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Significance

Ferroptosis involvement in 
pathogenesis of several major 
diseases demands for its new 
inhibitors. We propose innovative 
approach for designing inhibitors 
that act selectively on pro- 
ferroptotic catalytic complex 
15LOX/PEBP1, but not on 15LOX 
alone. We identified two lead 
compounds, FerroLOXIN- 1 and 2, 
by structure- activity relationships- 
guided design, synthesis, and 
testing of known 15LOX- 2 
inhibitors, modified to target 
15LOX- 2/PEBP1 complex. Both 
FerroLOXINs selectively blocked 
production of pro- ferroptotic 
HOO- ETE- PE and protected against 
RSL3- induced ferroptosis in vitro 
(in HBE, HT1080, Caco2, A375 and 
FHs 74 Int. cells) and in vivo (after 
total body gamma irradiation of 
mice) without affecting synthesis of 
essential lipid mediators. Molecular 
simulations revealed specificity of 
the mechanism of action of the 
FerroLOXINs on the 15LOX- 2/
PEBP1 complex.
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Discovering selective antiferroptotic inhibitors of the  
15LOX/PEBP1 complex noninterfering with biosynthesis  
of lipid mediators
Haider H. Dara,1, Karolina Mikulska- Ruminskab,1, Yulia Y. Tyurinaa,1 , Diane K. Lucic,1, Adam Yasgarc , Svetlana N. Samovicha , Alexander A. Kapralova, 
Austin B. Souryavonga, Vladimir A. Tyurina , Andrew A. Amoscatoa, Michael W. Epperlyd, Galina V. Shurina, Melissa Standleye, Theodore R. Holmane, 
Claudette M. St. Croixf , Simon C. Watkinsf, Andrew P. VanDemarkg, Sandeep Ranac, Alexey V. Zakharovc , Anton  Simeonovc, Juan Maruganc , 
Rama K. Mallampallih, Sally E. Wenzela , Joel S. Greenbergerd, Ganesha Raic,2 , Hülya Bayira,i,2, Ivet Baharj,2 , and Valerian E. Kagana,2

Contributed by Ivet Bahar; received November 25, 2022; accepted May 12, 2023; reviewed by Nikolay V. Dokholyan, Evagelia C. Laiakis,  
Genevieve Sparagna, and Shinya Toyokuni

Programmed ferroptotic death eliminates cells in all major organs and tissues with imbal-
anced redox metabolism due to overwhelming iron- catalyzed lipid peroxidation under 
insufficient control by thiols (Glutathione (GSH)). Ferroptosis has been associated with 
the pathogenesis of major chronic degenerative diseases and acute injuries of the brain, 
cardiovascular system, liver, kidneys, and other organs, and its manipulation offers a prom-
ising new strategy for anticancer therapy. This explains the high interest in designing new 
small- molecule–specific inhibitors against ferroptosis. Given the role of 15- lipoxygenase 
(15LOX) association with phosphatidylethanolamine (PE)- binding protein 1 (PEBP1) in 
initiating ferroptosis- specific peroxidation of polyunsaturated PE, we propose a strategy 
of discovering antiferroptotic agents as inhibitors of the 15LOX/PEBP1 catalytic complex 
rather than 15LOX alone. Here we designed, synthesized, and tested a customized library 
of 26 compounds using biochemical, molecular, and cell biology models along with redox 
lipidomic and computational analyses. We selected two lead compounds, FerroLOXIN- 1 
and 2, which effectively suppressed ferroptosis in vitro and in vivo without affecting the 
biosynthesis of pro- /anti- inflammatory lipid mediators in vivo. The effectiveness of these 
lead compounds is not due to radical scavenging or iron- chelation but results from their 
specific mechanisms of interaction with the 15LOX- 2/PEBP1 complex, which either alters 
the binding pose of the substrate [eicosatetraenoyl- PE (ETE- PE)] in a nonproductive 
way or blocks the predominant oxygen channel thus preventing the catalysis of ETE- PE 
peroxidation. Our successful strategy may be adapted to the design of additional chemical 
libraries to reveal new ferroptosis- targeting therapeutic modalities.

ferroptosis | lipid peroxidation | 15- lipoxygenase | inhibitor design | PEBP1

Transition to aerobic life and realization of the bioenergetic advantages of the latter 
required the development of an entirely new and sophisticated system of coordination 
and regulation of oxygen- driven metabolism and signaling. This relates not only to path-
ways supporting life but also to the causes and mechanisms of cell death under aerobic 
conditions (1). Indeed, a number of regulated cell death programs have been discovered 
and their mechanisms identified (2), whereby an imbalance of redox regulation transi-
tioning into oxidative injury and occurring at different stages of cell’s demise, is typical 
of many, if not all, of these death programs (3). Among them is ferroptosis, for which the 
disbalance of three major pillars of the redox metabolic platform–iron, thiols, and lipid 
(per)oxidation–emerged as not an accompanying consequence but rather the initiating 
mechanism of cell death (4, 5). Research on ferroptosis revealed its likely involvement in 
the pathogenesis of a variety of acute and chronic disease conditions, including cardio-
vascular, neurodegenerative, and pulmonary diseases (6–9), cancer (10), asthma (11), 
brain and kidney injury, and radiation injury (12, 13). Consequently, significant efforts 
have been deployed toward the discovery of targeted ferroptosis regulators with potential 
therapeutic effects.

