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Introduction
Ferroptosis is a cell death program that is executed via activation of a 
selective enzymatic process of lipid peroxidation (LPO) catalyzed by 
15-lipoxygenases (15LOXes), dioxygenases for polyunsaturated fatty 
acids (PUFAs), under conditions where hydroperoxy-phospholipids 
(hydroperoxy-PLs) cannot be enzymatically inactivated by a spe-
cific selenoperoxidase, glutathione peroxidase 4 (GPX4) (1, 2). We 
recently identified the substrates and the products of this process as 
arachidonoyl-phosphatidylethanoamine (AA-PE) and 15-hydroper-
oxy-AA-PE (15-HOO-AA-PE), respectively (1, 3). We further discov-
ered that 2 isoforms of mammalian 15LOX — 15LOX1 and 15LOX2 
— form a complex with a scaffold protein, PE-binding protein 1 
(PEBP1), that switches the substrate specificity of 15LOX from free 
AA to AA-PE (3). While 15LOXes are widely represented in many 
eukaryotic cells (4–6), they were also found in prokaryotes, particu-

larly in several genera of bacteria (7, 8). Surprisingly, 15LOX was also 
detected in Pseudomonas aeruginosa (PA1169, hereafter referred to as 
pLoxA), an organism that lacks oxidizable PUFA-lipid substrates for 
15LOX (9, 10). Structural and computational studies established sig-
nificant differences between the mammalian 15LOXes and pLoxA, 
including a more spacious catalytic “lobby” readily accommodating 
a bulky PE in the latter (11, 12). Moreover, endogenous non-PUFA-PE 
was found to cocrystallize with the protein in spite of the fact that it is 
a very poor substrate for the enzyme (12).

In an attempt to resolve this conundrum, we suggested that, 
as a bacterial pathogen, P. aeruginosa can oxygenate AA-PE in 
host cells and induce “theft-ferroptosis” by hijacking the mam-
malian PUFA-PE and death program. Here, we discovered that a 
biofilm-producing mutant of P. aeruginosa is capable of inducing 
ferroptosis in human bronchial epithelial (HBE) cells via enhanced 
expression of pLoxA and oxidation of host cell AA-PE to 15-HOO-
AA-PE. Clinical P. aeruginosa isolates from persistent lower respi-
ratory infection patients caused pLoxA-dependent ferroptosis 
of HBE cells. By employing global redox phospholipidomics, we 
further detected elevated levels of 15-HOO-AA-PE in airway tis-
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triggering the ferroptotic cell death program (3), we asked whether 
P. aeruginosa can induce ferroptosis in host HBE cells. Like many 
Gram-negative bacteria, P. aeruginosa produces and releases into 
the environment membrane vesicles containing many intracellu-
lar proteins, including pLoxA (14, 15). These vesicles could be iso-
lated as supernatants after centrifugation of growing cultures. Giv-
en the high prevalence of inactivating mutations of the wspF gene 
in CF clinical isolates and its hyper-biofilm nature (16–18), we test-
ed supernatant from the ΔwspF mutant of P. aeruginosa grown in 
biofilm conditions as an inducer of ferroptosis in HBE target cells. 
Supernatants from the ΔwspF mutant were significantly more effi-
cient in inducing cell death preventable by a specific inhibitor of 
ferroptosis, ferrostatin-1, than WT supernatants (Figure 1A). Nota-

sues from patients with cystic fibrosis (CF) but not from patients 
with emphysema or CF without P. aeruginosa in airway cultures. 
Assuming that disruption of epithelial barrier and immune-regu-
latory functions are important for pathogenesis of P. aeruginosa–
associated respiratory diseases, we propose that pLoxA may rep-
resent a new therapeutic target.

Results
Biofilm-producing prokaryote P. aeruginosa utilizes pLoxA to induce 
ferroptotic death in HBE cells. Transition of P. aeruginosa from plank-
tonic to biofilm growth is associated with an increase in expression 
of its lipoxygenase (ploxA) gene (13). Given the recent discovery of 
the leading role of human lipoxygenases (15LOX1 and 15LOX2) in 

Figure 1. pLoxA is required for P. aeruginosa supernatant–induced ferroptosis. (A) HBE cells were treated with supernatants (10 μg each) from WT, 
ΔwspF, or pLoxA-deficient mutant loxA::Tn (PW3111) with or without ferrostatin-1 (FER, 0.2 μM). Cell death (20 hours) assessed by PI; mean ± SD, *P < 0.05 
vs. control (untreated HBE cells), #P < 0.05 vs. corresponding no FER treatment; n = 3. (B) ΔwspF supernatant alone or with z-VAD-fmk (20 μM), necro-
statin-1s (Nec-1s, 20 μM), bafilomycin-A1 (Baf-A1, 1 nM). FER, positive control; mean ± SD, *P < 0.05 vs. control (untreated), #P < 0.05 vs. ΔwspF only;  
n = 3. (C–K) Representative fixed biofilms on glass coverslips stained with anti-pLoxA antibodies (green) (D, G, and J) or analyzed by SEM (E, H, and K) (of 3 
performed). (L) Dioxygenase activity: WT, ΔwspF, or loxA::Tn supernatants were incubated with DOPC/AA (1:10) or DOPC/SAPE (1:1) liposomes (10 minutes, 
37°C). AA oxidation product 15-HpETE (left panel) or 15-HpETE-PE from AA-PE (right panel) assessed by LC-MS; normalized to bacteria (bac.)/ml of super-
natant; *P < 0.05 vs. loxA::Tn supernatant; n = 3. (M) Effect of 15LOX-specific inhibitors (PD146176 and ML351; 1.0 μM) on ΔwspF ferroptosis. RSL3 (200 
nM, left panel) was a positive control (both inhibitors were effective against host 15LOX); mean ± SD, #P < 0.05 vs. control (untreated), *P < 0.05 vs. RSL3 
or ΔwspF supernatant; n = 3. (N) Bacterial cell lysates (pLoxA-deficient or complemented, 100 μg each) were incubated with SAPE (100 μM, 30 minutes) 
and then added to RSL3-pretreated (20 nM) HBE cells with or without FER (0.2 μM). Mean ± SD,*P < 0.05 vs. RSL3, #P < 0.05 vs. no FER PW3111 Tn7-loxA; 
n = 3. (O) HBE cells were incubated with supernatant from MJK8 or its loxA-KO strain (MJK8ΔloxA) in the presence or absence of FER (0.2 μM). Mean ± SD, 
*P < 0.05 vs. control (untreated HBE cells), #P < 0.05 vs. no FER MJK8 supernatant; n = 3. One-way ANOVA for A, B, and L–O.

https://www.jci.org
https://www.jci.org
https://www.jci.org/128/10


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

4 6 4 1jci.org   Volume 128   Number 10   October 2018

induced cell death that was rescued by ferrostatin-1, while lysate 
from the pLoxA- deficient strain (loxA::Tn) did not induce ferro-
ptosis (Figure 1N and Supplemental Figure 2, G and H). Second 
we used a PAO1 isogenic strain, rugose small colony variant MJK8, 
and its loxA-deleted strain, MJK8ΔPA1169 (16) (herein referred to 
as MJK8ΔloxA). Supernatants from the MJK8 strain induced cell 
death prevented by ferrostatin-1, while the MJK8ΔloxA superna-
tant did not induce ferroptotic cell death of target HBE cells (Fig-
ure 1O and Supplemental Figure 2I).

pLoxA-generated 15-HOO-AA-PE act as pro-ferroptotic signals in 
HBE cells. To interrogate the role of lipid hydroperoxides as pro-fer-
roptotic signals, we employed a fluorogenic probe, Liperfluo, 
which, like GPX4, selectively reduces hydroperoxy lipids to respec-
tive alcohols to yield a fluorescent product (23, 24). Incubation with 
the ΔwspF mutant supernatant induced a time-dependent increase 
in the fluorescent signal in HBE cells, which was fully protected by 
ferrostatin-1 (Figure 2A). This response was similar to the one elic-
ited by the treatment of HBE cells with the GPX4 inhibitor RSL3 as 
a positive control (1). Notably, Liperfluo fluorescence originated in 
a single cell, and over time was spreading and detectable in clusters 
of many surrounding cells (i.e., in a non-cell-autonomous fashion) 
(Figure 2B). Assuming that Liperfluo fluorescence responses report 
the early generation and propagation of pro-ferroptotic LPO prod-
ucts, we monitored the dissemination of cell death using SYTOX 
green labeling of HBEs. Similar to previously reported results (25–
27), P. aeruginosa ΔwspF supernatant–induced cell death was also 
associated with the appearance of clusters of dying cells (Supple-
mental Figure 3). As expected, this clonal loss of plasma membrane 
integrity revealed by SYTOX green occurred at later time points 
than Liperfluo positivity of cells.

