cell viability was assessed with using Aquabluer. Prior to the addition of Aquabluer solution, 

the experimental medium was removed. Viable cells will reduce redox indicator, Aquabluer, to its 

fluorescent form, which can be monitored at 540 ex/590 em. Cell viability is determined by comparing the 

fluorescence intensity of treated cells relative to a negative cell control (Figure 2.16).  
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Figure 2.16 (A)15-LOX-2 cells (3000 cells /100 μL) were incubated at 37˚C for 4 hours with 5.5 μM RSL3 
and varying concentrations of RTA/LOX inhibitors. Cell viability was assessed using Aquabluer assay, 
wherein, fluorescence intensity (540 ex/ 590 em) of treated cells was compared to a live cell control. (B) 
Cell survival curves plotted as the average of triplicate trials. (C) Respective EC50 (nM) values were derived 

from dose-response curves. Complete rescue could not be achieved as (*) the compound became 

cytotoxic or (#) the compound surpassed its maximum solubility in solution. 

  

Prototypical ferroptosis inhibitors Lip-1 (EC50: 316 nM) and Fer-1 (EC50: 667 nM) were moderately 

potent at rescuing 15 LOX-2 HEK 293 cells from RSL3 induced ferroptosis, although previously, rescue was 

achieved with a lower administered dosage in p12LOX (Lip EC50: 20 nM Fer EC50: 103 nM), 15-LOX-1 (Lip 

EC50: 15 nM Fer EC50: 40 nM) and 5-LOX (Lip EC50: 12 nM Fer EC50: 46 nM) overexpressing HEK293 cells.31 

Additionally, RTAs, α-TOH (EC50: 2460 nM), C15THN (EC50: 477 nM) and truncated analog, PMC (EC50: 202 
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nM) were good anti-ferroptotic agents. It is worth noting that PMC outperforms α-TOH by an impressive 

margin, presumably, since α-TOH is slower to diffuse into the cell.  

Of the LOX inhibitors, 15-LOX-2 inhibitors, MLS00045091, MLS000327069 and MLS000327186 

and 15-LOX-1 inhibitor, ML094 were unsuccessful at rescuing 15-LOX-2 HEK 293 cells from RSL3 induced 

ferroptosis at concentrations upwards of 30 μM. Rather, pan-LOX inhibitor, NDGA (EC50: 4730 nM) and 

Zileuton (EC50: 6460 nM) proved to be most effective, followed by LOX inhibitors, baicalein, β-thujaplicin, 

PD146176, ML355, and ML351. It was not possible to derive an EC50 value for β-thujaplicin, as it became 

cytotoxic at increased concentrations, and ML355, ML351 and PD146176 surpass their solubility threshold 

in experimental cell media. In the 2018 work, PD146176 was notably more potent in overexpressing p12-

LOX (EC50: 705 nM), 15-LOX-1 (EC50: 691 nM) and 5-LOX (EC50: 620 nM) HEK 293 cells. The decrease in 

efficacy is suspected to be caused by a less potent stock solution of PD146176, which we have noted 

undergoes autoxidation upon storage.    

 

2.2.5 Model cell lines are rescued from ferroptosis by RTAs and some LOX inhibitors 

To probe the role of LOX-catalyzed lipid peroxidation beyond transfected HEK 293 cells, we sought 

model cell lines that are well established in the study of ferroptosis, such as HT-22s and HT-1080s. To 

assess glutamate lethality to HT-22 cells under our laboratory conditions, HT-22 cells were treated with 

varying concentrations of the neurotransmitter over the span of 24 hours, followed by an assessment of 

cell viability using Aquabluer. Viable cells reduce the redox indicator, Aquabluer, to its fluorescent form, 

which can be monitored at 540 ex/590 em. Cell viability is determined by comparing the fluorescence 

intensity of treated cells relative to untreated cells as a negative control. The results are shown in Figure 

2.17A, from which the LD50 was determined to be 6 mM.  Subsequent investigations to assess the potency 

of cytoprotective agents were therefore carried out at a concentration of 10 mM.  
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Figure 2.17 (A) Lethal dosage (LD50) of glutamate in HT-22 cells. 3000 cells/100 μL were dosed with varying 
concentrations of glutamate in glutamine-free media over 24 hours. Cell viability was recorded on a 
Synergy microplate reader (LD50 : 4.6 mM). (B) Lethal dosage (LD50) of erastin in HT-1080 cells. 3000 
cells/100 μL were dosed with varying concentrations of erastin over 24 hours. Cell viability was recorded 
on a Synergy microplate reader (LD50 : 5.2 μM).  

 

To evaluate the effectiveness of our compound library against glutamate induced cell death, HT-

22 cells were dosed with glutamate and varying concentrations of RTA/LOX inhibitor and following 24 

hours, experimental medium was removed and replaced with an Aquabluer solution in glutamine-free 

media. It is important to note that glutamine renders HT-22s cells immune to glutamate challenge. The 

relationship between glutamine and glutamate and its effect on cytotoxicity has been documented in glial 

cells by Simantov, who observed glutamine deficiency instead inhibited glutamate cytotoxicity!46  

Evidently, the type of neuronal cell and its role in the glutamine-glutamate cycle may determine its 

relationship to neurotransmitter cytotoxicity. HT-22 cell rescue experiments against (1S,3R) RSL3 

challenge were performed in parallel by Spencer Short and the corresponding EC50 (μM) values have been 

included for comparison (Figure 2.18B).   
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Figure 2.18 (A) HT-22 cells (3000 cells /100 μL) were incubated at 37˚C for 24 hours with 10 mM glutamate 
in glutamine-free media and varying concentrations of RTA/LOX inhibitors. Cell viability was assessed 
using Aquabluer assay, wherein, fluorescence intensity (540 ex/ 590 em) of treated cells was compared 
to a live cell control. (B) Cell survival curves plotted as the average of triplicate trials. (C) Respective EC50 

(nM) values were derived from dose-response curves. Complete rescue could not be achieved as (*) the 

compound became cytotoxic or (#) the compound surpassed its maximum solubility in solution. 
 

The corresponding cell rescue data was separated into LOX inhibitors and RTAs, and further into 

non-/cytoprotective LOX inhibitors (Figure 2.18). RTAs proved to be potent inhibitors of both RSL3 and 

glutamate induced cell death, however, it was remarked that a higher dosage of RTA (nM) is required to 

achieve rescue against RSL3 challenge compared with glutamate. Notably, Lip-1 was an exceptionally 

potent anti-ferroptotic agent at low nanomolar concentrations (Glu EC50 80 nM : RSL3 EC50 111 nM) and 

its reactivity is comparable  with previous studies in transfected HEK 293 (RSL3 EC50 9-20 μM)31. 



69 
 

Furthermore, α-TOH was observed to be nearly 68 fold more potent over 24 hour experiments in 

glutamate than in RSL3 (Glu EC50 110nM : RSL3 EC50 7552 nM), presumably since α-TOH requires more 

time to diffuse into the cell. Experiments with truncated chain derivative, PMC, featured increased 

potency over shorter, 4 hour investigations with RSL3. 

It was observed that a diverse range of LOX inhibitors, NDGA (pan-LOX), PD146176 (15-LOX-1), 

Zileuton (5-LOX), ML351 (15-LOX-1/5-LOX) and B-thujaplicin (12-LOX/15-LOX-1/15-LOX-2) restored HT-22 

viability against glutamate and RSL3 challenge, in fact, the therapeutic dosage for most of the 

aforementioned LOX inhibitors was similar between experimental conditions. It has been previously 

demonstrated by Shah and Pratt31 that LOX inhibitors NDGA, PD146176 and Zileuton were cytoprotective 

in transfected HEK 293 cells due to their RTA activity. 12-LOX/15-LOX-2 and 5-LOX inhibitor baicalein was 

demonstrated to be competent against RSL3 challenge, but complete rescue could not be achieved in 

glutamate treated cells, as baicalein becomes cytotoxic at higher concentrations.  

LOX inhibitors ML094 (15-LOX-1) and ML355 (12-LOX/15-LOX-1) as well as 15-LOX-2 inhibitors, 

MLS000327186, MLS000327069, MLS000545091, were unsuccessful at rescuing HT-22 from both RSL3 

and glutamate induced cell death. There is a noted gradual increase in cell viability towards 20%, however, 

this is soon met with the solubility limit of these compounds in cell culture buffer. It is an intriguing 

observation that all 15-LOX-2 inhibitors performed poorly in cell rescue experiments, given the purported 

role of 15-LOX-2/PEBP1 in ferroptosis and the purported role of 15-LOX-2 in oxytosis in HT-22 cells.  

Similar cell rescue investigations were carried out in HT-1080 fibrosarcoma cells subjected to 

erastin induced cell death. Erastin lethality was evaluated over 24 hours (LD50 5.2 μM) and a dosage of 10 

μM was deemed sufficient to kill cells within the experimental time frame (Figure 2.17B). The night prior, 

3000 cells/100 uL were aliquoted in a 96 well plate and left to adhere overnight. The following morning 

culture medium was removed and replaced with 10 μM erastin in culture medium. Varying concentrations 
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of LOX inhibitor/RTA were administered to HT-1080 cells and 24 hours later, cell viability was assessed on 

the Synergy microplate reader. In parallel, Spencer Short performed the corresponding experiments with 

(1S,3R) RSL3 challenge, EC50 values are included for comparison (Figure 2.19B).  

 

Figure 2.19 (A) HT-1080 cells (3000 cells /100 μL) were incubated at 37˚C for 24 hours with 10 μM erastin 
and varying concentrations of RTA/LOX inhibitors. Cell viability was assessed using Aquabluer assay, 
wherein, fluorescence intensity (540 ex/ 590 em) of treated cells was compared to a live cell control. (B) 
Cell survival curves plotted as the average of triplicate trials. (C) Respective EC50 (nM) values were derived 

from dose-response curves. Complete rescue could not be achieved as (*) the compound became 

cytotoxic or (#) the compound surpassed its maximum solubility in solution. 