Iron- catalyzed accumulation of phospholipid hydroperoxides and deficiency of the 
thiol- dependent machinery for their reduction to alcohols has been identified as the 
primary cause of ferroptotic cell death (14). More detailed studies established that hydrop-
eroxy (HOO)- derivatives of polyunsaturated fatty acid- phosphatidylethanolamines 
(PUFA- PE), primarily arachidonoyl (AA) (C20:4)-  and adrenoyl (C22:4)- acyls, e.g., 
HOO- AA- PE, are the primary precursors to a multitude of secondary electrophilic cleavage 
products that form adducts with nucleophilic sites in proteins, penultimately leading to 
ferroptotic death (15, 16).
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Two major concepts of either enzymatic or nonenzymatic 
iron- driven catalysis have been put forward with significant pro-  
and counterarguments (17). One of the major candidates for 
generating proferroptotic HOO- AA- PE are nonheme iron 
(Fe)- containing lipoxygenases, more specifically 15- lipoxygenases 
(15LOX) (18, 19). Two isoforms, 15LOX- 1 and 15LOX- 2, 
expressed in tissue- specific ways, are involved in peroxidative 
metabolism of all major PUFAs yielding a variety of regulatory 
lipid mediators (20). Their expression in different tissues is regu-
lated through direct epigenetic modifications or via other stimu-
lators like cytokine (21, 22). The two isoforms are structurally 
similar (RMSD: 2.1 ± 0.3 Å), while their sequence identity per-
centage is 37% (23). They both peroxidize PUFA- phospholipids 
(20), including AA- PE (also called eicosatetraenoyl- PE, ETE- PE). 
The selectivity and specificity of 15LOX- catalyzed HOO- AA- PE 
production is conferred on the enzyme via its association with a 
scaffold protein, PE- binding protein 1 (PEBP1) (11).

The complexation of 15LOX with PEBP1 distinguishes between 
the broad and physiologically important catalytic function of 
15LOX in the biosynthesis of lipid mediators and its highly spe-
cific catalytic activity in the 15LOX/PEBP1 complex towards 
peroxidation of PUFA- PE. This difference opens an opportunity 
for inhibiting the proferroptotic pathway of PUFA- PE peroxida-
tion by specifically targeting the enzymatic complex, inde-
pendently of the biosynthesis of lipid mediators by 15LOX. With 
this in mind, we aimed to discover a new class of antiferroptotic 
molecules selectively targeting the 15LOX- 2/PEBP1 complex 
rather than 15LOX- 2 alone. Here we report on the design, syn-
thesis, screening, and development of such inhibitors suppressing 
the peroxidative activity of the 15LOX- 2/PEBP1 complex. Using 
a combination of robust computational approaches and a variety 
of redox lipidomics analyses, we demonstrate the effectiveness of 
these newly discovered compounds in i) the inhibition of 
15LOX- 2/PEBP1- induced PUFA- PE peroxidation in biochemical 
models; ii) the suppression of ferroptosis in cell culture models; 
and iii) radiomitigative potency related to the suppression of 
PUFA- PE peroxidation triggered by total body irradiation (TBI). 
The newly identified inhibitors are proposed as lead compounds 
for the development of therapeutic interventions to combat the 
pathogenic effects of ferroptosis.

Results and Discussion

Design and Synthesis of 15LOX- 2/PEBP1 Inhibitors. To develop 
small molecules that can selectively target the 15LOX- 2/PEBP1 
complex, we used three previously reported 15LOX- 2 inhibitors 
(24, 25) as the starting point (labeled as 1, 2, and 3 in Fig. 1A). 
We used model of RSL3 (a GPX4 inhibitor)- induced ferroptosis 
in human bronchial epithelial cells (HBE) to assess the potency 
of the compounds. The 15LOX- 2 inhibitors 1, 2, and 3 were 
ineffective in preventing RSL3- induced ferroptosis compared to 
a known inhibitor, ferrostatin- 1 (Fer- 1) (Fig. 1B). Our previous 
experimental and computational evidence suggests that PEBP1 
allosteric interaction with 15LOX- 2 enlarges the binding pocket to 
accommodate the larger sn2- ETE- PE substrate (19). Therefore, we 
hypothesized that the inhibitor may require additional structural 
features to target the larger binding pocket of 15LOX- 2/PEBP1. 
To test this hypothesis, we used a ligand- growing strategy around 
compound 2 and probed the structure–activity relationships 
(SAR) for several analogs. We specifically introduced additional 
lipophilic groups at the 4th and 5th positions of the imidazole 
core in compound 2 that can fit into the noncanonical binding 
site and thus interfere with the formation of the 15LOX- 2/
PEBP1 complex and/or the ensuing catalysis of sn2- ETE- PE 

oxidation (SI Appendix, Fig. S1 A and B). Many compounds with 
an additional group at the 4th position of the imidazole core 
rescued RSL3- induced ferroptotic death of HBE cells at ~5 μM 
concentrations (Fig. 1B).

Based on the observed antiferroptotic activities, and their poor 
inhibitory effect on 15LOX- 2 alone, we selected compounds 8- 10 
and 18 for further testing in a dose- dependent manner using RSL3-  
or erastin (an inhibitor of cystine/glutamate antiporter)-  triggered 
ferroptosis in HBE cells (Fig. 1C and SI Appendix, Fig. S2A). Our 
LC- MS analysis confirmed the efficiency of compound 10 in inhib-
iting RSL3- induced accumulation of proferroptotic molecule, 
sn- 1- stearoyl- sn- 2- hydroperoxy- ETE- PE (15- HpETE- PE) (Fig. 1D). 
These data suggested that the placement of additional groups at  
the 4th position of the imidazole ring in compound 2 could  
ensure successful occupation of the enlarged binding pocket in 
15LOX- 2/PEBP1 and simultaneously reduce the potency against 
15LOX- 2 alone. Our SAR study further indicated that analogs with 
more lipophilic groups on the phenyl rings had relatively higher 
potency probably by mimicking the natural lipid substrate (for exam-
ple analogs 20- 24). The sulfur atom of these compounds (e.g., analog 
10) occupied a site in the proximity of the 15LOX- 2 active site iron 
as reported in the cocrystal structure of compound 1 (25) with 
15LOX- 2. We hypothesized that replacing the S atom with “NH” 
could enable deprotonation of the “NH” under physiological pH 
to generate a nitrogen anion, which could then coordinate the iron 
at the 15LOX- 2 active site. We have therefore synthesized new 
 compounds, labeled as 20- 24, upon substituting the S atom in com-
pound 10 by “NH” (Fig. 1E and SI Appendix, Fig. S2B). This 
replacement indeed provided a significant bump in potency when 
tested at a single concentration or in dose- dependent experiments 
(Fig. 1 B and F). Notably, our SAR study further indicated that 
electron- withdrawing lipophilic groups either at the para position 
or a disubstitution at the meta and para positions of the benzyl group 
provided optimal potency as exemplified by analogs 20- 23. Both 
the “F” and “CF3” groups on the phenyl rings improved the overall 
lipophilicity of the molecule required to mimic the natural lipid 
substrate.