To determine the molecular identity of lipid oxidation prod-
ucts generated by P. aeruginosa ΔwspF supernatant in HBE cells, 
we performed quantitative phospholipidomics analysis (Figure 2, 
C–E). We established that PE contained 15 oxidized species (Fig-
ure 2D and Supplemental Table 1). Importantly, treatment of HBE 
cells with ferrostatin-1 selectively reduced the levels of 4 oxidized 
PE (PEox) species (Figure 2E) that we identified as PE contain-
ing either 15-HOO-AA-PE or 12-HOO-AA-PE in the sn-2 position 
(Supplemental Figures 4 and 5) and were previously reported as 
predictive biomarkers of RSL3-induced ferroptosis (1).

To further explore the role of phospho-LPO in P. aeruginosa–
induced death, we manipulated the content and molecular spe-
ciation of lipids in target cells. Our previous work showed that AA 
supplementation sensitizes cells to ferroptosis via increased syn-
thesis of AA-PE as a pro-ferroptotic oxidation substrate for 15LOX 
(1). Exogenous AA significantly enhanced ferroptosis induced by 
WT and ΔwspF supernatants but had no effect on pLoxA-deficient 
loxA::Tn (PW3111) supernatant (Figure 3A).

Additional testing was performed by genetic manipulations of 
PL biosynthetic (acyl-CoA synthetase long-chain family member 
4 [ACSL4]) or remodeling (lysophosphatidylcholine acyltrans-
ferase 3 [LPCAT3]) pathways. Knockdown (KD) in HBE cells of 
ACSL4, which catalyzes the formation of long-chain PUFA-CoA 
(AA-CoA) (28), completely prevented P. aeruginosa–induced fer-
roptosis (Figure 3B). Similarly, KD of LPCAT3, involved in reac-
ylation (Lands cycle) of lysophospholipids (29), also markedly 
suppressed ferroptosis in HBE cells (Figure 3B and Supplemen-

bly, the planktonic supernatants did not induce this type of cell 
death (Supplemental Figure 1A; supplemental material available 
online with this article; https://doi.org/10.1172/JCI99490DS1). 
By employing several commonly used inhibitors of alternative cell 
death programs — z-VAD-fmk (for apoptosis) (19), necrostatin-1s 
(for necroptosis) (20), and bafilomycin-A1 (for autophagic death) 
(21) — we investigated the nature of the death pathway triggered 
by the ΔwspF mutant (Figure 1B). In contrast to ferrostatin-1, none 
of the tested inhibitors revealed significant suppression of cell 
death induced by ΔwspF supernatant as evidenced by propidium 
iodide (PI), MTT, and PI/annexin V double staining assessments 
(Figure 1B and Supplemental Figure 1, B–D).

To test the involvement of pLoxA in ferroptotic death, we ana-
lyzed the level of the protein in lysates of WT, ΔwspF, and loxA::Tn 
(PW3111) P. aeruginosa. As expected, ΔwspF mutant contained 
markedly higher levels of pLoxA than the WT strain (Supplemen-
tal Figure 2A). Similarly, larger amounts of pLoxA were found in 
biofilms formed by the ΔwspF mutant than by the WT strain (Fig-
ure 1, C–K). No detectable signals were found in lysates of a pLoxA- 
deficient loxA::Tn (PA1169 transposon deletion mutant, PW3111) 
strain, which did not affect abiotic biofilm formation compared 
with the WT parent strain (13) (scanning electron microscopy 
[SEM] images, Figure 1, H and K, and Supplemental Figure 2B). 
To assess oxygenase enzymatic activity, we performed liquid chro-
matography–mass spectrometry–based (LC-MS–based) analysis 
of the products generated by WT, ΔwspF mutant, and loxA::Tn 
mutant (Figure 1L). We employed 2 substrates, free AA (Figure 1L, 
left panel, and Supplemental Figure 2C) and AA esterified into PE 
(AA-PE) (Figure 1L, right panel, and Supplemental Figure 2D), and 
determined that the oxygenation activity of the ΔwspF mutant was 
more than an order of magnitude greater than that of the loxA::Tn 
mutant. Given that the mutant devoid of pLoxA induced necro-
ptotic but not ferroptotic cell death (Figure 1A and Supplemental 
Figure 2E), we concluded that the presence of pLoxA is indispens-
able for generating pro-ferroptotic signals.

To examine whether exogenous pLoxA in P. aeruginosa super-
natants is the major contributor to ferroptosis in HBE cells, we 
studied the effects of 2 specific small molecule inhibitors of mam-
malian 15LOX, PD146176 and ML351 (19, 22). In agreement with 
previous reports (1), ferroptosis induced in HBE cells by an inhib-
itor of GPX4, RSL3, was markedly suppressed by both inhibitors 
(Figure 1M, left panel). In contrast, both mammalian 15LOX-spe-
cific inhibitors, which do not target pLoxA, were ineffective in pro-
tecting against P. aeruginosa–induced ferroptosis (Figure 1M, right 
panel). However, baicalein, a nonspecific lipoxygenase inhibitor, 
suppressed cell death induced by both RSL3 and P. aeruginosa 
(Supplemental Figure 2F).

To further scrutinize the role of pLoxA in ferroptosis, we 
used 2 genetic approaches. First, we generated a loxA::Tn com-
plemented strain (PW3111 Tn7::loxA) expressing pLoxA. Bacte-
rial cell lysates prepared from complemented PW3111 Tn7::loxA 
and pLoxA-deficient loxA::Tn (PW3111) strains grown in biofilm 
conditions were incubated with the pLoxA substrate stearoyl- 
arachidonoyl-PE (SA/AA-PE) to generate the pro-ferroptotic sig-
nal 15-HOO-SA/AA-PE. We added this reaction mixture to HBE 
cells pretreated with RSL3 in the presence or absence of ferro-
statin-1. Cell lysate from pLoxA expressing complemented strain 
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GPX4 can directly reduce hydroperoxy-PLs to non-pro-ferro-
ptotic hydroxy-PLs (24, 30, 31). Depletion of GPX4 — critical for the 
development of ferroptotic response — has been observed in a variety 
of cells treated with RSL3 (1, 31, 32). P. aeruginosa ΔwspF supernatant 

tal Figure 6A). Intriguingly, pLoxA-dependent biofilm formation 
(13) and epithelial cell death were interconnected, as inhibition of 
ferroptosis by ferrostatin-1 was accompanied by a 2-fold growth 
decrease in a biotic model (Figure 3C).