 

In HT-1080 cells, a similar trend emerges, wherein all RTAs and some LOX inhibitors are successful 

at rescuing cells from both RSL3 and erastin induced ferroptosis (Figure 2.19). Fer-1 remains an 

exceptionally potent anti-ferroptotic agent (Eras EC50 45 nM : RSL3 EC50 178 nM), as observed previously 
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in HT-22 and transfected HEK 293 cell lines. Again, α-TOH was significantly less potent (RSL3 EC50 1422 

nM) during shorter, 4 hour, RSL3 investigations as compared to its truncated analog, PMC (RSL3 EC50 288 

nM). Shorter experiments provide a narrower window for α-TOH to diffuse into the cell and exert its 

antioxidant activity. Upon further inspection, it was observed that HT-1080 cells required, on average, 2-

5 times less RTA to achieve cell rescue as compared with HT-22 cells.  

LOX inhibitors, NDGA (pan-LOX), zileuton (5-LOX) and β-thujaplicin (12-LOX/15-LOX-1/15-LOX-2) 

are good anti-ferroptotic agents towards both erastin and RSL3 challenge. Whereas, LOX inhibitors, 

ML355 (12-LOX/15-LOX-1), ML351 (15-LOX-1/5-LOX), PD146176 (15-LOX-1) and Baicalein (12-LOX/15-

LOX-1/5-LOX) cannot fully restore cell viability following erastin treatment, therefore EC50 values for these 

compounds could not be derived. As demonstrated in Figure 2.19 Baicalein and PD146176 reach a 

cytotoxic threshold in the cell before establishing complete rescue, while ML355 is limited by its solubility 

in cell culture buffer. Furthermore, LOX inhibitors, ML094 (15-LO-1), MLS000327069 (15-LOX-2), 

MLS000327186 (15-LOX-2), and MLS000545091 (15-LOX-2) do not rescue nor do they suppress the onset 

of oxidative cell death, which again, is interesting considering HT-1080 cells have been characterized as 

15-LOX-2 expressing cells.47  

Intriguingly, HT-1080 cells in the presence of erastin were only restored to 60% viability following 

treatment with any cytoprotective agent. Therefore, HT-1080 cell viability was monitored over a 40 hour 

period following dosage with 10 μM erastin and treatment with (red) and without (black) 10 μM of Fer-1 

(Figure 2.20). Results indicate that Fer-1 only improves cell viability by a certain threshold, but does not 

completely restore viability to 100%. Additionally, over the 30 hours, cell viability decreases with time, 

presumably coinciding with the consumption of Fer-1 by peroxyl radicals. It is possible that complete 

restoration of viability is not possible, as additional cell death mechanisms may be triggered following 

erastin treatment.  
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Figure 2.20 HT-1080 (3000 cells / 100 μL) cells were dosed with 10 μM erastin (black) and 10 μM Fer-1 
(red) at regular time intervals and cell viability was recorded spectroscopically using Aquabluer assay.  

 

2.2.6 Radical Trapping Antioxidant Compounds are Potent Anti-Ferroptotic Agents 

In our previous work,31 it was discovered that only certain LOX inhibitors, pan-LOX NDGA, 5-LOX 

inhibitor Zileuton, 15-LOX-1 inhibitor PD146176, and 15-LOX-2 inhibitor baicalein were capable of rescue 

across cell lines transfected to express ALOX5, ALOX15A, and ALOX12. These data were inconsistent 

regarding the relationship between inhibition of specific lipoxygenase isoforms and cytoprotection. In the 

same study, radical-trapping antioxidants, such as α-tocopherol and its water soluble analog PMC, were 

shown to be potent anti-ferroptotic agents. NDGA, Zileuton, PD146176 and baicalein were later identified 

to possess RTA activity, while non-cytoprotective 5-LOX inhibitors CAY10649 and CJ-13610 were 

demonstrated to lack any significant RTA activity. To provide more insight into the cytoprotective nature 

of LOX inhibitors, the expanded compound library was probed for antioxidant activity (Figure 2.21-Figure 

2.22).  

Radical-trapping antioxidant activity is best quantified from inhibited autoxidation data. Co-

autoxidations of STY-BODIPY and an oxidizable substrate (e.g. a hydrocarbon such as cumene or 

phospholipid such as egg phosphatidylcholine) can be used for this purpose. In an assay developed by our 
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group,48  STY-BODIPY consumption, by peroxyl addition to the phenylbutadiene moiety (kSTY-BODIPY
 = 894 M-

1 s-1), can be monitored by loss of absorbance at 565 nm over time (Figure 2.21A). The addition of redox 

active agents can retard and, in some cases, inhibit dye consumption by quenching peroxyl radicals 

preventing chain-propagation. The inhibition rate constant, kinh, which is the rate constant for the reaction 

of inhibitors with chain-carrying peroxyl radicals, is determined from the initial rate of the inhibited 

reaction as in equation (1). The number of radical chains broken by a compound is given by its 

stoichiometry, n, as described by equation (2) (Figure 2.21B).  

The panel of compounds was first subjected to inhibited autoxidation experiments in cumene to 

determine inherent RTA activity, as some medium can exhibit kinetic solvent effects (ie: H-bonding). 

Previous work by Ingold has shown that H-bonding can retard the rate of H atom transfer.49  
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Figure 2.21 (A) Peroxyl radical formation is monitored by consumption of STY-BODIPY (monitored at 565 
mn). (B) (1) The initial rate of inhibition can be imputed to derive k inhibition rate constant, kinh . (2) The 
time of inhibition, tinh, can be imputed to derive reaction stoichiometry, n, (2) (C) Co-Autoxidation of 
cumene (3.6 M) and STY-BODIPY (10 μM) at 37˚C initiated by AIBN (6 mM) and inhibited by 2 μM RTA or 
LOX inhibitor. The data for the uninhibited rate of autoxidation coincides with that that observed in the 

presence of -thujaplicin. (D) Respective inhibition rate constants kinh calculated in cumene (PhCl). a 
measured previously at 37˚C in cumene,31 b measured previously at 37˚C in styrene at 37˚C.30 

 

Using this assay, the RTA activity of the panel of compounds was evaluated. Our group has 

previously measured the RTA activity of phenolic antioxidants, α-TOH, PMC and C15THN. Furthermore, 
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Anti-ferroptotic agents Lip-1 [kinh (1.6 ± 0.3) x 105 M-1s-1] and Fer-1 [kinh (3.1 ± 0.3) x 105 M-1s-1] were again 

confirmed to exhibit good antioxidant activity in organic solution as both compounds feature an arylamine 

moiety that has been extensively demonstrated as a good RTA scaffold.50,51 Again, pan LOX inhibitor 

NDGA, 5-LOX inhibitor Zileuton, 15-LOX-1 inhibitor PD146176, and 12-LOX/15-LOX-1/5-LOX inhibitor 

baicalein were shown to exhibit moderate to good RTA activity in cumene co-autoxidations, as consistent 

with previous reports. NDGA and baicalein are polyphenols that feature multiple labile O-H bonds,52 

Zileuton, a hydroxamic acid group (O-H bond)53 and PD146176, a diarylamine (N-H bond). These results 

were all consistent with previous reports.   

Cytoprotective LOX inhibitors ML351 [kinh (3.1 ± .02) x 104 M-1s-1], and ML355 [kinh (7.7 ± 0.1) x 103 

M-1s-1] exhibit moderate RTA activity in organic solution. However, cytoprotective agent, β-thujaplicin was 

indistinguishable from the uninhibited control, indicating no significant RTA activity [ kinh < 103 M-1s-1]). 

The reactivity of ML351 may be ascribed to the N-methyl oxazolamine scaffold (N-H bond) and in ML355 

to the phenol (O-H bond) and arylamine (N-H) functional groups. The remaining LOX inhibitors, 

MLS000327069, MLS000327186, MLS000545091, and ML094 were indistinguishable from the uninhibited 

control, and are therefore devoid of any significant RTA activity (< 103 M-1 s-1).  

Next, the RTA activity of the compound library was determined in biologically relevant Egg PC 

liposomes suspended in PBS buffer (pH 7.4) (Figure 2.22). This medium is more representative of the 

environmental conditions found within the cell (ie: H-bonding, biphasic environments). Rate constants 

measured in H-bonding medium are often slower than those measured in organic medium, as RTAs that 

undergo strong H-bonding with phospholipid head group cannot participate in inhibiting radical mediated 

lipid peroxidation.49,54 
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Figure 2.22. (A) Peroxyl radical formation is monitored by consumption of STY-BODIPY (monitored at 565 
mn). (B) Liposomes are prepared from Egg Phosphatidyl choline, and extruded through 100 nm membrane 
to form unilamellar liposomes (C) Co-Autoxidation of Egg PC liposomes (1 mM) suspended in PBS buffer 
(7.4 pH) and STY-BODIPY (10 μM) at 37˚C initiated by MeOAMVN (0.2 mM) and inhibited by of 2 μM RTA 
or LOX inhibitors. (D) Respective inhibition rate constants kinh calculated Egg PC liposomes (Lip). c 
measured previously in Egg PC liposomes at 37˚C.30 

 

Anti-ferroptotic agents Lip-1 [ kinh(1.7 ± 0.4) x 104 M-1s-1], and Fer-1  [kinh (4.1 ± 0.5) x 104 M-1s-1] 

exhibit good antioxidant activity in both biologically relevant liposomes. Although, the measured kinh is 
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approximately an order of magnitude slower in aqueous buffer. Additionally, pan LOX inhibitor NDGA, 5-

LOX inhibitor Zileuton, 15-LOX-1 inhibitor PD146176, and 12-LOX/15-LOX-1/5-LOX inhibitor baicalein were 

shown to exhibit moderate to good RTA activity in Egg PC liposome co-autoxidations, as consistent with 

previous reports carried out in Egg PC liposomes.31  

Of the newly studied cytoprotective LOX inhibitors, only ML351 and ML355 were shown to exhibit 

moderate RTA activity [ML351: kinh (9.4 ± .02) x 103 M-1s-1 ; ML355: kinh (5.2 ± 0.2) x 103 M-1s-1] whereas, β-

thujaplicin was indistinguishable from the uninhibited control, indicating no significant RTA activity [ kinh 

< 103 M-1s-1]. A rationale for the cytoprotective activity of β-thujaplicin has been provided in the discussion. 