The optimization and the progression of the discovery of 
15LOX- 2/PEBP1 inhibitors are summarized in Fig. 1A. Enzymatic 
activity of 15LOX- 2 measured using a standard substrate, arachi-
donic acid (AA), established that the compounds tested (4- 8, 10, 
11, 18, and 20- 24) did not show any significant activity at ≥20 μM. 
Encouraged by these results, we further investigated the ability of 
compounds 20- 24 (Fig. 1G) to inhibit RSL3- induced ferroptosis 
at lower (nanomolar) concentrations. All five compounds exhibited 
improved antiferroptotic potency (lower half- maximal inhibitory 
concentrations) (Fig. 1G) compared to the first- generation com-
pounds 8- 10 and 18 (Fig. 1C).

Compounds 20- 24 Specifically Inhibit 15LOX- 2/PEBP1- Catalyzed  
Oxidation of sn- 1- Stearoyl- sn- 2- Arachidonoyl- PE. We further 
asked whether these five compounds were specific to the 
suppression of ETE- PE oxidation by the 15LOX- 2/PEBP1 
complex vs. 15LOX- 2. We utilized a biochemical model where 
the inhibitory activity was examined using recombinant 15LOX- 
2±PEBP1 proteins. We performed LC- MS analysis of the 
products generated from ETE- PE/DOPC liposomes (Fig. 2A). 
As expected, PEBP1 markedly (~twofold) enhanced the oxidation 
of sn- 1- stearoyl- sn- 2- ETE- PE by 15LOX- 2 (Fig. 2A). Importantly, 
neither of the tested five compounds affected the formation of 
15- HpETE- PE by 15LOX- 2 alone (Fig. 2B). In contrast, four 
of them demonstrated significant inhibition of 15- HpETE- PE 
production by 15LOX- 2/PEBP1 complex (Fig. 2C). From these 
results, we chose compounds 21 and 23 for further evaluation as 
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bonafide ferroptotic inhibitors and named them as FerroLOXIN- 1 
and FerroLOXIN- 2, respectively. The structures of FerroLOXIN- 1 
and FerroLOXIN- 2 were confirmed by MS2 analysis. The presence 
of a major fragment with m/z 253.1009 was detected in MS2 
spectra of both FerroLOXINs (SI Appendix, Fig. S3).

To examine the specificity of FerroLOXINs, we assessed their 
effects on: i) the generation of proferroptotic 15- HpETE- PE in 
HBE cells; ii) several alternative cell death programs and iii) 
RSL3- induced ferroptosis in different cell lines. Redox lipidomics 
analysis showed that both inhibitors completely prevented the 
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Fig. 1. Development of 15LOX- 2/PEBP1 complex specific inhibitors of ferroptosis. (A) SAR- guided design of 15LOX- 2/PEBP1- specific inhibitors of ferroptosis 
starting from 15LOX- 2 inhibitors (compounds 1, 2, and 3). (B) HBE cells were treated with RSL3 (0.5 µM) in the presence of 5 µM compounds 1 to 26. Cell death 
was estimated after 20 h incubation by PI staining using flow cytometry. Fer- 1 (0.2 µM) was used as positive control. ###P < 0.0001 vs. control; ***P < 0.001 vs 
RSL3, ****P < 0.0001 vs. RSL3. One- way ANOVA. (C) IC50 values of selected compounds 8 to 10 and 18. HBE cells were treated with RSL3 (0.5 µM) and different 
concentrations of the compounds. Cell death was estimated relative to that induced by RSL3. (D) RSL3- induced accumulation of PE- AA- OOH in HBE cells is inhibited 
by compound 10, n = 3, **P < 0.01, One- way ANOVA. (E) SAR- guided design of compounds 20 to 24 starting from compound 10. (F) HBE cells were treated with 
RSL3 (0.5 µM) in the presence of different concentration (0.1, 0.5, and 1 µM) of compounds 20 to 24. n = 3 to 6, ###P < 0.001 vs. control; ***P < 0.001 vs. RSL3, 
One- way ANOVA. (G) IC50 values of selected compounds. HBE cells were treated with RSL3 (0.5 µM) along with different concentrations from 10 to 1,000 nM of 
compounds 20 to 24. Data represents mean ± SD, n = 3 or more.
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formation of proferroptotic 15- HpETE- PE in RSL3- treated HBE 
cells (Fig. 2D). Next, we tested the effects FerroLOXINs on necrop-
tosis, pyroptosis, and apoptosis in HBE cells. Both compounds had 
no impact even at concentrations 10 times higher than those exert-
ing complete protection against ferroptosis (Fig. 2E). Finally, we 
demonstrated that both FerroLOXIN- 1 and 2 fully protected 
against RSL3- induced ferroptosis in several cell lines: intestinal epi-
thelial cells (Caco2, FHs 74 Int.) and cancer cells (HT- 1080, A375) 
(Fig. 2F and SI Appendix, Fig. S4).