Figure 2. P. aeruginosa supernatants generate pro-ferroptotic hydroperoxy lipid signals in HBE cells. (A) Detection of lipid hydroperoxides by live cell 
fluorescence imaging of Liperfluo in HBE cells treated with RSL3 (200 nM) or ΔwspF supernatant for 4 hours. Top panel shows time course of changes in the 
fluorescence intensity from baseline. Bottom panel shows typical changes in fluorescence (of 4 performed) in one stage position (of 10) at 3 time points (0, 2, 
and 4 hours). Time control used as a negative control and RSL3 as a positive control for ferroptosis. For statistical analysis, each stage position was counted as 
one data entry. (B) Typical Liperfluo response (of 4 performed) to ΔwspF showing synchronized spreading of the oxidized lipid signal within cells. The seed point 
for the signaling is indicated by an arrow in the t = 0 image; the subsequent time course shows that the signals expanded in a clonal way to include multiple 
surrounding cells. (C) Typical mass spectrum of PE molecular species in lipid extracts from HBE cells (of 3 performed). (D) Volcano plots of ΔwspF biofilm super-
natant–induced changes in the levels of oxygenated PEs [log2 (fold change)] versus significance [–log10 (P value)] by t test in HBE cells in the absence (left panel) 
and presence (right panel) of ferrostatin-1 (0.2 μM). Yellow, red, blue, and black circles represent PE plus 1, 2, 3, and 4 oxygens, respectively. n = 3. (E) Quantitative 
assessments of 4 PEox species (previously identified as pro-ferroptotic signals) generated in HBE cells exposed to ΔwspF supernatants. *P < 0.05 vs. control, 
**P < 0.05 vs. ΔwspF (1-way ANOVA); n = 3.
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tion, proliferation, and contractility (4, 5). Mammalian and bac-
terial lipoxygenases show little sequence identity. Alignment of 
the pLoxA sequence against the structurally resolved mammalian 
sequences (15LOX1 human and 15LOX2 human) (Supplemen-
tal Figure 7A) yielded respective fractional sequence identities 
of 0.25 and 0.31 (note that 15LOX1 and 15LOX2 themselves also 
share only 36% sequence identity). Phylogenetic analysis of Pfam 
(33) family members revealed that bacterial LOXes diverged from 
those of animals and plants at approximately the same time as the 
animal and plant lipoxygenases diverged from each other (Figure 
4A, left panel). The bacterial LOXes, however, seem to be more 
similar to animal and plant lipoxygenases than to lipoxygenases 
from other eukaryotes (e.g., fungi), suggesting that there might 

induced substantial loss of GPX4 protein in HBE cells (Figure 3D), 
thus eliminating this anti-ferroptotic regulator. Due to the reduction 
of 15-HOO-AA-PE to 15-HO-AA-PE by endogenous GPX4 in HBE 
cells, recombinant pLoxA was unable to induce ferroptotic cell death 
(Supplemental Figure 6B), even though it generated 15-HOO-AA-
PE in a model system (Supplemental Figure 6C). However, inacti-
vation of GPX4 by RSL3 facilitated ferroptosis induced by WT but 
not pLoxA-deficient loxA::Tn supernatant in 15-HOO-AA-PE–sensi-
tized HBE cells, thus signifying the role of pLoxA (Figure 3E).

Computational analysis identifies evolutionarily conserved spe-
cific features of pLoxA required for AA-PE oxidation. Lipoxygenases 
are found in different domains of life, where their activities are 
associated with vitally important functions such as differentia-

Figure 3. P. aeruginosa–induced ferroptosis is affected by manipulations of PLs in HBE cells. (A) Exogenous AA enhances P. aeruginosa–induced fer-
roptosis. HBE cells were treated with WT, ΔwspF, or loxA::Tn supernatant (Sup.) alone or in combination with AA (2.5 μM) for 20 hours at 37°C. Cell death 
was estimated as mentioned above. Data are presented as mean ± SD, *P < 0.05 vs. control (untreated), #P < 0.05 vs. corresponding supernatant only, †P 
< 0.05 vs. corresponding AA treatment; n = 3. (B) HBE cells were transfected with scrambled siRNA (si-NC) or siRNA against ACSL4 or LPCAT3. Transfected 
cells were treated with ΔwspF supernatants with or without ferrostatin-1 (0.2 μM) for 20 hours at 37°C before estimating cell death. Data are presented 
as mean ± SD; *P < 0.05 vs. si-NC ΔwspF; n = 3. (C) Ferrostatin-1 inhibits P. aeruginosa–induced biofilm formation on HBE cells. Polarized HBE cells were 
incubated with ΔwspF P. aeruginosa (MOI of 25) for 1 hour. After washing unattached bacteria, HBE cells were cultured in the absence or presence of ferro-
statin-1 (0.2 and 1.0 μM) for 5 hours. Biofilms were removed and lysed with Triton X-100 (0.1%), and the number of bacteria in each sample was determined 
by CFU assay. Data are presented as mean ± SD, *P < 0.05 vs. ΔwspF with no FER; n = 3. (D) Treatment of HBE cells with ΔwspF supernatant decreases 
the content of GPX4. Cells were treated with ΔwspF supernatant and incubated for 20 hours at 37°C. Samples were collected and processed for Western 
blotting to determine the levels of GPX4. RSL3, a covalent GPX4 inhibitor, was used as a positive control. For quantification, the band intensity of GPX4 
protein was normalized to respective band intensity of actin. Inset: typical Western blot (of 3 performed). Data are presented as mean ± SD, *P < 0.05 vs. 
control (untreated) HBE cells; n = 3. (E) Exogenous 15-HOO-AA-PE elevated WT but not loxA-deficient loxA::Tn supernatant–induced cell death. HBE cells 
pretreated with RSL3 (20 nM for 4 hours) were incubated with PE-OOH alone or with supernatant from loxA::Tn or WT in the presence or absence of ferro-
statin-1 (0.2 μM). Data are presented as mean ± SD, *P < 0.05 vs. control (untreated) HBE cells, #P < 0.05 vs. FER; n = 3. One-way ANOVA.
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Figure 4. Evolutionary analysis and computational modeling of pLoxA sequence and structure. (A) Comparing sequences of LOX homologs. The 
panels show sequence identity matrices obtained from 218 LOX sequences from all domains of life. High sequence similarity is in red, intermediate 
in yellow/green, and low in blue. Matrix generated for the entire LOX sequence (left panel) shows blocks evident for plants, animals, and bacteria, 
indicating their divergence. Light blue shading between these blocks indicates a degree of sequence similarity higher than to the block of other 
eukaryotes at the bottom (dark blue off-diagonal). High conservation for the catalytic site is shown in the middle panel. Residues involved in 
substrate recognition (right panel) exhibit a moderate level of conservation and species-specific differentiation, evidenced by the blocks for plants, 
animals, and bacteria. (B) Conservation propensity of LOX. The ordinate displays the Shannon entropy, subtracted from maximum entropy, plotted 
as a function of residue index; the peaks represent the most conserved residues. Note that catalytic residues (labeled) are among them. Residues 
involved in ligand coordination are indicated by the black dots. (C) Structural comparison of pLoxA and mammalian LOXes — 15LOX1 and 15LOX2. 
The structures resolved for pLoxA (yellow ribbon), 15LOX1 (green), and 15LOX2 (blue) are superimposed and display the missing β-barrel of the 
bacterial pLoxA and its additional α-helical hairpin motif at the C-terminus. (D) Comparison of the global motions of pLoxA and 15LOX1 complexed 
with PEBP1. Displacements of residues along the global mode axis obtained from GNM analysis of pLoxA (left, top) and 15LOX1-PEBP1 complex 
(left, bottom) dividing the structure into 2 domains that exhibit anticorrelated motion (above and below the dashed line). Residues at the crossover 
region (hinge centers or anchors) are labeled. The anticorrelated groups of residues are shown in red or blue (right, top and bottom).
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have been a gene transfer event since the prokaryote/eukaryote 
split and the development of multicellular organisms (Figure 4A, 
left panel). This is further illustrated by the phylogenetic tree, 
which shows clustering of sequences from particular organisms. 
Bacteria are represented throughout the tree, although there is a 
main group that includes pLoxA (Supplemental Figure 7B). Align-
ment of the conserved structural core of pLoxA revealed 223 
bacterial sequences (of ~30,000 examined) sharing a sequence 

identity of 20% or more, and of these, 37 had greater than 55% 
sequence identity with pLoxA. Supplemental Figure 8 shows their 
pairwise sequence identities (Supplemental Figure 8A) and the 
corresponding phylogenetic tree (Supplemental Figure 8B). The 
tree reveals discrete clusters of pathogenic bacteria, including a 
large cluster that groups Pseudomonas (green) in close proximity 
to Burkholderia (blue), in accordance with a previous analysis (7). 
Further examination of the location of conserved residues on the 