The remaining newly studied LOX inhibitors, MLS000327069, MLS000327186, MLS000545091, ML094 

were indistinguishable from the uninhibited control, and are therefore devoid of any significant RTA 

activity (< 103 M-1 s-1).   

 

2.2.7 Characterization of Lipoxygenase Protein in Model Cell Lines (HT-22, HT-1080)  

Characterization of LOX expression in HT-22 cells is fairly ambiguous up to this point. Early reports 

indicate that HT-22s express 12/15 LOX (aka 15-LOX-1) based on detection of the LOX protein using human 

antiserum.25 More recent reports, indicate HT-22s instead express high levels of 15-LOX-2, as determined 

by western blotting,33 though, it is not possible to replicate these exact experiments as the polyclonal 

antibody used in those experiments was discontinued in 2016. To date, the HT-1080 cell line has been 

classified as expressing high levels of ALOX15B and ALOXE3 as determined by qPCR.32  

First, monoclonal antibodies for 15-LOX-1, p12-LOX and 15-LOX-2 were tested for isoform 

specificity. Cell lysate of HEK 293 over-expressing 15-LOX-1, p12-LOX and 15-LOX-2 were 

electrophoretically separated by SDS-PAGE gel, subsequently transferred to PVDF membrane and probed 

with the respective monoclonal antibody for chemiluminescent imaging (Figure 2.23). Herein, we 
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confirmed that each monoclonal antibody binds to their advertised LOX isoform.  Due to the low protein 

loading from the 15-LOX-1 transfected cells probed with anti-15LOX-2, we cannot say unequivocally that 

the antibody is specific to 15-LOX-2. 

 

Figure 2.23 p12-LOX, 15-LOX-1 and 15-LOX-2 transfected HEK 293 cell lysate (1 million cells) were probed 
with respective monoclonal antibody to assess binding specificity of antibody. The western blot probed 
with 15-LOX-1 antibody was previously prepared by Shah and Pratt.31 

 

Next, increasing counts of HT-22 and HT-1080 cell lysate were loaded onto an SDS-PAGE gel for 

protein separation. The gels were subsequently transferred to PVDF membrane and each membrane was 

washed with either p12-LOX, 15-LOX-1 or 15-LOX-2 monoclonal antibody (Figure 2.24). Upon 

visualization, we observed that neither HT-22 nor HT-1080 cell lysate contained 12-LOX, 15-LOX-1 or 15-

LOX-2 protein. Whereas, clear bands for LOX protein were visible for transfected LOX HEK293 cell lysate 

included as a positive control.   

To corroborate this observation, LOX enzyme activity was monitored by UPLC/ESI-/MS/MS. HT-

22 and HT-1080 cell lysate were incubated with 70 μM arachidonic acid at 37˚C for 10 minutes, followed 

by reduction of potential HpETE product to HETE with PPh3 in MeOH. Analysis of purified samples, 

demonstrated minimal formation of HETE products, in both HT-1080 and HT-22 cell lysate (Figure 2.24) 

as compared with HEK 293 cell control (Figure 2.10.A). Upon closer inspection, there is slight formation 

of 15-HETE and 5-HETE peaks in HT-22 cell lysate. Although this proportion of HETE must be correlated 

with extremely low expression levels of lipoxygenase, as no LOX protein could be detected by 

immunoblotting with sample containing upwards of 3 million HT-22 cell lysate. The detected HETE 
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products are more likely a result of background autoxidation of arachidonic acid, as minimal amounts of 

HETE products are also detected in treated WT HEK 293 cells. It was previously demonstrated that WT 

HEK 293 cells do not express p12-LOX, 15-LOX-1 or 5-LOX by immunoblotting.2 It is noted that β-actin 

bands for control lanes did not visualize properly, this is believed to be a consequence of long-term cold 

storage of LOX overexpressing lysate samples. 

 

Figure 2.24 (A) Increasing counts of HT-22 cells (1 million-3 million) were prepared in 300 μL loading buffer 
and denatured at 100˚C for 10 minutes. Protein was separated by SDS-PAGE gel electrophoresis and 
transferred to PVDF membrane for subsequent immunoblotting. (B)  LC-MS/MS chromatogram of HT-22 
cell lysate dosed with 70 μM AA. (C) Increasing counts of HT-1080 cells (1million-3million) were prepared 
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in 300 μL loading buffer and denatured at 100˚C for 10 minutes. Protein was separated by SDS-PAGE gel 
electrophoresis and transferred to PVDF membrane for subsequent immunoblotting. (D) LC-MS/MS 
chromatogram of HT-1080 cell lysate dosed with 70 μM AA. 

 

We considered the possibility that LOX expression may be induced/increased under 

circumstances of cellular stress and sought to induce ferroptotic stress in model cell lines following 

treatment with RSL3 and glutamate, over brief time intervals (Figure 2.25). HT-22 cells were dosed with 

glutamate containing medium over 4 hours, sufficient time to induce a cellular response to stress, but 

avoid killing the cell.55 Likewise, HT-1080 cells were dosed with RSL3 for 10 minutes, as previous studies 

monitoring viability in transfected HEK-293 cells showcased decreased viability from this time point 

onwards.31 Although, it is difficult to confidently dictate whether HT-1080 cells respond effectively to RSL3 

in only 10 minutes. Therefore, HT-1080 cells were also exposed to erastin for 4 hours prior to analysis by 

immunoblotting. Probing the stressed HT-22 and HT-1080 cell lysate with p12-LOX, 15-LOX-1 and 15-LOX-

2 monoclonal antibody again revealed no lipoxygenase protein could be detected.  
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Figure 2.25 (A) HT-22 and HT-1080 cells were stressed with ferroptosis inducing agents, followed by 
preparation of sampled for SDS-PAGE gel electrophoresis and subsequent protein detection by 
immunoblotting. (B) HT-22 (1 million) cells treated with glutamate and HT-1080 (1 million) cells treated 
with RSL3 were probed with p-12LOX, 15-LOX-1 and 15-LOX-2 monoclonal antibody. (C) HT-1080 (1 
million) cells treated with erastin were probed with p-12LOX, 15-LOX-1 and 15-LOX-2 monoclonal 
antibody. 

 

The lack of detected LOX protein implies that they are not expressed to a significant extent in the 

cell lines wherein ferroptosis and oxytosis were first characterized. This underscores the foregoing cell 

rescue results which imply that LOX catalysis cannot be the primary source of the lipid hydroperoxides 

associated with ferroptosis execution.  

 



82 
 

2.3 Discussion 

Ferroptosis is a form of regulated cell death marked by an accumulation of lipid hydroperoxides. 

Oxidized lipids disrupt membrane packing, organization and permeability and lead to reactive electrophilic 

byproducts. To date, the source of lipid hydroperoxides has remained a contested point of debate in the 

literature. Evidence in support of lipoxygenase as a key ferroptotic regulator is primarily based on 

pharmacological mediation with small molecule LOX inhibitors and genetic intervention of LOX. For 

example, Seiler et al. demonstrated that GPX4 knockout MEFs could be rescued when cultivated in the 

presence of NDGA, baicalein and PD146176.27 In the same paper, 12/15 Knockout MEF cells, were shown 

to be highly resistant to GSH depletion. Later work by Yang et al. focused on BJeLR and HT-1080 cells lines, 

which were characterized to express ALOX15B and ALOXE3.47 Both cells were treated with a pool of siRNA 

targeting both ALOX genes, and were rescued from erastin induced cell death.  

Previous work by Shah and Pratt31 demonstrated that overexpression of 5-LOX, p12-LOX or 15-

LOX-1 in transfected HEK-293 cells marginally sensitized cells to ferroptosis. Furthermore, it was also 

established that RTAs and redox active LOX inhibitors, such as NDGA, zileuton, PD146176 and baicalein 

were good anti-ferroptotic agents, independent of their isoform selectivity. Redox inactive LOX inhibitors 

of 5-LOX such as CAY10649 and CJ-13610 could not rescue cells treated with GPX4 inhibitor, RSL3. This 

was a crucial piece of evidence that suggested that autoxidation is key to the execution of ferroptotic cell 

death. In the current work, we extended the 2018 investigations to include investigation of redox inactive 

inhibitors of 15-LOX-1 and p12-LOX. Once again, redox inactive inhibitors were incapable of subverting 

ferroptosis.  

Shah and Pratt’s original work also failed to include investigations with cells transfected to 

overexpress the 15-LOX-2 isoform. Intervening work by the Kagan group has implicated the 15-

LOX2/PEBP1 complex as a key player in ferroptosis.33,34 The purported role of 15-LOX-2 in ferroptosis was 
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investigated in HEK 293 cells transfected to express ALOX15B. The presence of 15-LOX-2 protein was 

demonstrated using a monoclonal antibody with established isoform selectivity. In cell rescue 

experiments, we observed RTAs (i.e. Lip-1, Fer-1, C15THN, PMC, α-TOH), redox active LOX inhibitors (i.e. 

NDGA, Zileuton, PD146176) and β-thujaplicin successfully restored cell viability, but not redox inactive 15-

LOX-2 inhibitors (MLS000327186, MLS000327069, MLS000545091). A literature search reveals β-

thujaplicin is an excellent ferric/ferrous iron chelator.56 It has been well documented in the literature that 

iron chelators such as DFOM can possess potent anti-ferroptotic activity16, although the speciation of iron 

that participates in ferroptosis, free or enzyme bound is currently unknown.  