Antiferroptotic Function of FerroLOXINs Is Independent of Iron 
Chelation and Radical- Scavenging Activity. The current repertoire 
of ferroptosis inhibitors includes two major categories: iron 
chelators forming redox inactive complexes, like deferoxamine 
(DFO), and radical scavengers, e.g., α- tocopherol. Redox- cycling 
activity of Fe can be fed by endogenous one- electron reductants, 
like ascorbate. The intermediate of ascorbate oxidation, ascorbyl 
radical, can be directly detected by electron paramagnetic resonance 
(EPR) spectroscopy (26). We used this technique to assess the 
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n = 4, ***P < 0.001, t test. Effect of compounds 20- 24 on the oxidation of ETE- PE by 15LOX- 2 alone (B) and by the 15LOX- 2/PEBP1 complex (C), n = 3, *P < 0.05, 
**P < 0.01 vs. 15LOX- 2/PEBP1, t test. (D) RSL3- induced accumulation of PE- AA- OOH is inhibited by FerroLOXINs in HBE cells, n = 3, ****P < 0.0001, One- way 
ANOVA. (E) FerroLOXINs do not inhibit necroptosis (Left) pyroptosis (Middle) and apoptosis (Right) induced in HBE cells. Necroptosis (TNF- α (20 ng/mL), SM- 164 
(20 nM), and zVAD.fmk (20 μM) for 18 h), pyroptosis [LPS (1 μg/mL) for 4 and then Nigericin (20 μM) for 2 h] or apoptosis [staurosporine (500 nM) for 2 h] was 
induced in HBE cells in the absence or presence of FerroLOXINs, n = 3. Cell death was estimated by PI staining (necroptosis/pyroptosis) or Annexin + PI staining 
(apoptosis). (F) FerroLOXINs inhibit ferroptosis in intestinal epithelial cells. FHs 74 Int. or Caco2 cells were treated with RSL3 (0.25 µM or 2 µM) to induce ferroptosis 
in presence of FerroLOXINs (0.1, 0.5 and 1 µM) for 20 h and cell death was estimated by PI staining. n = 3, ****P < 0.0001, One- way ANOVA. (G) Magnitudes of 
the semidehydroascorbyl radical EPR signals formed during the reduction of Fe (III) by ascorbic acid in the presence or absence of FerroLOXINs or DFO. Inserts: 
Typical semidehydroascorbyl radical EPR signal generated during the reduction of Fe (III) by ascorbic acid in the absence (Upper panel, black) or in presence of 
FerroLOXIN- 1 (red) or DFO (Lower panel, black) at Fe/chelator ratios 1/0.5 and 1/2, respectively. n = 6. Data represents mean ± SD (n = 3 to 6).
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ability of FerroLOXINs to quench the Fe- driven oxidation of 
ascorbate to its radical. Based on the effects on the EPR signals of 
ascorbyl radicals, we established that the FerroLOXINs did not 
exert the Fe- chelating activity associated with the quenching of 
the redox- cycling activity of Fe even at 20:1 (FerroLOXINs:iron) 
stoichiometry (Fig. 2G). In contrast, DFO at 2:1 ratio completely 
inhibited the Fe- induced ascorbyl radical EPR signal (Fig. 2G).

We next assessed the radical- scavenging activity of FerroLOXINs 
by their interactions with a 2,2- diphenyl- 1- picrylhydrazyl (DPPH) 
radical (27). Both FerroLOXIN- 1 and 2 displayed a negligibly low 
activities toward interaction with DPPH (SI Appendix, Fig. S5) 
(the rates were >103 lower than that of α- tocopherol). Thus, the 
mechanism of the effects of the FerroLOXINs on 15LOX- 2/PEBP1 
and ferroptosis cannot be explained by radical scavenging.

FerroLOXINs Selectively Bind High- Affinity Sites Harbored by 
15LOX- 2/PEBP1 Complex, Not Observed in 15LOX- 2 Alone. To gain 
insights into the molecular mechanisms of the selective potency 
of the new inhibitors against 15LOX- 2/PEBP1 as opposed to 
15LOX- 2 alone, we performed a series of docking and molecular 
dynamics (MD) simulations and principal component analysis 
(PCA) of the conformational space, as schematically described 
in SI  Appendix, Fig.  S6. Docking simulations were performed 
for compounds 21 (FerroLOXIN- 1), 23 (FerroLOXIN- 2), and 
24 using four targets: 15LOX- 2, 15- LOX- 2/ETE- PE, 15LOX- 
2/PEBP1, and 15LOX- 2/PEBP1/ETE- PE. Each target was 
represented by 3 to 5 conformations deduced using ProDy (28) 
interface from the PCA of MD trajectories (29–31), summing 
up to a total of 18 target conformational states, each subjected to 
five independent runs, for each compound. The ribbon diagrams 
in Fig. 3 and SI Appendix, Fig. S7 display the superposition of 
compound- bound forms from multiple runs. The compounds are 
in sticks, colored from white (weak affinity) to red (high affinity). 
They cluster in high- affinity sites, four of which are distinguished 
as being accessible in 15LOX- 2/PEBP1 (bound or unbound to 
ETE- PE), but not 15LOX- 2 alone. These are enclosed in red (Site 
1), black (partially overlapping Sites 2 and 4) and purple (Site 3, 
visible upon 180º rotation of the structure; Fig. 3B) ellipses. Most 
probable binding poses to those sites are illustrated in Fig. 3 C–F.

Before proceeding to the analysis of binding poses and mech-
anisms, we note that the production of 15- HpETE- PE necessitates 
the localization of sn- 2 (AA- ) chain of ETE- PE within the catalytic 
site of 15LOX- 2, which also harbors the iron ion coordinated by 
three catalytic histidines and a C- terminal isoleucine (32). In con-
trast to the sn- 1 (S, stearoyl) chain, the sn- 2 AA- chain contains 
bis- allylic moieties, and 15LOX- 2 catalyzes the insertion of an 
oxygen to the carbon atom C15 of the sn- 2 chain (33). As will be 
shown below, the binding poses include one (Site 3) that obstructs 
the O2 channel crucial to the peroxidation (Fig. 3 B and E), and 
another (Site 4) that disrupts the precise positioning of ETE- PE 
sn- 2 chain and places instead the sn- 1 chain at the catalytic pocket 
(Site 4, panel F).

Sites 1 and 2 (Fig. 3 C and D) were both located at the 15LOX- 2/ 
PEBP1 binding interface with the sn- 2 (AA) chain of ETE- PE 
bound to the catalytic pocket. The compounds in Site 1 were con-
sistently coordinated by 15LOX- 2 F184, G186 and L609 (at first 
or second coordination shells around the catalytic pocket) and 
PEBP1 W84, D144 and H145. Those in Site 2 were coordinated 
by PEBP1 R141- D144, R146 and 15LOX- 2 Q187 and S190 
(Fig. 3D). Site 3 was at the entrance of the frequently accessed O2 
channel, and FerroLOXIN- 1 and 2 closely interacted therein with 
15LOX- 2 only, and in particular with Y154, N155, W158 (Fig. 3E 
and SI Appendix, Fig. S8 C and D). These residues were reported in 
previous studies to locate at the O2 channeling gate (29, 30). 