Figure 5. Redox phospholipidomics reveals pro-ferroptotic oxygenated PE species in airway tissue samples from patients with CF. (A) Volcano plot of 
differences in the levels of PEox species in CF vs. non-CF patients — log2(fold difference) vs. significance [–log10 (P value)]. Airway tissues from patients 
with emphysema were used as controls. Yellow, red, blue, and black circles represent PEox species containing 1, 2, 3, and 4 oxygens, respectively. n = 10 (B) 
Quantitative assessments of PEox species. Non-CF samples (n = 10), CF samples with P. aeruginosa (PA; n = 6), CF samples with other bacterial pathogens 
(B. cenocepacia or A. xylosoxidans and M. abscessus, n = 4). (C–E) MS/MS-based identification of PEox molecular species in samples from patients with 
CF. Typical MS/MS spectra of PEox precursors with m/z 738.5 (PE16:0/20:4) (C) and 736.5 (PE16:1/20:4) (D) containing AA (C20:4 at m/z 303.2) at sn-2 
positions. MS/MS spectra of PEox with m/z 770.5 (PE16:0/20:4+2O) containing oxygenated AA (C20:4+2O at m/z 335.2) (E) formed from the PE species 
with m/z 738.5 plus 2 oxygens (of 3 performed). (F) Tobramycin-resistant P. aeruginosa clinical isolates (TRPA002–TRPA122) from patients with persistent 
lower respiratory infection induce ferroptosis. Biofilm supernatants from P. aeruginosa isolates incubated with HBE cells with or without ferrostatin-1 
(0.2 μM). Ferroptosis was calculated by subtracting from cell death induced by supernatants the cell death in the presence of ferrostatin-1. Ferroptotic 
activity of clinical isolates correlated significantly with pLoxA amounts (determined by Western blotting; n = 29) (G, left panel), displayed strong positive 
dependence on 15LOX activity (G, middle panel) (P ≤ 0.0036), and correlated negatively with the GSH level of HBE cells after treatment (G, right panel). (H) 
3D plot illustrating jointly predicted ferroptotic activity of 15LOX activity and GSH (n = 29). n is number of samples. One-way ANOVA.
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Figure 10A). Several oxygenated PE species were elevated in CF 
versus control samples (Figure 5A and Supplemental Table 2). We 
identified 3 PEox species whose levels were significantly higher 
in CF patients versus non-CF controls (Figure 5B). MS/MS frag-
mentation analysis identified PE(36:4) (Figure 5C) and PE(36:5) 
(Figure 5D) as precursors of the PE oxidation products (Figure 5E). 
These PEox species were also present in P. aeruginosa–treated HBE 
cells (Figure 2E) and have been reported as predictive pro-ferro-
ptotic biomarkers (1). Microbiological testing revealed that of 10 
CF samples, 6 were infected with P. aeruginosa (Supplemental 
Table 3). Remarkably, the content of these 3 PEox pro-ferroptotic 
signals was specifically elevated in P. aeruginosa–infected CF lung 
samples but not in the samples infected with other pathogens such 
as Burkholderia cenocepacia, Achromobacter xylosoxidans, or Myco-
bacterium abscessus (Figure 5B and Supplemental Table 3).

High prevalence of pLoxA in ferroptosis-inducing clinical isolates 
of P. aeruginosa from patients with persistent lower respiratory tract 
infection. P. aeruginosa is one of the leading opportunistic patho-
gens that causes health care–associated lower respiratory tract 
infections including ventilator-associated pneumonia (VAP) (41). 
Lower respiratory tract infections disproportionately affect the 
elderly, the immunocompromised, and critically ill patients. High 
mortality rates associated with infections of the lower respiratory 
tract are further enhanced by increasing numbers of multidrug and 
extensively drug-resistant strains of P. aeruginosa, which lead to 
treatment failures and persistence of infection (42, 43). To assess 
the significance of pLoxA in persistent lower respiratory tract 
infection, we examined the effectiveness of tobramycin-resistant 
P. aeruginosa respiratory isolates from 29 patients in an intensive 
care unit (ICU) to trigger ferroptosis in HBE cells (Figure 5F). We 
found that the ferroptotic cell death of P. aeruginosa clinical isolates 
correlated positively with the amounts of pLoxA (Figure 5G, left 
panel, and Supplemental Figure 10B) and pLoxA enzymatic activi-
ty, particularly 12,15LOX activity (Figure 5G, middle panel) and not 
significantly with 5LOX activity (Supplemental Figure 10C). These 
data are compatible with our findings that 12- and 15-HOO-AA-
PE dominate among the PE oxidation products generated by the 
ΔwspF mutant P. aeruginosa supernatants in HBE cells (Supplemen-
tal Figures 4 and 5). We also found a strong negative correlation 
between the amounts of glutathione (GSH) in HBE cells (incubated 
with clinical isolate supernatants for 20 hours) and percent of fer-
roptotic cell death induced by clinical isolates (P ≤ 0.0001) (Fig-
ure 5G, right panel). This is compatible with the important role of 
GSH as the source of reducing equivalents for the GPX4-catalyzed 
reaction of elimination of pro-ferroptotic 15-HOO-AA-PE (via their 
reduction to 15-HO-AA-PE). Further, assessment of pyocyanin in 
the isolates revealed no correlation between its content and the 
effectiveness in causing ferroptosis in HBE cells (Supplemental 
Figure 10D). Finally, we used the stepwise variable selection meth-
od to generate a multivariate model, and we found that the 15LOX 
activity of pLoxA and the amount of GSH in HBE cells jointly pre-
dicted ferroptotic cell death, with an R of 0.831 (Figure 5H).

Discussion
Execution of the ferroptotic death program has been demonstrat-
ed in multiple normal and cancerous mammalian cells and dif-
ferent tissues, where it has been implicated in the pathogenesis 

LOX structure confirmed the tendency of core residues, near the 
catalytic site, to be conserved, whereas peripheral regions, includ-
ing a helical hairpin that distinguishes P. aeruginosa from mamma-
lian 15LOX1 and 15LOX2, exhibited significant sequence dissimi-
larity (or specificity) (Supplemental Figure 8C).

Similar to other LOX enzymes, pLoxA employs non-heme- 
coordinated Fe for dioxygenase catalysis (12). Therefore, we 
assessed the level of conservation of LOX amino acids, with peaks 
indicating the most conserved residues (Figure 4B). As expected, 
the catalytic site residues (H377, H382, H555, and N559 in pLoxA) 
were noted among the peaks. Examination of their evolutionary 
patterns across species confirmed their high level of conservation 
(Figure 4A, middle panel), whereas residues involved in substrate 
recognition exhibited a moderate level of conservation, with spe-
cies-specific evolutionary trends (Figure 4A, right panel).