 
 

Figure 2.26 kinetic scheme illustrating radical mediated oxidation of unsaturated lipid (LH) by 
peroxyl/alkoxyl species (LOO•/ LO•). RTA quench radicals in solution to form non-radicals products. If 
present, LOX catalyze dioxygenation of unsaturated lipid substrate to contribute to cellular pool of LOOH. 
Low valent metals, such as iron promoted the decomposition of lipid hydroperoxide to alkoxyl/hydroxyl 
products.  

 

An exceptional increase in 5-HPETE production was observed following administration with 

increasing concentration of β-thujaplicin in 5-LOX overexpressing HEK 293 cells. The 5-LOX isoform plays 

a critical role in the leukotriene biosynthesis pathway by catalyzing the first two steps. Following liberation 

of arachidonic acid from phospholipids by cytosolic phospholipase A2α (CPLA2α), arachidonic acid is swiftly 
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taken up by 5-LOX to catalyze the formation of unstable epoxide intermediate leukotriene A4 (LA4).24 From 

here, LA4 is transformed to many leukotrienes and lipoxins (figure 1.12). For instance, glutathione S-

transferase II (LTC4S), catalyzes the first step of cysteinyl leukotriene biosynthesis. It is possible β-

thujaplicin inhibits the formation of epoxide intermediate leukotriene A4 or even inhibits an enzyme 

downstream of 5-LOX, such as LTC4S, halting consumption of 5-HPETE, that would otherwise fuel 

leukotriene biosynthetic pathways. 

It was also demonstrated in 15-LOX-2 overexpressing cell rescue experiments that redox inactive 

15-LOX-2 inhibitors MLS000327186, MLS000327069, and MLS000545091 were unable to extend cell 

viability past 10 %. If 15-LOX-2 were an essential piece of ferroptosis machinery, we would expect 

pharmacological inhibition of LOX to maintain cell viability. The PEPB1/15-LOX-2 was reported as a key 

payer in ferroptotic cell death, as it favours the oxidation of AA-PE.33 It was previously demonstrated by 

our group that HEK cells express PEBP1, by immunodetection.31 However, the poor performance of 15-

LOX-2 inhibitors at rescuing 15-LOX-2 expressing HEK 293 cells from RSL3 induced ferroptosis does not 

support the role of the 15-LOX-2/PEBP1 complex as a central mediator of ferroptotic lipid peroxidation.  

Furthermore, it was observed that 15-LOX-2 overexpressing HEK 293 cells were sensitized to 

ferroptosis. In previous work by Shah and Pratt, 15-LOX-1, p12-LOX and 5-LOX transfected HEK 293 cells 

were also sensitized to both RSL3 and erastin induced ferroptosis as compared to wild type HEK 293. The 

following observations can be rationalized to a broader statement, that any piece of machinery that 

increases the cellular concentration of lipid hydroperoxides (LOOH), such as lipoxygenase, will increase 

the rate of initiation of lipid autoxidation, Ri. For example, iron (II) can catalyze the decomposition of lipid 

hydroperoxides to alkoxyl radicals. These reactive intermediates serve to generate additional lipid chains 

that directly re-source the cellular concentration of lipid hydroperoxide product. Likewise, ACLS4, a key 

enzyme in the biosynthesis of esterified lipids, increases the pool of lipid peroxidation substrate, both 

increasing Ri. Analogously, the reverse statement is also true, where any agent that decreases the 
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concentration of LOOH, will decrease Ri. For example, GPX4 directly detoxifies the cellular lipid 

hydroperoxides to the corresponding neutral alcohol, eliminating the cellular pool of LOOH.  Additionally, 

endogenous antioxidants, including the recently characterized FSP1/co-Q15 and BH4/GCH114 pathways, 

remove reactive radical species to non-destructive pathways.  

In HT-22 and HT-1080 cell lines which were used in the initial characterization of oxytosis and 

ferroptosis, respectively, we again observed that RTAs and iron chelators were effective anti-ferroptotic 

agents, regardless of the mode of initiation (glutamate, erastin and RSL3). Notably, Lip-1, Fer-1, and 

designer antioxidant, C15-THN were especially potent over 24 hour experiments following treatment with 

glutamate and erastin. Furthermore, LOX inhibitors with RTA activity, especially, Zileuton, NDGA and 

PD146176 proved to be good-to-moderate anti-ferroptotic agents, whereas, redox inactive LOX inhibitors, 

in particular 15-LOX-2 inhibitors, held little-to-no impact on cell viability. At the time, this was an 

interesting revelation as both HT-22 and HT-1080 cells were reported to express 15-LOX-2. 15-LOX-2 has 

garnered attention in the literature as a favourable source of lipid hydroperoxides within a ferropotiotic 

cell. However, characterizing these cell lines in our own hands by immunoblotting yielded an unexpected 

result.  

Established cell lines used in the study of ferroptosis, HT-22 and HT-1080s cell lysate did not 

appear to express p12-LOX, 15-LOX-1 nor 15-LOX-2 by immunoblotting. These results were corroborated 

by monitoring the corresponding arachidonic acid oxidation (HETE) products of both cell lines by UPLC/ESI-

/MS/MS which showed very minimal and non-regiospecific HETE production. This was especially 

interesting given the purported role of 15-LOX-2 in ferroptosis. It is plausible that LOX expression may be 

promoted during episodes of cellular stress. As a result, HT-22 and HT-1080s were incubated with 

ferroptotic inducers over shortened periods to generate cellular stress, yet, LOX protein could still not be 

detected by immunoblotting. Previous characterization of HT-22 cells by immunoblotting detected 15-

LOX-2 protein, however this attempt made use of a polyclonal antibody, that has since been 
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discontinued.33 The lack of LOX protein present in model cell lines fortified our previous observation, that 

LOX is not an integral part of ferroptosis and prompted the following conclusion. If present, LOX can 

contribute to the cellular concentration of lipid hydroperoxides, yet autoxidation is the key mediator of 

ferropototic cell death.   

Consistent with previous work, we have demonstrated that RTAs rescue cells from ferroptotic 

activity, however, some RTAs perform better than others in the context of restoring viability in cell rescue 

assays. Previously our group studied the relationship between RTA activity and anti-ferropototic potency 

and found an excellent correlation exists when measuring RTA activity using the FENIX method.52 The 

FENIX method uses a lipophilic initiator DTUN, in place of the classic initiator MeOAMVN. When plotting 

the log of EC50 (M) values measured in glutamate treated HT-22 cells and erastin treated HT-1080 cells 

against the log of kinh measured in liposomes, against MeOAMVN, (kinh M-1s-1), a poor correlation is 

observed (Figure 2.27 C - D).  
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Figure 2.27 The log of k inhibition rate constants measured against MeOAMVN in liposomes (Lip kinh M-1s-

1) were plotted against the log of EC50 (M) values determined in (A) RSL3 treated Pfa1 MEFs. (B) The log of 
k inhibition rate constants measured against DTUN in liposomes (Lip kinh M-1s-1) were plotted against the 
log of EC50 (M) values determined in RSL3 treated Pfa1 MEFs. Plots were used from publication, with 
consent 52 (C) The log of k inhibition rate constants measured against MeOAMVN in liposomes (Lip kinh M-

1s-1) were plotted against the log of EC50 (M) values determined in glutamate treated HT-22’s and (D) 
erastin treated HT-1080 cells.  (E) Molecular structures of classic aza-initiator MeOAMVN and newly 
developed lipophilic imitator DTUN.54 

 

Previously, Shah and co-workers demonstrated a poor correlation exists between kinh measured 

against MeOAMVN in Egg PC liposomes and cell rescue in Pfa1 cells treated with RSL3 (Figure 2.27.A). 

MeOAMVN overestimates the reactivity of water soluble RTAs, as it is amphiphilic and resides at the lipid-
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aqueous interface. At low concentrations of lipid, water soluble RTAs will react directly with MeOAMVN 

derived radicals prior to inhibiting lipid peroxidation, competing with initiation of lipid peroxidation. 

Instead, Shah and coworkers demonstrated that lipophilic, hyponitrite initiator DTUN is mechanistically 

more similar to ferroptotosis execution and provides excellent correlations between RTA potency and cell 

based assays.   

Targeting lipid peroxidation suppresses a downstream pathway of ferroptosis, where RTA 

concentration must be continuous to ensure cell survival. This is visualized in Figure 2.18 wherein HT-1080 

treated with erastin and an initial dose of Fer-1, undergo a decrease in cell viability from 100 → 40% over 

a 40 hour period. Following consumption of RTA, the cell is once again vulnerable to lipid peroxidation 

and must rely on endogenous systems like FSP1 and DHFR pathways. For future therapies, it is worth 

investigating upstream pathways that mediate the genesis of lipid peroxidation initiation. Perhaps, this is 

where the role of iron in “ferro”-ptosis will become more transparent. Iron is an essential element for life, 

that exists in two forms, ferric (II) and ferrous (III) and plays a key role in cellular respiration, DNA 

synthesis, enzyme cofactors.   

Consistent with previous investigations,16,30,31 we have again demonstrated in investigations 

pharmacologically targeting both lipoxygenase and radical mediated lipid peroxidation, that RTAs and iron 

chelators are cytoprotective agents. Furthermore, investigations into monitoring HETE detection by 

UPLC/ESI-/MS/MS and immunoblotting, it has been shown that the cell lines which were used in the initial 

characterization of ferroptosis (HT-1080) and oxytosis (HT-22) do not produce significant amounts of 

lipoxygenase enzymes. These results support our earlier contention that lipoxygenase catalysis is not 

necessary for ferroptosis, and moreover, that lipid autoxidation is the key mediator of ferroptosis 

execution. If lipoxygenases are expressed to a significant extent, they simply contribute to the cellular 

pool of lipid hydroperoxides. The next questions that remains to be answered are the role and speciation 

(free or enzyme bound) of iron, and the link between lipid accumulation and cell death. These answers 
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may provide insight and potential therapeutic solutions to a number of human pathologies linked to 

oxidative stress such as neurodegenerative diseases (Alzheimer’s, Parkinson’s disease), diabetes and 

ischemia. 