Interestingly, compound 24 did not bind to Site 3, presumably due 
to its bulky methoxy group (SI Appendix, Fig. S8B). Binding of 
compounds to Site 4, on the other hand, promoted the insertion of 
the sn- 1 tail of ETE- PE into the catalytic site. Thus, in this case, 
nonproductive interaction between the complex and the nonoxi-
dizable stearoyl chain appears to be the mechanism of suppression 
of ETE- PE peroxidation (Fig. 3F). Binding energies of compounds 
to Sites 1- 2 and 4 were comparable, and those to Site 3 were slightly 
weaker (SI Appendix, Table S1).

Overall, these computations show that the 15LOX- 2/PEBP1 
harbors high- affinity sites presented by the complex only, and not 
by the unbound 15LOX- 2, for binding the newly discovered com-
pounds. Sites 1, 2, and 4 are localized at the interface between 
PEBP1 and 15LOX- 2 and may allosterically affect the catalytic 
function of 15LOX- 2, whereas Site 3 may block the diffusion of 
oxygen atoms to the catalytic pocket. Simulations presented next 
further clarify their inhibitory mechanisms and specificities.

FerroLOXINs Act by Blocking O2 Entry, and/or Dislodging the 
Oxidizable sn- 2 (AA) Chain from, or Stabilizing the Nonoxidizable 
sn- 1 Chain at, 15LOX- 2 Catalytic Pocket. We performed MD 
simulations (a total of 7.4 μs; see SI Appendix, Table S2) to gain a 
molecular understanding of the specific interactions of the target 
protein/complex and compounds, FerroLOXIN- 1 and 2, and 24. 
SI Appendix, Table S3 lists the 15LOX- 2 and PEBP1 residues that 
exhibited persistent interactions with these inhibitors.

Site 1 was the highest affinity site (SI Appendix, Table S1). All 
three compounds remained stably bound to this site in multiple 
runs. Both FerroLOXINs dislodged the “buried” oxidizable sn- 2 
acyl chain from the catalytic site, either partially or completely 
(Movie S1 and SI Appendix, Fig. S9B). Simultaneously, they weak-
ened the sn- 1 ETE- PE/PEBP1 contacts as well as those between 
15LOX- 2 and PEBP1, upon insertion into the interfacial regions 
between 15LOX- 2 and its substrates. Compound 24 adopted a 
slightly different conformation than the other two, due to its 
methoxy group (O- CH3) instead of bromine (F) or fluorine (Br) 
in FerroLOXIN- 1 and 2, respectively, and its propensity to dis-
lodge the sn- 2 chain was relatively lower.

FerroLOXIN- 2 binding to Site 2 caused a displacement of the 
oxidizable sn- 2 chain partially out of the catalytic site. In contrast, 
compound 24 did not induce such a dislocation, thus allowing 
for the peroxidation to proceed. Binding of either 24 or 
FerroLOXIN- 2 to Site 4, on the other hand, stabilized the ETE- PE 
with a nonoxidizable chain in the proximity of the catalytic iron, 
thus slowing down the production of 15- HpETE- PE. Both com-
pounds exhibited strong associations with P192- I197 (15LOX- 2) 
and E83, R129, L131, G147, K148, V151, A152, R155 and 
K156 (PEBP1) (SI Appendix, Table S3). Finally, in the case of Site 
3, both FerroLOXIN- 1 and FerroLOXIN- 2, but not 24, blocked 
an oxygen channel entry as can be seen in Movies S2 and S3. 
SI Appendix, Fig. S10 shows the time evolution of contacts 
between the FerroLOXINs and 15LOX- 2 residues Y154, N155, 
L419, P423- Q425, G437- F438, and L441, distinguished by their 
role in stabilizing the compounds at this site.

FerroLOXIN- 1 and 2 Rescued Mice from Total Body Radiation- 
Induced Death by Inhibiting Ferroptosis. To assess the efficacy of 
FerroLOXIN- 1 and 2 in vivo, we evaluated the pharmacokinetic 
(PK) profiles of both compounds in the plasma and intestine 
of mice following an intraperitoneal injection (IP) of 25 mg/kg 
dose. We found that both compounds displayed excellent PK 
profiles with compound exposure levels much higher than the 
cellular IC50s and desirable terminal long half- life of 12.1 and 7.5 h  
with lower clearance (Cl) rates of 17.7 and 12.5  mL/min/kg, 

http://www.pnas.org/lookup/doi/10.1073/pnas.2218896120#supplementary-materials
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respectively (SI Appendix, Table S4 and Fig. S11 A and B). The 
analysis also revealed that FerroLOXINs possessed much higher 
plasma and intestine exposure levels as indicated by the higher 
Cmax and AUClast levels in both tissues. Notably, the exposure was 
much higher in the intestine compared to plasma. Overall, the 
PK profile correlated well with our observed efficacy in the TBI 
model (Fig. 4 A and B and SI Appendix, Table S4 and Fig. S12).

To examine the radiomitigative effectiveness of FerroLOXINs 
in vivo, we employed a C57BL/6 mouse model of TBI in which 
our previous studies demonstrated the accumulation of 
15- HpETE- PE suggesting a role of ferroptosis in the disease 

progression (12). We performed two series of experiments with 
female and male mice, respectively. Typical of the female model, 
irradiation to a dose of 9.25Gy caused 100% lethality on day 19 
after irradiation (Fig. 4A). Both FerroLOXIN- 1 and 2 (at a dose 
of 25 mg/kg, ip- injected 24 h after radiation) exerted robust radi-
omitigative effects. The survival on day 19 was estimated at 75 and 
80%, respectively (Fig. 4A). Confocal microscopy revealed signif-
icant damage to the intestinal epithelium on day 5 after TBI. The 
breach of epithelial lining—assessed by the disintegration of the 
actin layer (green) (Fig. 4B)—was clearly observed in irradiated 
mice. The ileum damage was significantly mitigated in mice treated 