As an opportunistic bacterial pathogen, P. aeruginosa has 
acquired multiple adaptive genes favoring the highly adaptive phe-
notypes required to thrive and outcompete many other species in the 
highly proinflammatory environment of the host (34–36). Among 
them is expression of pLoxA that facilitates the transition from a 
planktonic to biofilm-forming state in the presence of the airway 
epithelium (13). Utilization of secreted pLoxA to execute theft-fer-
roptosis via generation of 15-HOO-AA-PE signals not only destroys 
the epithelial barrier but may also compromise immune-stimulat-
ing functions. To fulfill these important functions, P. aeruginosa has 
developed an enzyme with structural features distinct from mam-
malian (human) 15LOX1 (37) and 15LOX2 (38) (Figure 4C). pLoxA 
has 2 C-terminal α-helical hairpins, composed of helices α2a and 
α2b, which are absent in the mammalian 15LOXs. The C-terminal 
helical hairpin modifies the organization of a ligand-binding pock-
et near the catalytic site favoring the binding of bulky substrates 
such as AA-PE (12). On the other hand, it lacks the N-terminal 
β-barrel domain typical of mammalian and human 15LOXes (37). 
The remaining portions of the structure are closely superimposable 
between pLoxA and mammalian LOXes (Figure 4C). Dynamic 
motions of the 2 α-helices modify the organization of the catalyt-
ic site, favoring the binding of bulkier substrates, such as AA-PE, 
versus free AA in pLoxA (Supplemental Figure 9A). Gaussian net-
work model (GNM) analysis of pLoxA unveiled an additional reg-
ulatory mechanism whereby these helices act as a lid, regulating 
closed and opened states of the catalytic site for substrate binding 
(Figure 4D, upper panels; Supplemental Video 1). The mechanical 
role played by this extra lid is that it recruits the adjacent α2 helix of 
pLoxA to enable a local hinge bending mechanism, which in turn 
facilitates the binding of PE-esterified AA to a site (Supplemental 
Figure 9, A and B) in the vicinity of the catalytic site, just like PEBP1 
in the PEBP1-15LOX complex (Figure 4D, lower panels).

Redox phospholipidomics reveals elevated levels of 15-HOO-AA-
PE in airway tissues of P. aeruginosa–infected patients with CF. Chron-
ic biofilm-based infections of the airways with P. aeruginosa occur 
in 70%–80% of patients with CF, representing the leading cause of 
morbidity and mortality in these patients (39, 40). Assuming that 
there is a P. aeruginosa–associated pathogenic mechanism involv-
ing pLoxA as virulence factor that induces ferroptotic cell death by 
regulating host-pathogen interactions at the airway mucosal sur-
face, we performed quantitative redox phospholipidomics studies 
of airway samples from CF and non-CF patients (Supplemental 
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15LOX2 + PEBP1 to trigger ferroptosis in GPX4-deficient target 
cells (3). Combined, these results provide evidence for the impor-
tance of 15LOX-driven PE oxidation as a pro-ferroptotic mecha-
nism. We demonstrate that pLoxA can selectively and specifically 
oxidize membrane PLs, particularly AA-PE, of host epithelial cells 
and produce 15-HOO-AA-PE acting as pro-ferroptotic signals that, 
in the absence of GPX4 activity, cause ferroptosis. We demonstrate 
that pLoxA can selectively and specifically oxidize membrane PLs, 
particularly AA-PE, of host epithelial cells and produce 15-HOO-
AA-PE acting as pro-ferroptotic signals. We also show that expres-
sion of pLoxA and pro-ferroptotic activity are associated with the 
pro-biofilm growth conditions of P. aeruginosa, the major pathogen 
in CF. It is plausible to envisage the secretion of pLoxA in vesicles 
as a pathogenic strategy adopted by P. aeruginosa to deliver pLoxA 
into host cells (15). Once inside, it initiates lipid oxidation and gen-
eration of pro-ferroptotic PL hydroperoxide signals. It is also pos-
sible that accessible AA-PE of ferroptotically dying cells may be 
utilized by secreted pLoxA as the substrate for the production of 
the pro-ferroptotic signals. Therefore, once formed, the signals can 
propagate from cell to cell in a non-cell-autonomous fashion.

In the lung of CF patients, once P. aeruginosa biofilm–based 
chronic infection is established, it is virtually impossible to eradi-
cate, and the infection is associated with increased mortality and 
morbidity (60). Similarly, in P. aeruginosa nosocomial infections, a 
current worldwide health care issue (42), the bacteria can grow as 
biofilms on abiotic and biotic surfaces, resist antibiotic treatments, 
and favor emergence of multidrug-resistant strains. Here we show 
that the role of pLoxA in the pathogenesis of P. aeruginosa during 
more persistent biofilm growth is critical. pLoxA-driven oxidation 
of accessible AA-PE (inside or outside injured target cells) yielding 
15-HOO-AA-PEs as cell death signals propagates in a non-cell-au-
tonomous fashion, spreading among the neighboring cells and 
allowing for enhanced lung colonization. It is possible that (i) 
this phenomenon of P. aeruginosa–induced synchronized death 
of host epithelial cells may produce essential building blocks for 
the biofilm formation, hence enhanced colonization by the patho-
gen; and (ii) clusters of dying epithelial cells may impair its barrier 
functions, thus causing increased vulnerability of host tissues to 
other injurious factors (e.g., in CF, sepsis). Collectively, the clin-
ical data from CF patients and P. aeruginosa ICU respiratory iso-
lates strongly suggest ferroptosis as a vital feature of P. aerugino-
sa pathogenesis and that pLoxA is indispensable for this process. 
Based on these findings, we propose that the development of new 
specific small molecule pLoxA inhibitors may lead to novel ther-
apies against CF and persistent lower respiratory tract infections. 
This is particularly important as we demonstrated the inefficien-
cy of selective mammalian 15LOX inhibitors in protecting against  
P. aeruginosa–induced ferroptosis.

Methods
Reagents. MEM (Thermo Fisher Scientific, 11095-080), FCS (Gibco, 
10437-028), Lysogeny broth (LB) (Sigma-Aldrich, L3152), z-VAD-
fmk (Millipore, 627610), necrostatin-1s (BioVision, 2263), bafilo-
mycin-A1 (Sigma-Aldrich, B1793), RSL3 (Selleck Chemicals, S8155), 
ferrostatin-1 (Sigma-Aldrich, SML0583), PD146176 and ML351 (Cay-
man Chemical, 4079-26-9 and 847163-28-4), 1-stearoyl-2-arachido-
noyl-sn-glycero-3-phosphoethanolamine (SAPE) (Avanti Polar Lipids, 

of chronic and acute diseases such ischemia-reperfusion of liver 
(44), acute kidney injury (45), and Parkinson’s disease (46). Ferro-
ptosis has been also documented in plants (47). Here we report, for 
the first time to our knowledge, that ferroptotic death can be initi-
ated by a common Gram-negative bacterial pathogen, P. aerugino-
sa, that expresses and uses pLoxA to damage bronchial epithelial 
cells. The detection of pLoxA in P. aeruginosa in the early 2000s 
created an apparent paradox: this organism does not contain 
PUFA lipids, the substrates of pLoxA-catalyzed reactions. Overall, 
with the exception of several representatives of marine bacteria, 
mostly from Shewanella species (48), prokaryotic bacteria do not 
synthesize and usually do not contain PUFA lipids (8, 48). This in 
turn explains the lack of bacterial PUFA-metabolizing enzymes 
and respective genes in their genomes (8). Intriguingly, some bac-
teria, including P. aeruginosa, contain several genes/enzymes of 
PUFA metabolism (34, 49). These include enzymes of PUFA oxy-
genation and their subsequent strictly regulated conversion into 
different biologically active metabolites (34).