 

2.4 Conclusion and Perspective 

In summary, ferroptosis is a novel form of regulated cell death marked by an accumulation of lipid 

hydroperoxides. The work carried out by Zilka, Shah, and Pratt and the work outlined in this document 

have contributed to elucidating the origin of lipid hydroperoxides during ferroptosis initiation and 

execution. Herein, we have demonstrated in rescue experiments across transfected and model cell lines 

that radical trapping antioxidants (Lip-1, Fer-1, PMC, A-TOH and C15-THN), LOX inhibitors with RTA activity 

(NDGA, Zileuton, PD146176) and iron chelating compounds (β-thujaplicin) are effective at halting 

ferroptotic cell death. Mechanistically, antioxidants quench reactive radical species within the lipid 

membrane that otherwise catalyze lipid peroxidation. Moreover, metal chelators coordinate to iron, 

inhibiting its capacity to undergo 1 electron chemistry.  LOX inhibitors (Baicalein, ML351, ML355) were 

successful at suppressing lipid peroxidation, but were unable to fully restore cell viability across multiple 

cell lines. Baicalein reaches a cytotoxic threshold within the cell, and ML351 and ML355 reach the point 

of solubility in experimental media before complete cell viability can be attained. LOX inhibitors with no 

RTA activity (ML094, MLS000545091, MLS000327186, MLS000327069) are completely deficient at 

suppressing the onset of ferroptotic death.  

Given the recent implication of 15-LOX-2 as a key mediator in ferroptosis, cell rescue experiments 

were also carried out in 15-LOX-2 transfected HEK 293 cells. Although expression in transfected cell lines 

was low, it was observed that 15-LOX-2 expressing cells were still sensitized to oxidative cell death, as 

lipoxygenase can contribute to the cellular pool of lipid hydroperoxides, increasing Ri. In cell rescue 

experiments, again, only RTAs (Lip-1, Fer-1, PMC, A-TOH and C15-THN, NDGA, Zileuton) and iron chelators 
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(β-thujaplicin), were successful at rescuing ferroptotic cells. Moreover, 15-LOX-2 inhibitors had no impact 

on cell viability. Results in both transfected and model cell lines suggest the role of lipoxygenase in 

ferroptosis initiation and execution is minimal.   

Further investigation towards characterizing ferroptotic model cell lines, HT-22 and HT-1080, 

revealed these cellular models do not express p12-LOX, 15-LOX-1 and 15-LOX-2 as determined by 

immunoblotting with monoclonal antibody detection. This was corroborated by autoxidation 

chromatograms carried out by LC/MS/MS.  Model cells were stressed with ferroptotic inducing agents, 

glutamate, RSL3 and erastin and still, lipoxygenase protein could not be detected. These observations 

prompted the suggestion that the presence of lipoxygenase is not a requisite for ferroptotic initiation and 

execution. Moreover, if present, lipoxygenase can contribute to the cellular pool of lipid hydroperoxides, 

yet it is radical mediated lipid peroxidation that drive ferroptosis.  

In the context of this work, some experiments remain to be completed. First, known RTAs (αTOH, 

PMC, Lip-1, Fer-1 and C15THN) will also be subjected to 15-LOX-2 enzyme activity experiments. In our 

previous work, these compounds were not determined to exhibit p12-LOX, 5-LOX or 15-LOX-1 inhibitory 

activity. However, a recent publication has suggested that following complexation of 15-LOX-2 and PEPB1, 

an inhibitory binding site for Fer-1 is formed.33 Furthermore, an initial objective for this work was to test 

our compound library in cell models that naturally express high levels of lipoxygenase. Previously, our 

investigations into overexpressing LOX cells have been carried out in HEK 293 cells transfected to 

overexpress different isoforms of LOX. Following the selection of HT-22 and HT-1080 model cell lines, it 

was later determined that neither express substantial amounts of LOX. Therefore, support for our 

hypothesis would be strengthened by extending investigations in cells which do, in fact, express high levels 

of LOX, beyond transfected HEK-293 cells.  
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The scope of future work for this project can be extended to a wider lens. There is great utility in 

compiling characterization data such as RTA activity (kinh ) and cell potency (EC50) and constructing 

predictive tools to identify potential potent anti ferroptotic candidates. In our group, anti-ferropototic 

potency is primarily measured in cell rescue assays, although a greater amount of information could be 

generated by testing RTA drug candidates in animal models and clinical trials. To date, a considerable 

number of antioxidants have failed in clinical trials57 however, not all RTAs can efficiently inhibit 

(phospho)lipid peroxidation. For example, Shah and coworkers have demonstrated that water-soluble 

RTAs and lipophilic RTAs that undergo strong H bonding with phospholipid head groups are not efficient 

anti-ferroptotic agents (e.g. phenols).54 

The application of RTAs in ferroptosis is a solution to a downstream process, and once an RTA is 

consumed lipid peroxidation will resume until the cell dies or, until the RTA is regenerated. Future work, 

in the study of ferroptosis, relies on identifying upstream targets, such as genes and their subsequent 

gene products. For instance, elucidating the role of iron regulation in ferroptosis. These advances rely on 

the application of genetic tools and the development of chemical probes to observe the outplay of 

ferroptosis in tissue and entire organisms. Once a detailed blueprint of ferroptosis is assembled, coupled 

with the identification of potential biomarkers, the occurrence of ferroptosis in disease will become more 

clear. To date, ferroptosis has been linked to a number of human pathologies including cancer, ischemia, 

diabetes and neurodegenerative disorders, Alzheimer’s, Parkinson’s and Huntington’s diseases. Providing 

further insight into the biochemical, morphological and genetic mechanism of ferroptosis could bridge 

the way towards future therapies and pathological mediation. 

2.5 Experimental  

All chemicals and solvents were purchased from Sigma Aldrich Co. LLC and used as received unless 

otherwise stated. BHT and PPh3 were recrystallized from hexanes prior to use. ML35140 and ML09439 were 

synthesized according to literature protocol. Synthetic procedures for MLS000327069, MLS000327186 
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and MLS000545091 are described within.  Erastin,30,58 RSL3,28,29 Fer-1,29 Lip-128 were synthesized according 

to literature protocol and was graciously provided by Ron Shah. C15THN59 was synthesized according to 

literature protocol and were graciously provided by Omkar Zilka. Egg phosphatidylcholine, AIBN, 

MeOAMVN, Arachidonic Acid, NDGA, Zileuton, PD146176, Baicalein, β-thujaplicin, ML355, α-TOH and 

PMC were purchased from commercial sources and used as received. pcDNA15-LOX-2 plasmid was 

generously provided by Professor Alan Brash (Vanderbilt University). OptiMEM, DMEM and MEM media 

with/without phenol red, Dulbecco’s phosphate buffered saline (DPBS), fetal bovine serum (FBS), 

penicillin-streptomycin, Lipofectamine LTX reagent with PLUS reagent, and AquaBluer were purchased 

from commercial sources and used as received. SiliaPrep SPE cartridges C18 (17%) poly were purchased 

from SiliCycle and used as received. Antibodies: Beta-actin antibody (AC-15) NB600-501, 15-Lipoxygenase 

1 Antibody (OT13G8) NBP2-01740, 15-Lipoxygenase 2 Antibody NBP2-58984, 12-Lipoxygenase Antibody 

(1C3) NBP2-46512, Goat anti-rabbit igG (H+L) Secondary antibody [HRP] NB7160 and Goat anti-Mouse IgG 

(H+L) SecondaryAntibody [HRP] NB7539 were purchased from Novus biologicals and used as received. 

 

Cumene Co-autoxidations. Cumene was washed with 1.0 M NaOH (X3), brine (X1), dried over MgSO4 and 

then distilled under vacuum. The resulting distillate was then run over a column of basic alumina (2/3) 

silica (1/3) and the purified cumene could be used over 7 days. To each quartz cuvette, 1.25 mL (3.6 M) 

cumene and 1.18mL (4.65 M) chlorobenzene were added and left to equilibrate for 5 minutes at 37˚C. The 

solution was blanked, after which 12.5 μL of STY-BODIPY (2 mM solution in 2,3,5-trichlorobenzene) was 

added followed by 50 μL of AIBN (0.3 M stock in chlorobenzene), ensuring the solution was completely 

mixed. After 45 minutes, 10 μL of compound (500 μM RTA or LOX inhibitor stock in chlorobenzene) was 

added to the cuvette and again mixed thoroughly. The loss in absorbance at 565 nm was followed with 

three technical replicates, and inhibition rate constants (kinh) and stoichiometry (n) were determined per 

equations 1-2 (Figure 2.22). Kinetics are reported as the mean ± standard deviation. 
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Egg PC liposome Co-autoxidations. To each quartz cuvette, 2.3 mL of liposome buffer (10 mM PBS, pH 

7.4) and 125 μL of freshly extruded liposomes (10 mM stock in PBS buffer, pH 7.4, preparation of liposome 

described herein28) were added and equilibrated in the cuvette at 37˚C for 5 minutes. The solution was 

blanked, afterwhich 10 μL of STY-BODIPY (2 mM stock in DMSO) was added followed by 10 μL of 

MeOAMVN (0.05M stock in ACN), ensuring the solution was completely mixed. After 5 minutes, 10 μL of 

compound (500μM RTA or LOX inhibitor stock in DMSO) was added to the cuvette and again mixed 

thoroughly. The loss in absorbance at 565 nm was followed with three technical replicates, and inhibition 

rate constants (kinh) and stoichiometry (n) were determined per equations 1-2 (Figure 2.22). Kinetics are 

reported as the mean ± standard deviation. 