Fig. 3. Binding sites and poses of new compounds on the 15LOX- 2/PEBP1/ETE- PE complex, illustrated for FerroLOXIN- 2. (A and B) Most frequent binding poses 
of FerroLOXIN- 2 are shown [in sticks, colored from white (low affinity) to red (high affinity)] upon superposition of the results from multiple docking simulations. 
The ellipses indicate probable binding sites. Those labeled Sites 1, 2 and 4 in A, Site 3 viewed from back in (B) are high affinity sites specific to 15LOX- 2/PEBP1, 
and Site 1 is exclusively accessed in the presence of ETE- PE. Site 3 involves gating residues Y154 and W158 at the entrance of an O2 channel in 15LOX- 2. (C–F) 
Closeup views of the interactions of the inhibitor (thin sticks, CPK colors) with ETE- PE (thick sticks, CPK) and with PEBP1 and 15LOX- 2 residues (labeled), at the four 
sites. In panels D–F, 15LOX- 2/PEBP1 regions lining the binding pocket are colored by hydrophobicity and/or charge, as indicated. In Site 4, the compound inhibits 
15LOX- 2 by displacing the reactive sn- 2 (arachidonic) tail of ETE- PE from the catalytic pocket. See more details in SI Appendix, Figs. S7–S9.

http://www.pnas.org/lookup/doi/10.1073/pnas.2218896120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2218896120#supplementary-materials
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with either FerroLOXIN- 1 or 2 (Fig. 4B). We also performed TBI 
experiments using male mice. As males are more sensitive to irra-
diation than females (34), we used a lower dose of 9.0 Gy TBI. 
This dose caused 100% lethality on day 15 after irradiation 
(SI Appendix, Fig. S12). Similar to females, FerroLOXIN- 1 and 2 
(at 25 mg/kg, ip- injected 24 h after radiation) exerted a significant 
albeit less potent radiomitigative effect in male mice (SI Appendix, 
Fig. S12). FerroLOXIN- 1 and 2 had no toxic effects in nonirra-
diated female and male mice (Fig. 4A and SI Appendix, Fig. S12).

We further used redox lipidomics to determine the effects of 
FerroLOXINs on the levels of proferroptotic PEox in the ileum and 
bone marrow of irradiated animals. We detected significantly 
increased levels of HpETE- PE on days 2 and 5 after irradiation of 
female mice (Fig. 4C). In another radiosensitive tissue, bone marrow 
(35, 36), LC- MS measurements also revealed significantly increased 
levels of HpETE- PE on days 2 and 5 after TBI (Fig. 4D), whereby, 
the contents of HpETE- PE were higher on day 5 vs. day 2. To 
confirm the structure of HpETE- PE detected in the ileum and bone 
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Fig. 4. FerroLOXIN- 1 and FerroLOXIN- 2 rescue mice from TBI induced death by inhibiting ferroptosis (A) FerroLOXIN- 1 and FerroLOXIN- 2 alters the survival of 
irradiated mice. 24 h after TBI, C57BL/6NTac mice were left alone (TBI) or treated with either FerroLOXIN- 1 or FerroLOXIN- 2 (25 mg/kg) and monitored for 30 d. 
(B) Treatment with FerroLOXINs mitigated TBI induced epithelial disintegration assessed by discontinuity of actin layer (green). (Scale 40 µm.) (C) FerroLOXINs 
mitigate accumulation of proferroptotic signal HpETE- PE in ileum (C) and bone marrow (D) of irradiated mice. Levels of lipoxin A4 (E) and leukotriene B4 (F) and 
hepoxilin A3 (G) in mouse ileum. Ileum samples were collected on days 2 and 5 after TBI and processed for redox- lipidomics. Data represents mean ± SD, n = 7 
mice/group; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, One- way ANOVA, Tukey’s multiple comparison test.
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marrow, we performed MS2 analysis (SI Appendix, Fig. S13 A and B). 
Characteristic MS2 fragments attributed to the polar head of PE 
with m/z 140.009 and 196.036 were detected. The fragments 
[R1- H]- , [R2- H]- , [R2- H2O- H]- , and [M- H- R2CH=C=O]-  present 
in the MS2 spectra correspond to: i) stearic acid in sn- 1 position, ii) 
HpETE in sn- 2 position, iii) dehydrated HpETE, and iv) an ion 
generated with loss of sn- 2 HpETE as ketene (SI Appendix, 
Fig. S13B). Most importantly, both FerroLOXINs significantly 
mitigated the TBI- induced generation of proferroptotic death signal 
in the ileum and bone marrow of irradiated mice on days 2 and 5 
after TBI (Fig. 4 C and D).

TBI- induced inflammatory disease is a multistep process involv-
ing multiple mechanisms and culminating in several types of cell 
death programs (37). To determine the extent to which mitigative 
effects of FerroLOXIN- 1 and 2 might be associated with inhibition 
of TBI- induced ferroptosis vs. other cell death pathways, we per-
formed redox lipidomic analysis focused on oxygenated phospho-
lipids acting as signals of apoptosis and necroptosis, hydroxy-  
cardiolipin, CL- (72:7- OH) and hydroperoxy- phosphatidylcholine, 
PC- (40:8- OOH), respectively (38, 39). While a significantly ele-
vated level of CL- (72:7- OH) was detected in the ileum on day 2 
after irradiation, its content was not changed after treatment with 
either FerroLOXIN- 1 or 2 (SI Appendix, Fig. S14A). This suggests 
that radiomitigative effects of FerroLOXINs were not associated 
with apoptosis. LC/MS assessment of necroptotic PC- (40:8- OOH) 
signals revealed no significant differences on days 2 and 5 after TBI 
and their contents were not affected by FerroLOXINs (SI Appendix, 
Fig. S14B). Thus, the radiomitigative effects of FerroLOXINs can-
not be attributed to the inhibition of either apoptotic or necroptotic 
cell deaths.