From phylogenetic studies of bacterial lipoxygenases, it can 
be assumed that P. aeruginosa was naturally selected to acquire 
lipoxygenase (pLoxA) because it successfully assists in the organ-
ism’s metabolic diversity (adapted to grow in partial or total lack 
of oxygen) (50) and ubiquitous presence (soil, water, all human-
made environments, plants, animals, and humans) (51, 52). This 
interpretation is compatible with the demonstrated enhanced 
expression and secretion of pLoxA during biofilm growth of the 
pathogen (13). This facilitates the pLoxA’s theft-ferroptotic mech-
anism as a virulence factor rather than membrane-stabilizing 
enzyme (7, 8). Transition to biofilm growth enables traits of mul-
ticellular lifestyle and “group behavior,” which allow P. aeruginosa 
to thrive in a hyperinflammatory CF environment, resist antibiotic 
treatments, and evade both arms of host immune response (40, 
53). The switch from planktonic to biofilm growth is accompanied 
by multiple but critical changes, such as development of a mucoid 
phenotype (54), auxotrophy (55), adapted metabolism, reduction 
of acute virulence factors and expression of new ones (39, 56), 
high mutation rate (57), and antibiotic resistance (53, 58, 59).

While pLoxA retains the major organizational principles essen-
tial for non-heme Fe catalysis of dioxygenation of PUFA lipids pres-
ent in many mammalian and human 15LOXes, it also acquired sev-
eral specific features unique for P. aeruginosa’s role as a bacterial 
pathogen (11, 12). pLoxA lacks the β-barrel, which is typical of mam-
malian 15LOXes. The β-barrel is substituted in pLoxA by PEBP1 
α-helices forming a lid, which presumably participates in substrate 
binding to the catalytic site via regulatory open and closed states 
of the protein. This function of the lid helices may be akin to the 
proposed role of a separate regulatory protein, PEBP1 (3), in human 
15LOXs. This helical hairpin region exhibits low sequence identity 
among bacterial LOXes, suggesting that the observed pathogenic 
(or pro-ferroptotic) behavior may be specific to P. aeruginosa. Con-
sistent with this, our LC-MS analysis of clinical samples revealed 
elevated levels of pro-ferroptotic 15-HOO-AA-PE products in CF 
patients infected with P. aeruginosa but not with other pathogens 
having sequences similar to pLoxA in their genomes.

The ability of P. aeruginosa pLoxA to act as a generator of sig-
nals for programmed death to host lung epithelial cells is in line 
with our previous data on the capacity of exogenous mammalian 
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Abiotic biofilm and supernatant collection. P. aeruginosa strains 
including the tobramycin-resistant clinical isolates were grown over-
night in LB at 37°C, 220 rpm. These overnight cultures were diluted in 
MEM medium (without phenol red) to an OD600 of 0.05 and plated in 
96-well vinyl microtiter plates (100 μl per well) (Costar). Bacteria were 
grown for 24 hours at 37°C without agitation, and the supernatant was 
collected by centrifugation at 3,000 g for 8 minutes and then frozen 
before further use in cell death and activity assays. For pLoxA activity 
assays and treatment of HBE cells, frozen supernatants were thawed 
and centrifuged at 3,000 g for 8 minutes, and protein concentration 
was estimated by the BCA protein assay (Thermo Fisher Scientific). 
Supernatants were added to HBE cells containing fresh MEM medium 
and incubated for 20 hours followed by cell death assays. We believe 
this freeze-thaw step was sufficient to prevent survival of any bacte-
ria in the supernatants (Supplemental Figure 11). In all experiments, 
control was untreated HBE cells containing media only. Overnight 
cultures of MJK8 and MJK8ΔloxA were resuspended vigorously before 
measuring the OD600. CFU assay was performed to determine the 
number of bacteria/ml in the supernatants of the P. aeruginosa WT, 
ΔwspF, and loxA::Tn strains. For this, the supernatants were serial-
ly diluted in MEM medium (without phenol red), plated on LB agar 
plates, and incubated overnight at 37°C. For biofilm quantification, 
after the removal of supernatant, biofilms were washed using deion-
ized water to remove nonadherent bacteria and stained with crystal 
violet (41%) for 15 minutes at room temperature (RT). Samples were 
washed (3 times), and biofilms were resuspended in 30% acetic acid 
and quantified at OD550 as previously reported (64).

For pLoxA imaging, biofilms were grown on glass coverslips by 
placing the coverslip vertically in 12-well plates containing WT, ΔwspF, 
or loxA::Tn biofilm cultures. After incubation (37°C for 24 hours), the 
coverslips were washed with water (2 times), fixed with paraformalde-
hyde (2%) or glutaraldehyde (2.5%) for 30 minutes, and then used for 
pLoxA staining or for SEM imaging.

Biotic biofilm assay. HBEs were enzymatically dissociated, 
expanded in growth media, seeded onto Transwell inserts, and grown 
at the air-liquid interface for 7–10 days. Cultures were used when 
well polarized and differentiated (65). Biotic biofilm assays were 
performed as follows: Overnight culture of the ΔwspF mutant strain 
P. aeruginosa was rinsed once and added to the apical surface of the 
epithelial cells in 500 μl MEM with 0.4% glutamine at an MOI of 25. 
After the 60-minute bacterial attachment period, developing biofilms 
were treated with vehicle or ferrostatin-1 (0.2 and 1.0 μM) for the sub-
sequent 5 hours. At the end of this period, biofilms were removed with 
0.1% Triton X-100, and live bacteria were plated in a CFU assay.

KD of ACSL4 and LPCAT3. HBE cells were transfected with a 
mix of 2 Dicer substrate siRNAs (DsiRNAs) against ACSL4 (mm.
Ri.Acsl4.13. and mm.Ri.Acsl4.13.2) or ON-TARGET plus SMART pool 
LPCAT3 siRNA (L-010273-01-0005, Dharmacon) or with negative 
control DsiRNA (51-01-14-04, Integrated DNA Technologies) using 
Lipofectamine 3000 (Life Technologies) according to the manufac-
turer’s instructions. Efficiency of KD was determined by Western blot-
ting using antibodies against ACSL4 (1:1,000) and LPCAT3 (1:500).

Live cell imaging. To visualize intracellular lipid peroxidation, 
HBE cells were seeded in glass-bottom (35-mm) tissue culture dishes 
(MatTek Corp.), and after 48 hours, cells were prestained with Liper-
fluo (Dojindo Molecular Technologies Inc., 10 μM) for 30 minutes, 
washed, and then treated with supernatant collected under biofilm 

850804), BSA (Sigma-Aldrich), Pierce 660nm Protein Assay (Thermo 
Fisher Scientific, 22660), Pierce BCA Protein Assay Kit (Thermo Fish-
er Scientific, 23225), MTT (Thermo Fisher Scientific, M6494), arab-
inose (Sigma-Aldrich, A3256), deoxycholic acid (Thermo Fisher Sci-
entific, BP349), anti-GPX4 (rabbit monoclonal, Abcam, ab125066), 
anti-ACSL4 (F-4) (mouse monoclonal, sc-365230) and anti-LPCAT3 
(goat polyclonal, sc-161831, Santa Cruz Biotechnology Inc.), anti-actin 
(mouse monoclonal, Sigma-Aldrich, A3854, clone AC-15), anti–Pseu-
domonas aeruginosa PA-I galactophilic lectin ployclonal antibody (rab-
bit ployclonal, MyBioSource, MBS1495605); secondary antibodies, 
rabbit anti-mouse (A9044), goat anti-rabbit (A0545), and rabbit anti-
goat (A5420), were from Sigma-Aldrich.

Cell culture. HBE cells (a human bronchial epithelial cell line orig-
inally established by Dieter Gruenert) (61) were cultured in MEM 
(Thermo Fisher Scientific) supplemented with 10% FCS (Gibco), 50 
U/ml penicillin-streptomycin (Thermo Fisher Scientific), plasmocin 
(InvivoGen), and l-glutamine (Thermo Fisher Scientific). HBE cells 
until passage 50 were used for experiments.