Cell culture. All cell lines were cultured at 37˚C in an atmosphere of 5% CO2. HT-22 and HT-1080 cells were 

grown in DMEM, 10% FBS, 1 mM glutamine and 1% penicillin-streptomycin. HEK 293 cells were grown in 

MEM 10% FBS, 1 mM sodium pyruvate, 1% 100X non-essential amino acids and 1% penicillin-

streptomycin. Transfected cell lines 15-LOX-1 HEK293 and p12-LOX HEK 293 were grown in MEM 10% FBS, 

1 mM sodium pyruvate, 1% 100X non-essential amino acids, 1 g/L geneticin. Transfected cell line 15-LOX-

2 HEK 293 cells were grown in MEM 10% FBS, 1 mM sodium pyruvate, 1% 100X non-essential amino acids 

and 0.1 g/L geneticin. Cells were passaged using 1X solution of 0.05% Trypsin, 0.02% EDTA in PBS buffer 

at 37˚C every two to three days. Cells were cultured for a maximum of 25 passages.  

(1S,3R) RSL3 (inhibition of GPX4) induced ferroptosis. The night prior, 15-LOX-2HEK293 cells HT-22 or HT-

1080 (3000 cells per 100 μL) were seeded in a 96 well plate. The following morning, culture medium was 

removed, washed with PBS buffer and replaced with fresh culture medium. Cells were dosed with (1S,3R) 

RSL3 (0.8 μM HT-22, 2 μM HT-1080, 5.5 μM 15-LOX-2HEK293) and incubated for 4 hours at 37˚C. To 

determine cell viability, experimental medium was then removed and replaced with a 1/100 dilution of 

Aquabluer, following manufacturer’s instructions. Cell data were normalized using untreated cells as a 

blank. 3 Technical replicates were performed using n = 6 wells as one replicate. Cell viability plots were 
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fitted with the dose-response function in Microcal Origin (upper and lower bounds were not fixed) from 

which EC50values were derived. EC50 values are reported as the mean ± standard deviation. 

Glutamate (inhibition of system Xc
-) induced ferroptosis. The night prior, HT-22 cells (3000 cells per 100 

μL) were seeded in a 96 well plate. The following morning, culture media was removed, washed with PBS 

buffer and replaced with experiment medium (DMEM 10% FBS, 1% penicillin & streptomycin). Cells were 

dosed with 10 mM glutamate and were incubated for 24 hours at 37˚C. To determine cell viability, 

experimental media was then removed and replaced with a 1/100 dilution of Aquabluer (no glutamine), 

following manufacturer’s instructions. Cell data were normalized using untreated cells as a blank. Three 

Technical replicates were performed using n = 6 wells as one replicate. Cell viability plots were fitted with 

the dose-response function in Microcal Origin (upper and lower bounds were not fixed) from which EC50-

values were derived. EC50 values are reported as the mean ± standard deviation. 

Erastin (inhibition of system Xc
-) induced ferroptosis. The night prior, HT-1080 cells (3000 cells per 100 

μL) were seeded in a 96 well plate. The following morning, culture medium was removed, washed with 

PBS buffer and replaced with experimental medium (DMEM, 10% FBS, 1mM glutamine, 1% penicillin & 

streptomycin and 10 μM erastin) and were left to incubate for 24 hours at 37˚C. To determine cell viability, 

experimental medium was then removed and replaced with a 1/100 dilution of Aquabluer, following 

manufacturer’s instructions. Cell data were normalized using untreated cells as a blank. Three Technical 

replicates were performed using n = 6 wells as one replicate. Cell viability plots were fitted with the dose-

response function in Microcal Origin (upper and lower bounds were not fixed) from which EC50values were 

derived. EC50 values are reported as the mean ± standard deviation. 

Inhibition of (1S,3R) RSL3 (inhibition of GPX4) induced ferroptosis. The night prior, 15-LOX-2HEK293 cells 

HT-22 or HT-1080 (3000 cells per 100 μL) were seeded in a 96 well plate. The following morning, culture 

media was removed, washed with PBS buffer and replaced with fresh culture medium. Cells were treated 



95 
 

with a range of RTA or LOX inhibitor concentrations and were left to incubate for 30 minutes at 37˚C. 

Following incubation, cells were dosed with (1S,3R) RSL3 (0.8 μM HT-22, 2 μM HT-1080, 5.5 μM 15-LOX-

2HEK293) and incubated for 4 hours at 37˚C. To determine cell viability, experimental media was then 

removed and replaced with a 1/100 dilution of Aquabluar, following manufacturer’s instructions. Cell data 

was normalized using untreated cells as a blank. 3 Technical replicates were performed using n = 6 wells 

as one replicate. EC50 values are reported as the mean ± standard deviation. 

Inhibition of glutamate (inhibition of system Xc
-) induced ferroptosis. The night prior, HT-22 cells (3000 

cells per 100μL) were seeded in a 96 well plate. The following morning, culture medium was removed, 

washed with PBS buffer and replaced with experiment medium (DMEM 10% FBS, 1% penicillin & 

streptomycin). Cells were treated with a range of RTA or LOX inhibitor concentrations and left to incubate 

for 30 minutes at 37˚C. Following incubation, cells were dosed with 10 mM glutamate and were incubated 

for 24 hours at 37˚C. To determine cell viability, experimental medium was then removed and replaced 

with a 1/100 dilution of Aquabluer (no glutamine), following manufacturer’s instructions. Cell data were 

normalized using untreated cells as a blank. Three Technical replicates were performed using n = 6 wells 

as one replicate. Cell viability plots were fitted with the dose-response function in Microcal Origin (upper 

and lower bounds were not fixed) from which EC50values were derived. EC50 values are reported as the 

mean ± standard deviation. 

Inhibition of erastin (inhibition of system Xc
-) induced ferroptosis. The night prior, HT-1080 cells (3000 

cells per 100 μL) were seeded in a 96 well plate. The following morning, culture medium was removed, 

washed with PBS buffer and replaced with experimental medium (DMEM, 10% FBS, 1 mM glutamine, 1% 

penicillin & streptomycin and 10 μM erastin). Cells were treated with a range of RTA or LOX inhibitor 

concentrations and were left to incubate for 24 hours at 37˚C. To determine cell viability, experimental 

medium was then removed and replaced with a 1/100 dilution of Aquabluer, following manufacturer’s 

instructions. Cell data were normalized using untreated cells as a blank. Three technical replicates were 
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performed using n = 6 wells as one replicate. Cell viability plots were fitted with the dose-response 

function in Microcal Origin (upper and lower bounds were not fixed) from which EC50 values were derived. 

EC50 values are reported as the mean ± standard deviation. 

Bacterial transformation and cell transfection. For transformation, freshly thawed E. coli were incubated 

with pcDNA alox15B plasmid (45 μg/mL) (graciously provided by Professor Alan Brash from Vanderbilt 

University) on ice for 30 minutes, followed by heat shock for 45 seconds (42˚C) and immediate return to 

ice for 2 minutes. E coli/DNA mixture was added to LB broth (1 mL) and incubated at 37˚C for 30 minutes 

in a shaking incubator . An aliquot of broth (10 μL) was plated on agarose (loaded with ampicillin) culture 

dishes and incubated overnight at 37˚C. The following morning, single colonies were transferred to fresh 

LB broth (2 mL) containing (100 μL/mL) ampicillin and were grown in a shaking incubator at 37˚C 

overnight. The next day, DNA plasmid was extracted from bacterial cells using the Monarch plasmid DNA 

miniprep kit, following manufacturer’s instructions. For transfection, HEK 293 cells were plated to 50-80% 

confluency in a 6 well plate and then transfected with pcDNA3 alox15B construct using Lipofectamine 

3000 & PLUS reagent according to manufacturer’s recommendations. Cells were passaged to a new 6 well 

plate after one day and screened using 0.1→1 g/L geneticin. Stable transfection was verified every few 

passages.  

Determination of H(P)ETES by UPLC/MS/MS. Once confluent, transfected LOX HEK 293 cells were 

tryspinized, transferred to a 50 mL falcon tube and spun at 1000 rpm for 4 minutes. The culture medium 

was removed and replaced with Tris buffer (7.4 pH). Cells were lysed with 1% protease inhibitor cocktail 

and the resulting solution was incubated with 70 μM Arachidonic Acid for 10 minutes at 37˚C. The 

reactions were terminated with 1 volume of 1.5 mg/mL PMC in MeOH and left to quench for 90 minutes 

at room temperature, ensuring all HPETE are reduced to HETE. For inhibition studies LOX inhibitors were 

incubated with cell lysate on ice for 10 minutes prior to addition of arachidonic acid. After quenching, 

samples were purified on Silicycle C18 solid phase extraction columns, following manufacturer’s 
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instruction. The eluent in methanol were dried (MeOH was removed under vacuum) and resuspended in 

80 μL MeOH and 20 μL of Prostaglandin β2 (50 μM stock in MeOH). For separation and quantification of 

HETE products, 5 μL aliquots were injected onto a Waters UPLC/MS system using an Acquity C18 reverse 

phase column (2.1 mm X 50 mm, 1.7 μM particle size). HETE products were eluted isocratically in a mobile 

phase consisting of acetonitrile, methanol, water and acetic acid (42:25:33:0.007) over 10 minutes (flow 

rate: 0.15 mL/min). HETE detection was performed on negative ion mode for multiple reaction monitoring 

of m/z 333→235 (PGβ2), m/z 319→115 (5-HETE), m/z 319→179 (12-HETE) and, m/z 319→219 (15-HETE). 

Each experiment was performed in technical replicate.  