We further explored whether FerroLOXINs affected the con-
tents of lipid mediators generated by 15LOX (33, 40). On day 2 
after irradiation, LC- MS analysis showed significantly elevated 
levels of an anti- inflammatory mediator, lipoxin A4 (LXA4) gen-
erated from AA by 15LOX (33, 40, 41) (Fig. 4E). This TBI- induced 
signal was not significantly affected by either of the tested 
FerroLOXINs (Fig. 4E). Redox lipidomics also revealed a signifi-
cant accumulation of proinflammatory mediator, hepoxilin A3 
(HXA3), generated by 12LOX (42), on day 5 after TBI (Fig. 4F). 
FerroLOXINs did not change the level of HXA3 (Fig. 4F). 
Interestingly, elevated levels of leukotriene B4 (LTB4) were detected 
on day 2 and 5 after TBI (Fig. 4G). The content of LTB4 was 
significantly lower on day 5 only in the presence of FerroLOXIN- 2. 
Given that LTB4 is synthesized by 5LOX in polymorphonuclear 
neutrophils (PMNs) and macrophages (43), changes in the LTB4 
levels in irradiated intestine may be related to TBI- induced infil-
tration/clearance of PMNs and macrophages from the affected 
intestinal sites.

Conclusion

Ferroptosis is a lipid peroxidation- driven cell death, resulting 
from the selective peroxidation of PUFA- PE to hydroperoxy- 
PEs (16). To date, a number of ferroptosis inhibitors have been 
proposed; however, most of them are nonspecific and fall into 
three major categories; i) radical trapping agents (TRAs), like 
ferrostatin 1, liproxstatin 1, and α- tocopherol; ii) iron chelators, 
like DFO, and iii) pan- LOX inhibitors, like baicalein and zileu-
ton (44). In the enzymatically controlled generation of profer-
roptotic signals, the specificity of 15LOX- 2 is endowed by its 
association with a scaffolding protein, PEBP1 (1, 11). The role 
of 15LOX- 2/PEBP1 in generating the peroxidized ETE- PE 
molecules, which serve as proferroptotic signals, is now well- 
established (11, 19, 29).

While the functions of the majority of other peroxidized lipids 
are still largely enigmatic, several have been associated with immu-
nosuppressive functions in tumor microenvironment (45, 46), 
antigen cross- presentation by dendritic cells (47), re- awakening of 
dormant tumor cells (48), execution of other programs of regu-
lated cell death as an alternative to ferroptosis (e.g., apoptosis, 
necroptosis and pyroptosis) (49), cell proliferation (6), and reg-
ulation of pro-  and anti- inflammatory responses (46, 49). The 
nonspecific indiscriminative blockade of all these functions could 
lead to poorly predictable side effects. One such nonselective 
mechanism is radical scavenging (50). Indeed, LOXs, like other 
oxygenases rely on the abstraction of bis- allylic hydrogen and 
sequential formation of carbon- centered and peroxyl radicals of 
the oxidizable PUFA substrates (51, 52). While the specificity of 
these reactions is commonly restricted by protein structural fea-
tures, promiscuous small molecule radical traps may get access to 
the reactive radical intermediates, hence interfering with the oxi-
dation process in nonspecific ways (44). With these features in 
mind, our design of anti- ferroptotic agents was based on the pre-
sumption of their poor radical scavenging and iron chelation 
activity. Indeed, a direct assessment of both of these nonspecific 
activities of FerroLOXINs using the DPPH assay or detection of 
ascorbyl radicals by EPR showed their negligible radical trapping 
activity vs. α- tocopherol or iron chelation ability vs. DFO. In line 
with this result and our SAR studies, the two lead compounds 
demonstrated specificity toward the 15LOX- 2/PEBP1 complex 
and not to 15LOX- 2 alone. We also demonstrated the specificity 
of these compounds as inhibitors of ferroptosis and incompetence 
against other cell death programs. Further, our results suggest that 
FerroLOXINs have no significant influence on lipid mediators 
derived from gut epithelium like LXA4 and HXA3 (40, 41). 
While the literature indicates the range of doses causing predom-
inantly hematopoietic syndrome as 0.7 to 10 Gy and doses 
>10 Gy are associated predominantly with GI syndrome, symp-
toms of GI syndrome have been reported even at 6 Gy (53). The 
radiation responses are strongly dependent on the mouse strains 
used, age and sex, nutritional factors, the gut microbiota and 
metabolites, time at which the mice were irradiated and many 
other factors (54–57). Importantly, we found that FerroLOXINs 
protect the epithelial breach triggered by radiation as well as mit-
igate the ferroptotic death both in ileum and bone marrow.

To further understand the mechanisms of the antiferroptotic 
action of the new compounds on the 15LOX- 2/PEBP1 complex, 
we carried out extensive modeling and simulations of the interac-
tions of the selected compounds with 15LOX- 2 and the 15LOX- 2/ 
PEBP1 complex. Simulations revealed three potential mechanisms of 
inhibition (Fig. 3). Mechanism 1 has the inhibitors binding at Site 1  
or Site 2, localized between PEBP1 and 15LOX- 2, which alters the 
position of the buried oxidizable sn- 2 chain so that it moves either 
partially or completely out of the catalytic site (SI Appendix, 
Fig. S9A and Movie S1), thereby preventing the enzymatic reaction. 
These interactions also weaken the 15LOX- 2/PEBP1 interface, thus 
destabilizing the cooperative motions gained upon complexation 
(11, 19). Mechanism 2 is via inhibitor binding at Site 3 and blocking 
the predominant oxygen channel (28, 29) to 15LOX- 2 catalytic 
pocket (Fig. 3E, SI Appendix, Fig. S8, and Movies S2 and S3). 
Therefore, this mechanism effectively obstructs the oxidation pro-
cess. Considering that the substrate ETE- PE can temporarily bind 
to 15LOX- 2 catalytic site through its nonoxidizable sn- 1 chain, we 
investigated the possible occurrence of Mechanism 3, i.e., binding 
of the compounds to the 15LOX- 2/PEBP1/ETE- PE interface to 
prevent the nonoxidizable chain from leaving the catalytic site 
thereby hampering the catalytic activity. Extended simulations 
demonstrated that in the presence of inhibitors the substrate 
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remained bound in this nonoxidizable conformation for up to 0.55 
microseconds. Mechanism 3 was valid for all inhibitors, in contrast 
to the other two mechanisms which were inhibitor- specific.