Bacterial strains. P. aeruginosa WT (MPAO1), loxA::Tn (PA1169 
transposon deletion mutant) (PW3111), and hyper-biofilm mutant 
(ΔwspF) strains were obtained from the P. aeruginosa transposon 
mutant library, University of Washington (Seattle, Washington, USA) 
(62). PAO1 isogenic strain, rugose small colony variant MJK8, and its 
loxA-deleted strain MJK8ΔPA1169 (herein referred to as MJK8ΔloxA) 
were generated as previously described (16).

P. aeruginosa ICU respiratory isolates. Tobramycin-resistant  
P. aeruginosa respiratory isolates from ICUs were identified at the clin-
ical microbiology laboratory of University of Pittsburgh Medical Cen-
ter (IRB no. PRO12060302) and designated TRPA002–TRPA122. For 
confirmation, the isolates were reidentified as P. aeruginosa using a 
commercial biochemical panel (API 20NE system, bioMérieux).

loxA::Tn complementation. PW3111 (MPAO1 loxA::Tn) was com-
plemented with an arabinose-inducible promoter at the chromosomal 
attTn7 site as previously described using pUC18-miniTn7T-Gm-GW 
(63). From genomic MPAO1 DNA, PA119 was amplified using prim-
ers attB5-RBS-loxA-F and attB2-loxAdown-R (Supplemental Table 4), 
which included the entire loxA coding region and introduced a synthetic 
ribosomal binding site. The loxA amplicon was gel purified and recom-
bined into pDONR221P5P2 (Supplemental Table 4) using BP Clonase II 
(Invitrogen). The resulting entry vector, pENTR221L5L2::RBS-PA1169, 
was transformed into E. coli DH5α, and insertions were checked by PCR 
and Sanger sequencing (Eurofins) using primers M13F(-21) and M13R. 
We used MultiSite Gateway Technology (Invitrogen) to recombine pEN-
TR221L1L5r::araC-PBAD (the plasmid pENTR221L1L5r::araC-PBAD was a 
gift from Joe Harrison, Department of Biological Sciences, University of 
Calgary, Calgary, Alberta, Canada) and pENTR221L5L2::RBS-PA1169 
with pUC18miniTn7T-Gm-GW, generating the complementation vec-
tor pUC18miniTn7T::PBAD-PA1169. The complementation vector was 
transformed into E. coli DH5α, and plasmids from transformants were 
sequenced using primers pBAD-F and pUC18BackboneR01. To com-
plement PW3111, we electroporated pUC18miniTn7T::PBAD-PA1169 
and pTNS3 into PW3111. Transformants were selected on LB with 30 
μg/ml gentamicin, and colony PCR was performed using primers PTn7R 
and PglmSdown as previously described (63) to identify an insertion at the 
attTn7 site on the chromosome (Supplemental Table 4). All the E. coli 
strains, plasmids, and primers used for complementation studies are 
shown in Supplemental Table 4.
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overnight along with WT, ΔwspF, or loxA::Tn supernatants containing 
10 μg protein, before estimating the cell death by flow cytometry.

Cell death assay. PI (Life Technology) staining was used to mea-
sure cell death using flow cytometry as described previously (1). Brief-
ly, HBE cells were plated in 24-well plates (12,000–15,000 cells/well). 
After 48 hours, cells in fresh media were incubated with P. aeruginosa  
supernatants containing 10 μg protein alone or with the indicated 
treatments for 20 hours. Cells were trypsinized, centrifuged at 700 g 
for 6 minutes, resuspended in PBS containing PI for 5 minutes on ice, 
and then monitored by flow cytometry. The gate settings were chosen 
at 5% or less PI-positive cells for control samples. Annexin V–FITC 
(BioVision) staining and MTT (Invitrogen) cell viability assay were 
used as described previously (1). Cell death was calculated as per the 
manufacturer’s instructions.

For ACSL4- and LPCAT3-KD samples, 12 hours after transfec-
tion, cells were seeded in 24-well plates (15,000 per well) and in a 
6-cm tissue culture dish. After 36 hours, cells were treated with ΔwspF 
supernatant for 20 hours, and cell death was analyzed by flow cytom-
etry after staining with PI. Samples from the 6-cm dish were used for 
Western blotting.

Cell death induced by genetically manipulated pLoxA. Overnight 
culture of pLoxA-deficient (loxA::Tn [PW3111]) and complemented 
(PW3111 Tn7::loxA) strains were reinoculated at an OD600 of 0.05 and 
grown in biofilm conditions in the presence of 0.1% arabinose for 24 
hours. Cultures were centrifuged, and the pellet was washed with PBS, 
then resuspended in PBS containing protease inhibitors. Cells were 
lysed by the freeze-thaw method as mentioned above. Cell superna-
tants were collected after centrifugation (10 minutes, 13,400 g), and 
the protein amount was estimated by BCA protein assay (Thermo 
Fisher Scientific, 23225). An equal amount of protein (100 μg) was 
incubated with SAPE (100 μM) in 150 mM borate buffer (pH 9.0) con-
taining 0.02% deoxycholate for 30 minutes at RT under a constant 
supply of oxygen. The reaction mix was added to RSL3-pretreated (20 
nM) HBE cells (4 hours) with or without ferrostatin-1 and incubated 
for 2 hours in the absence of serum. Then serum was added back to the 
final concentration of 10%, and the cells were incubated for 20 hours 
before cell death measurements.

Ferroptosis induced by exogenous 15-HOO-AA-PE. HBE cells were 
pretreated with RSL3 (20 nM) for 4 hours and then incubated with 
15-HOO-AA-PE (0.75 μM) for 2 hours in the absence of serum. After 
adding back serum (10% final concentration), 15-HOO-AA-PE–sensi-
tized cells were then treated with equal amounts of supernatant (5 μg) 
from either the loxA::Tn or WT strain in the presence or absence of 
ferrostatin-1 and incubated overnight before cell death assays.

GSH measurements. After incubations, cells were suspended in 80 
μl PBS, freeze-thawed at –80°C, and mildly sonicated on ice. For GSH 
analysis (run in triplicate) 15 μl sample was incubated in PBS with 10 
mM Thiol Fluorescent Probe IV (Millipore) for 15 minutes. Then flu-
orescence was measured with a Cytation 5 imaging reader (BioTek) 
by using an excitation wavelength of 400 nm and an emission wave-
length of 465 nm. Protein concentration was measured by Bradford 
Protein Assay (Bio-Rad).

Assessment of pyocyanin. UV-visible spectroscopy of chloroform 
extracts from clinical isolates was performed in the range of 300–800 
nm. The total concentration of pyocyanin was determined in chloro-
form extracts dried and re-dissolved in methanol by absorbance at 
690 nm using a molar extinction coefficient of 5,816 (66).

growth conditions from the ΔwspF strain or with RSL3 (200 nM). 
The dish was inserted into a closed, thermo-controlled (37°C) stage 
top incubator (Tokai Hit Co.) atop the motorized stage of an inverted 
Nikon TiE fluorescent microscope equipped with a 60× oil immersion 
optic (Nikon, CFI Plan Fluor, NA 1.43) and NIS Elements Software. 
Liperfluo was excited using a diode-pumped light engine (SPECTRA 
X, Lumencor) and detected using an ORCA-Flash 4.0 sCMOS camera 
(Hamamatsu) and excitation and emission filters from Chroma. Data 
were collected every 5 minutes for 4 hours, on approximately 10–20 
cells per stage position, with 10–15 stage positions in each of 4 separate 
experiments per condition. Data were analyzed using NIS Elements 
(Nikon). Fluorescence of the region of the image without cells was 
used for background subtraction.

To monitor cell death, HBE cells were seeded in glass-bottom par-
titioned (35 mm) cell culture dishes (Greiner Bio-One), and after 48 
hours, cells were treated with ΔwspF supernatant in the presence of 
SYTOX green and examined for 48 hours by live cell imaging. Data were 
collected every 30 minutes for 48 hours and analyzed by NIS Elements.