Antibody specificity immunoblotting. Transfected LOX HEK293 cells were lysed with protein loading 

buffer (62.5 mM Tris pH 6.8, 25% glycerol, 2% SDS, 0.1% bromophenol blue, 5% 2-mercaptoethanol), and 

20 μL aliquots were separated by SDS-PAGE (10%) gel electrophoresis (180 V). Following separation, the 

SDS-PAGE gel was transferred onto PVDF membrane, and blocked in milk protein (Tris pH 7.4 ) for 30 

minutes on a rotating platform. The membrane was subjected to either, 15-LOX-1, p12-LOX, or 15-LOX-2 

primary monoclonal antibody wash (2 μL primary antibody in 5% dry milk in Tris pH 7.4) overnight at 4˚C 

in the dark, and again with beta-actin primary antibody. The blot was then washed with 5% dry milk in 

Tris buffered saline, pH 7.4 (x3) and was subsequently treated with corresponding secondary antibody 

conjugated to horseradish peroxidase. LOX protein was detected by chemiluminescence on a BioRad 

ChemiDoc imaging system.  

LOX expression of HT-22 and HT-1080 as determined by immunoblotting. HT-22 and HT-1080 cells were 

lysed with protein loading buffer (62.5 mM Tris pH 6.8, 25% glycerol, 2% SDS, 0.1% bromophenol blue, 5% 

2-mercaptoethanol), and 20 μL aliquots were separated by SDS-PAGE (10%) gel electrophoresis (180 V). 

Following separation, the SDS-PAGE gel was transferred onto PVDF membrane, and blocked in milk 

protein (Tris 7.4 pH) for 30 minutes on a rotating platform. The membrane was subjected to either, 15-

LOX-1, p12-LOX, or 15-LOX-2 primary monoclonal antibody wash (2 μL primary antibody in 5% dry milk in 
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Tris buffered saline, pH 7.4) overnight at 4˚C in the dark, and again with beta-actin primary antibody. The 

blot was then washed with 5% dry milk in Tris buffered saline, pH 7.4 (x3) and was subsequently treated 

with corresponding secondary antibody conjugated to horseradish peroxidase. LOX protein was detected 

by chemiluminescence on a BioRad ChemiDoc imaging system.  

LOX expression of stressed HT-22 as determined by immunoblotting. HT-22 cells (1 million at confluency) 

plated in 60 mm plates were treated with 5 mM glutamate over 4 h in DMEM, 10% FBS, 1% penicillin 

streptomycin. The experimental media was removed, cells were washed with PBS buffer and subsequently 

lysed with protein loading buffer (62.5 mM Tris pH 6.8, 25% glycerol, 2% SDS, 0.1% bromophenol blue, 5% 

2-mercaptoethanol). 20 μL aliquots were separated by SDS-PAGE (10%) gel electrophoresis (180 V). 

Following separation, the SDS-PAGE gel was transferred onto PVDF membrane, and blocked in milk 

protein (Tris pH 7.4 ) for 30 minutes on a rotating platform. The membrane was subjected to either, 15-

LOX-1, p12-LOX, or 15-LOX-2 primary monoclonal antibody wash (2 μL primary antibody in 5% dry milk in 

Tris buffered saline, pH 7.4) overnight at 4˚C in the dark, and again with beta-actin primary antibody. The 

blot was then washed with 5% dry milk in Tris buffered saline, pH 7.4 (x3) and was subsequently treated 

with corresponding secondary antibody conjugated to horseradish peroxidase. LOX protein was detected 

by chemiluminescence on a BioRad ChemiDoc imaging system. 

LOX expression of stressed HT-1080 as determined by immunoblotting. HT-1080 cells (1 million at 

confluency) plated in 60 mm plates were treated with 2 μM (1S,3R) RSL3 over 10 minutes in DMEM, 10% 

FBS, 1 mM glutamine, 1% penicillin & streptomycin. The experimental medium was removed, cells were 

washed with PBS buffer and subsequently lysed with protein loading buffer (62.5 mM Tris pH 6.8, 25% 

glycerol, 2% SDS, 0.1% bromophenol blue, 5% 2-mercaptoethanol). 20 μL aliquots were separated by SDS-

PAGE (10%) gel electrophoresis (180 V). Following separation, the SDS-PAGE gel was transferred onto 

PVDF membrane, and blocked in milk protein (Tris 7.4 pH) for 30 minutes on a rotating platform. The 

membrane was subjected to either, 15-LOX-1, p12-LOX, or 15-LOX-2 primary monoclonal antibody wash 
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(2 μL primary antibody in 5% dry milk in Tris buffered saline, pH 7.4) overnight at 4˚C in the dark, and again 

with beta-actin primary antibody. The blot was then washed with 5% dry milk in Tris buffered saline, pH 

7.4 (x3) and was subsequently treated with corresponding secondary antibody conjugated to horseradish 

peroxidase. LOX protein was detected by chemiluminescence on a BioRad ChemiDoc imaging system. 

 

Synthesis of LOX Inhibitors : 

 

 

Scheme 2.4. Synthetic route of MLS000327186 

Synthesis of MLS000327186: Potassium carbonate (1.568 g, 11 mmol, 5 equiv.) was added to a 100 mL 

two-necked round bottom flask, equipped with a stir bar, containing 20 mL dry acetone. The vessel was 

fitted with a refluxing condenser, was subjected to a nitrogen atmosphere and was heated to 50˚C. To 

this, 1,3-dihydro-1-phenyl-2H-imidazole-2-thione (0.400 g, 2.2 mmol, 1 equiv.) and 1-bromo-4-

(bromomethyl)-benzene (0.550 g, 2.2 mmol, 1 equiv.) were added and the reaction was stirred overnight 

(24 h). The following morning, the reaction vessel was cooled and filtered. The filtrate was collected and 

concentrated in vacuo. The crude material was purified by silica gel chromatography 80:15:5 

CHCl3:EtOAc:Hex (0.539 g, 70.9%). 1H NMR (400 MHz, CDCl3) δ 7.45 (d, J = 8.0 Hz, 2H), 7.36-7.40 (m, 3H), 

7.26 (d, J = 6.8, 2.5 H), 7.21 (d, J = 1.6 Hz, 1H), 7.09 (m, 3.0H), 4.27 (s, 2H). 13C NMR (400 MHz, CDCl3) δ 

141.7, 140.8, 137.0, 130.0, 129.2, 128.4, 125.5, 125.4, 125.3, 122.7, 38.3. HRMS (ESI, [M + H+]): m/z calc. 

for C17H13F3N2S, 344.9983 found, 344.9981. 
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Scheme 2.5 Synthetic route of MLS000327069. 

Synthesis of MLS000327069: Potassium carbonate (1.568 g, 11 mmol, 5 equiv.) was added to a 100 mL 

two-necked round bottom flask, equipped with a stir bar, containing 20 mL dry acetone. The vessel was 

fitted with a refluxing condenser, was subject to a nitrogen atmosphere and was heated to 50˚C. To this, 

1,3-dihydro-1-phenyl-2H-imidazole-2-thione (0.400 g, 2.2 mmol, 1 equiv.) and 1-(bromomethyl)-4-

(trifluoromethyl)-benzene (0.526 g, 2.2 mmol, 1 equiv.) were added and the reaction was stirred overnight 

(24 h). The following morning, the reaction vessel was cooled and filtered. The filtrate was collected and 

concentrated in vacuo. The crude material was purified by silica gel chromatography 80:15:5 

CHCl3:EtOAc:Hex (0.711 g, 96.7 %). 1H NMR (400 MHz, CDCl3): δ 7.46 (d, J = 8.0 Hz, 2H), 7.36-7.40 (m, 3H), 

7.26 (d, J = 8.0, 2.0H), 7.21 (d, J = 1.3 Hz, 1H), 7.09 (m, 3.0H), 4.26 (s, 2H). 13C NMR (400 MHz, CDCl3) δ 

141.7, 140.8, 137.0, 130.0, 129.2, 129.2, 128.4, 125.5, 125.4, 125.3, 122.7, 38.31. HRMS (ESI, [M + H+]): 

m/z calc. for C17H13F3N2S, 334.0752 found, 334.0767. 

 

Scheme 2.6. Synthetic route of MLS000545091. 

Synthesis of MLS000545091:  

The synthesis of MLS000545091 was based on previous work by Hung et al., who report the preparation 

of the 2-(4-bromophenyl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole derivative.44 Therein, the 1,3,4 

oxadiazole ring is accessed following reflux of the dihydrazide precursor in POCl3. To avoid such harsh 

reaction conditions, the cyclodehydration reaction was performed instead in the presence of TsCl and 

base, as described by Stabile et al. 45 
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4-chlorobenzoic acid (1): 4-chloro-benzoic acid (2.0 g, 12.7 mmol, 1 equiv.) was dissolved in 150 mL dry 

methanol in a nitrogen flushed round bottom flask, equipped with a water condenser. Sulfuric acid was 

added dropwise to the stirring reaction vessel (5 mL, 0.6 M) and the reaction was further stirred at reflux 

overnight. The following morning, the vessel was cooled, and the crude was concentrated in vacuo, diluted 

with water, and neutralized with saturated NaHCO3 solution. The crude was then extracted with DCM (x 

3), washed with 5% NaHCO3 (x 3), brine (x 1), dried over MgSO4 and filtered. The filtrate was concentrated 

in vacuo and carried on. (1.45 g, 67.2 %) 1H NMR (400 MHz, CDCl3) 7.93-7.98 (dt, J = 12, J = 4, 2H) 7.37-

7.42 (dt, J = 12, J = 4, 2H) 3.90 (s, 3H).  