Overall, our results demonstrate the possibility of inhibiting fer-
roptosis by designing highly selective inhibitors of the 15LOX- 2/ 
PEBP1 catalytic complex. The latter is essential for initiating fer-
roptotic cell death in a number of disease conditions, such as acute 
radiation syndrome, brain trauma, kidney damage (11), and cardi-
ovascular and neurodegenerative diseases (58, 59). These inhibitors 
and this approach may be useful for the development of new ther-
apeutics for specific suppression of 15LOX/PEBP1 complexes 
important to a plethora of serious human diseases.

Materials and Methods

Design and Synthesis of Chemical Compounds. All the methods and proto-
cols used for the synthesis of compounds and their detailed characterization are 
described in SI Appendix, Supplementary Methods.

Reagents. Phospholipids were purchased from Avanti Polar Lipids or Cayman 
Chemicals (See SI Appendix for details). All other reagents used in this study are 
described in SI Appendix, Supplementary Methods.

Mice. C57BL/6NTac female or male mice (7 to 8 wk) were from Taconic Biosciences 
(Germantown, NY) and were housed under specific pathogen- free conditions at 
the Hillman Animal Research Facility, University of Pittsburgh, Pittsburgh, PA. All 
protocols were approved by the Institutional Animal Care and Use Committee of the 
University of Pittsburgh (IACUC number 21028741). Veterinary care was provided 
by the Division of Laboratory Animal Resources of the University of Pittsburgh.

Cell Death Assays. Ferroptosis in human bronchial epithelial cells-  HBE, cancer 
cells–HT- 1080 and A375, and intestinal epithelial cells–Caco2 and FHs 74 Int, 
was induced by RSL3 and assessed by flow cytometry using propidium iodide 
(PI) staining as described previously (32). HBE cells were also used for studying 
necroptosis (TNF- α, SM- 164 and zVAD.fmk), pyroptosis (LPS and Nigericin) and 
apoptosis (Staurosporine) in presence of FerroLOXINs. Details are provided in 
SI Appendix, Supplementary Methods.

Iron Chelation Activity. EPR spectroscopy was used to assess the iron chelation 
activity of FerroLOXIN- 1 and 2. Briefly, magnitudes of the EPR signals of semide-
hydroascorbyl radicals formed during the reduction of Fe(III) with ascorbic acid 
were recorded in the absence or presence of FerroLOXINs or deferoxamine (DFO). 
See SI Appendix, Supplementary Methods.

Confocal Microscopy. Mouse ileum sections (5 μm.) were washed in PBS and 
incubated in Alexa Fluor 647 phalloidin (Invitrogen, A22287) for 45 min. Nuclei 
were stained with Hoechst (Sigma, B2883) 1 mg/100 mL dH20 for one minute, 
washed in PBS, and mounted in gelvatol. Large area scan images were obtained on 
Nikon A1 confocal microscope with NIS Elements v5.39.02.4 at 40× magnification.

Molecular Simulations. We performed both socking and full- atomic MD sim-
ulations. Docking simulations are described in the SI Appendix, Supplementary 
Methods. MD simulations of 200 to 550 ns were performed for systems selected 
from molecular docking (SI Appendix, Table S2) using the NAMD software with the 
CHARMM force field, and 2 fs time steps. The proteins were solvated with explicit 
water models (TIP3P). See SI Appendix, Supplementary Methods for details on 
this and all methods described below.

TBI. C57BL/6NTac (female or male) were irradiated (9.25 Gy or 9.0 Gy, respectively) 
using a Model 68a cesium irradiator (JL Shephard and Associates, San Fernando, 
CA) and then 24 h after radiation exposure FerroLOXIN- 1 or FerroLOXIN- 2 (25 mg/
kg body weight in single- drug regimen) were injected intraperitoneally (12).

Isolation and Cells Dissociation of Mouse Ileum and Flow Cytometry 
Analysis. Samples of ileum from control, irradiated, irradiated + FerroLOXIN- 1 
and 2 C57BL/6 mice were isolated, rinsed in cold PBS, opened longitudinally, and 
sliced into the small fragments and processed for cell dissociation and analyses 
described in the SI Appendix.

Oxidation of sn- 1- Stearolyl- sn- 2- Arachidonoyl- Phosphatidylethanolamine 
(1- SA- 2- AA- PE) by 15- Lipoxygenase- 2 (LOX15- 2) in a Model System. Activity 
of 15LOX- 2 was assessed by formation of primary products of 15- HpETE- PE. 
Briefly, SAPE:DOPC liposomes (see SI Appendix for liposome preparation) were 
incubated with human recombinant 15LOX- 2 (0.4 µM) or 15LOX- 2/PEBP1 complex 
(1:1 ratio) (see SI Appendix for 15- LOX2 and PEBP1 protein purification) in the 
presence or absence of inhibitors (0.25 µM) for 20 min at 37 °C. The inhibitors 
were added before the addition of enzyme to the reaction mixture containing 
13- hydroperoxy- octadecadienoic acid (13(S)- HpODE) (3  μM) for activation of 
15LOX- 2.

Structure and PKs of FerroLOXIN- 1 and 2. Structures of FerroLOXINs were con-
firmed by MS2 analysis using Fusion Lumos Tribrid mass spectrometer (Thermo 
Scientific, USA). In vivo PK analysis was performed at ChemoGenics BioPharma. 
Details can be found in the SI Appendix, Supplementary Methods.

Redox Phospholipidomics. LC/ESI- MS analyses of lipids, oxygenated lipids 
(including proferroptotic signals) were performed on a Thermo HPLC system 
coupled to either an Orbitrap Fusion Lumos mass spectrometer (ThermoFisher 
Scientific) for normal phase analysis or a Q- Exactive mass spectrometer 
(ThermoFisher Scientific) for reverse- phase (C30) analysis.

Statistical Analysis. Statistical analyses were performed with GraphPad Prism 
9.2.0 (GraphPad Software Inc.) by one- way ANOVA, Tukey’s multiple comparisons 
test, unless otherwise specified.

Data, Materials, and Software Availability. Data and codes generated during 
the study and included in this article are available from the corresponding authors 
upon request. Requests for the inhibitors should be directed to corresponding 
authors and National Center for Advancing Translational Science (NCATS).
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