4-chloro-hydrazide benzoic acid (2): 4-chloro-benzoate (1.45 g, 8.5 mmol, 1 equiv.) was dissolved in 100 

mL ethanol in a two-neck round bottom flask, equipped with a water condenser. To this, hydrazine 

hydrate (2.25 mL, 34 mmol, 4 equiv.) was added dropwise to the reaction vessel and was left to stir 

overnight at reflux. The following morning, the reaction vessel was cooled, diluted with cold water and 

the resulting precipitate was collected by filtration. The precipitate was washed with cold hexanes and 

water. (923 mg, 63.4 %). 1H NMR (400 MHz CDCl3) 12.96 (s, 2H) 10.43 (s, 1H) 7.07-7.12 (dt, J = 12, J = 4, 

2H) 6.81-6.86 (dt, J = 12, J = 4, 2H). 

cyclohexanecarbonyl chloride (3): Cyclohexanecarboxylic acid (500 mg, 3.5 mmol, 1 equiv.)  was dissolved 

in 50 mL dry dichloromethane in a round bottom flask and cooled to 0 ˚C. To this, a catalytic amount of 

DMF (12.0 μL, 0.005 equiv.) and thionyl chloride (751 μL, 3.85 mmol, 1.1 equiv.) were added dropwise to 

a stirring solution. The reaction ran for three hours, warming to room temperature. An additional 

equivalent of thionyl chloride (751 μL, 3.85 mmol, 1.1 equiv.) was added to push the reaction to 

completion, as monitoring by TLC. Afterwards, the reaction mixture was concentrated under vacuum 

(collected solvent was quenched with ice water and NaOH solution) and the resulting acid chloride (light 

yellow liquid).  
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4-chloro-2-(cyclohexylcarbonyl) hydrazide benzoic acid (4): Hydrazide (200 mg, 1.17 mmol, 1 equiv.) was 

dissolved in 25mL dry acetonitrile with triethylamine (293 μL, 2.1 mmol, 1.8 equiv.) in a round bottom 

flask equipped with a stirring bar at room temperature. To this, cyclohexanecarbonyl chloride (3) (1701 

μL, 1.17 mmol, 1.0 equiv.) was added dropwise to the solution and a white precipitate is formed. Following 

complete addition of (3), the solution was filtered and precipitate was washed with several volumes of 

ether. The collected precipitate was collected and dried under vacuum. (0.246 g, 75 %). 13C NMR (400 

MHz, DMSO-d6) δ 175.0, 164.9, 137.1, 131.8, 129.8, 129.0, 45.2, 29.5, 25.8, 25.6. HRMS (ESI, [M + H+]): 

m/z calc. for C14H17N2O2Cl, 280.0979 found, 280.0986. 

2-(4-chlorophenyl)-5-cyclohexyl-1,2,4-oxadiazole (5): The reaction procedure was based on previous 

work by Stabile et al.45  4-Chloro-2-(cyclohexylcarbonyl) hydrazide benzoic acid (246 mg, 0.870 mmol, 1.0 

equiv.) was dissolved in 20 mL dried DMF.. To the reaction flask, p-toluenesulfonyl chloride (497 mg, 2.61 

mmol, 3.0 equiv.), and triethylamine (128 μL, 1.74 mmol, 2.0 equiv.) were added and the reaction was left 

to stir at room temperature overnight. The following morning, excess TsCl was quenched with a 14 % NH3 

solution, and stirred for 30 minutes. The resulting crude reaction mixture was separated by preparative 

TLC using hexane : EtOAc as eluent, to obtain MLS000545091 (6.9 mg, 3.3 %). 1H NMR (400 MHz, DMSO-

d6) δ 7.96 (d, 2H, J = 9 Hz)  7.62 (d, 2H, J = 9) 2 .95-3.05 (m, 1H)  2.00 – 2.05 (m, 2H)  1.68 – 1.77 (m, 2H)  

1.16 – 1.66 (m, 7H)   13C NMR (400 MHz, DMSO-d6) δ 170.2, 163.3, 136.9,130.0, 128.7, 122.9, 34.6, 30.0, 

25.6, 25.1 HRMS (m/z): [M + H]+ calcd for 262.0873 C14H15N2OCl, found 262.08676. 
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2.7 Appendix 

Uncropped Western Blots  
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Figure 2.28 (A) (1) protein ladder (2) 15-LOX-2 HEK293 cell lysate (3) –(5) Increasing counts of HT-1080 

cell lysate (1 million – 3 million) (B) (1) protein ladder (2) 15-LOX-1 HEK293 cell lysate (3)-(5) increasing 

counts of HT-1080 cell lysate (1 million – 3 million) (C) (1) protein ladder (2) p12-LOX HEK293 cell lysate 

(3) 15-LOX-1 HEK293 cell lysate (4) 15-LOX-2 HEK293 cell lysate (5) protein ladder (6) p12-LOX HEK293 

cell lysate (7) 15-LOX-1 HEK293 cell lysate (8) 15-LOX-2 HEK293 cell lysate. 

 

 

Figure 2.29 (A) (1) protein ladder (2) 15-LOX-2 HEK293  cell lysate (3) –(5) Increasing counts of HT-22 cell 

lysate (1-million – 3 million cells). (B) (1) protein ladder (2)-(5) Increasing counts of HT-22 cell lysate 

(1million – 3million cells) (6) 15-LOX-1 HEK293 cell lysate (C) (1) protein ladder (2) p12-LOX HEK293 cell 

lysate (3)-(5) Increasing counts of HT-22 cell lysate  (1million – 3million) (6) protein ladder (7) p12-LOX 

EK293 cell lysate (8)-(10) Increasing counts of HT-1080 cell lysate  (1million – 3million). 

 

   

Figure 2.30 (A) (1) protein ladder (2) 15-LOX-2 HEK293  cell lysate (3) HT-22 cell lysate(4) HT-22 cells 

stressed with 5 mM glutamate 4 hours (5) HT-1080 cell lysate (6) HT-1080 cells stressed with 2 μM RSL3 

(7) protein ladder (8) p12-LOX HEK293 cell lysate (9) 15-LOX-1 HEK293 cell lysate (10) 15-LOX-2 HEK293 

cell lysate (B) (1) protein ladder (2) 15-LOX-1 HEK293 cell lysate 3) HT-22 cell lysate (4) HT-22 cells stressed 

with 5 mM glutamate 4 hours (5) HT-1080 cell lysate (6) HT-1080 cells stressed with 2 μM RSL3 (7) protein 
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ladder (8) p12-LOX HEK293 cell lysate (9) 15-LOX-1 HEK293 cell lysate (9) 15-LOX-2 HEK293 cell lysate (C) 

(1) protein ladder (2) p12-LOX HEK293 cell lysate 3) HT-22 cell lysate (4) HT-22 cells stressed with 5 mM 

glutamate 4 hours (5) HT-1080 cell lysate(6) HT-1080 cells stressed with 2 μM RSL3. 

 

Figure 2.31 (A) (1) protein ladder (2) p12-LOX HEK293  cell lysate (3) HT-1080 cell lysate (4) HT-1080 cells 

stressed with 10 μM erastin 4 hours (5) 15-LOX-1 HEK293 cell lysate (6) HT-1080 cell lysate (7) HT-1080 

cell lysate stressed with 10 μM erastin 4 hours  (8) 15-LOX-2 HEK293 cell lysate (9) HT-1080 cell lysate (10) 

HT-1080 cell lysate stressed with 10 μM erastin 4 hours. 
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Figure 2.32 Non-truncated cell rescue plot. HT-1080 cells (3000 cells / 100 μL) were treated with 10 μM 

erastin and varying concentrations of LOX inhibitors for 24 hours. Cell viability was assessed using 

Aquabluer assay, wherein, fluorescence intensity (540 ex/ 590 em) of treated cells was compared to a live 

cell control. 
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Figure 2.33 Non-truncated cell rescue plot. 15-LOX-2 overexpressing HEK 293 (3000 cells / 100 μL) were 

treated with 5.5 μM RSL3 and varying concentrations of β-thujaplicin for 4 hours. Cell viability was 

assessed using Aquabluer assay, wherein, fluorescence intensity (540 ex/ 590 em) of treated cells was 

compared to a live cell control. 

 

Table 2.1 Reaction stoichiometry (n) for LOX inhibitors in cumene autoxidations (37˚C) as calculated 

using equation (2) from Figure 2.20.  

Compound Stoichiometry (n) 

ML351 0.99 +/- 0.01 
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Characterization of synthesized LOX inhibitors  

1H NMR (400 MHz, DMSO d6) 

 

Figure 3.34 1H NMR of ML351 with expansion on 7.5 – 9.5 ppm region.  
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1H NMR (400 MHz, CDCl3) 

 

Figure 3.35 1H NMR of ML094 with expansion on 7.5 – 8.5 ppm region.  
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1H NMR (400 MHz, CDCl3) 

 

Figure 3.36 1H NMR of MLS000327069 with expansion on 7.0 – 7.2 and 7.3-7.5 ppm region.  
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13C NMR (400 MHz, CDCl3) 

 

Figure 3.37 13C NMR of MLS000327069. 
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1H NMR (400 MHz, CDCl3) 

 

Figure 3.38 1H NMR of MLS000327186 with expansion on 7.0 – 7.2 and 7.3-7.5 ppm region.  
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13C NMR (400 MHz, CDCl3) 

 

Figure 3.39 13C NMR of MLS000327186. 
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1H NMR (400 MHz, CDCl3) 

 

Figure 3.40 1H NMR of methyl 4-chlorobenzoate. 
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1H NMR (400 MHz, CDCl3) 

 

Figure 3.41 1H NMR of 4-chloro-hydrazide benzoic acid (2) 
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13C NMR (400 MHz, DMSO d6) 

 

Figure 3.42 13C NMR of 4-chloro-2-(cyclohexylcarbonyl) hydrazide benzoic acid (4). 
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1H NMR (400 MHz, DMSO d6) 

 

Figure 3.43 1H NMR of 545091 (5). 
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13C NMR (400 MHz, DMSO d6) 

 

Figure 3.44 13C NMR of 545091 (5). 

 

 

 

 

 

 

 

 

 

 

 

 