Western blotting. Total cell lysates were prepared after washing 
cells with PBS and then adding cell lysis buffer (25 mM Tris-HCl, pH 
7.5, 150 mM NaCl, and 1% SDS) or RIPA buffer (Thermo Fisher Scien-
tific) containing freshly added protease-phosphatase cocktail inhibi-
tor mix (Thermo Fisher Scientific). Samples were boiled at 95°C for 10 
minutes and sonicated to break down DNA. Total protein was estimat-
ed by BCA protein assay kit (Pierce, 23225) and diluted with 2× or 4× 
Laemmli buffer before loading in Tris-glycine gradient gels (8%–16%, 
Life Technologies). Proteins were transferred to a PVDF membrane 
(Bio-Rad), blocked with milk (5%) in PBST (0.1% Tween) for 1 hour, 
incubated with primary antibodies (1% BSA in PBST) overnight at RT, 
washed 3 times, and incubated with secondary antibody (1 hour) in 
blocking solution before developing with SuperSignal West Pico Che-
miluminescent Substrate (Thermo Fisher Scientific).

For analysis of GPX4, HBE cells (80,000 cells per well) were seeded 
in 6-well plates, and samples were collected after 20 hours of treatment. 
Quantification of the bands was performed using NIH ImageJ software.

For pLoxA Western blotting, P. aeruginosa (WT, ΔwspF, loxA::Tn), 
MJK8 (WT and MJK8ΔloxA), and the clinical isolates were grown in 
biofilm conditions in 3 ml MEM media or LB media for 24 hours. After 
centrifugation, pellet was washed with PBS and then resuspended in 
RIPA lysis buffer or in Laemmli buffer (2×). Cells were lysed by freeze-
thaw (3 cycles) and sonication (3 times, 10 seconds on, 10 seconds off). 
Supernatants were collected after centrifugation (10 minutes, 13,400 g), 
and the amount of protein was estimated as mentioned above. Samples 
in Laemmli buffer were boiled (10 minutes) and sonicated, and protein 
was estimated using Pierce 660nm Protein Assay. Equal amount of pro-
tein was loaded in Tris-glycine gradient gels and transferred to PVDF or 
nitrocellulose membranes (Bio-Rad), blocked with BSA (2.5%) in PBST 
2 hours, and incubated with anti-pLoxA antibody (1:1,000) (in 1% BSA 
in PBST) overnight at RT. Blots were washed (3 times) and incubated for 
1 hour with secondary antibody (1:2,000) in milk (5%) before develop-
ing. Bands were quantified by ImageJ software, and recombinant pLoxA 
included in the gels was used to generate a standard curve and deter-
mine the amount of pLoxA in clinical isolates.

AA supplementation. AA (Sigma-Aldrich, A0281) was added to 
HBE cells as reported previously (1). Briefly, suspension of AA was 
incubated with fatty acid–free BSA (5%) to form a complex of AA with 
BSA. This soluble complex was added to and incubated with HBE cells 
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supernatants (WT, ΔwspF, and loxA::Tn) was assessed by formation 
of primary products of AA oxidation — 15-HpETE or PE (C18:0/15-
HpETE) — that were detected by reverse-phase LC-MS. Briefly, 
supernatants were incubated with liposomes (DOPC/AA or DOPC/
SAPE) in the presence of 0.5 μM 15-HpETE, 100 μM DTPA in 20 
mM HEPES pH 7.4 at 37°C for 10 minutes. To prevent conversion 
of 15-HpETE to secondary products during incubation, HEPES 
buffer included 100 μM DTPA (for transition metal chelation) that 
had been saturated with oxygen (before addition of supernatants or 
pLoxA). For oxidation of AA-PE with purified recombinant pLoxA, 
400 nM enzyme was incubated with DOPC/SAPE (1:1) liposomes 
along with 0.5 μM 15-HpETE, 100 μM DTPA in 20 mM HEPES pH 
7.4 at 37°C for 10 minutes. At the end of incubation, AA and PE as 
well as their oxygenated products were extracted by the Folch (75) 
procedure and analyzed by LC-MS.

Determination of pLoxA activity in P. aeruginosa clinical isolates. 
Clinical isolates (50 μl) were mixed in a 1:1 ratio with 20 mM HEPES 
buffer, pH 7.4, containing 100 μM DTPA, 10 μM AA (arachidonic 
acid), and 0.5 μM 15-HOO-AA-PE and incubated at 37°C during 10 
minutes. At the end of incubation, AA and its oxygenated products 
were extracted by Folch procedure (75) and analyzed by LC-MS. The 
data were normalized to the amount of protein and presented as 
AAoxidation (pmol/min/μg of protein).

Redox phospholipidomics. MS of PLs was performed on an Orbitrap 
Fusion Lumos mass spectrometer (Thermo Fisher Scientific). PLs 
were separated on a normal phase column (Luna 3 μm Silica [2] 100 Å, 
150 × 2.0 mm; Phenomenex) at a flow rate of 0.2 ml/min on a Dionex 
UltiMate 3000 HPLC system at 35°C. Gradient solvents A (propa-
nol/hexane/water, 285:215:5, v/v/v) and B (propanol/hexane/water, 
285:215:40, v/v/v) containing 10 mM ammonium acetate were used. 
The column was eluted for 0–23 minutes with a linear gradient from 
10% to 32% B; 23–32 minutes from 32% to 65% B; 32–35 minutes from 
65% to 100% B; 35–62 minutes held at 100% B; 62–64 minutes from 
100% to 10% B, followed by and equilibration from 64–80 minutes at 
10% B. The instrument was operated with ESI probe in negative mode. 
Analysis of data was performed using the software package Com-
pound Discoverer (Thermo Fisher Scientific) with an in-house-gener-
ated analysis workflow and oxidized PL database. Lipids were filtered 
by retention time and confirmed by fragmentation analysis.

Analysis of AA and its oxidation products. AA and AAox were 
analyzed by LC-MS using Dionex UltiMate TM 3000 HPLC sys-
tem coupled on-line to a Q-Exactive Hybrid Quadrupole-Orbitrap 
mass spectrometer (Thermo Fisher Scientific) using a C18 column 
(Acclaim PepMap RSLC, 0.3 mm × 15 cm, Thermo Fisher Scien-
tific). Gradient solvents A (20% methanol/80% water, v/v) and B 
(90% methanol/10% water, v/v) with 5 mM ammonium acetate 
were used. The column was eluted at a flow rate of 12 μl/min using 
a linear gradient from 30% to 95% solvent B over 70 minutes, held 
at 95% B from 70 to 80 minutes, followed by a return to initial con-
ditions by 83 minutes and re-equilibration for an additional 7 min-
utes. Spectra were acquired in negative mode with the scan range 
of 150–600 m/z, maximum injection time 100 ms, and resolution 
of 1,400,000. An isolation window of 1.0 Da was set for the MS 
and MS2 scans with an inclusion list of AA oxygenated products. 
Capillary spray voltage was set at 2.6 kV, and capillary temperature 
was 250°C. The S-lens RF level was set to 60. Analytical data were 
acquired and analyzed using Xcalibur software.

AA and AA-PE docking to pLoXA. Ligand docking was performed 
using the SMINA package (67), which is customized to better support 
scoring function and high-performance energy minimization. The 
structure used for pLoxA was 4G32 (12). Five runs each for AA and 
AA-PE were performed, and the top binding pose (lowest energy) was 
considered for statistical purposes.

Sequence alignment, generation of sequence similarity map, and phy-
logenetic tree construction. A multiple sequence alignment (MSA) of lip-
oxygenase domains was downloaded from the Pfam protein families 
database (33) and analyzed using ProDy (68). The MSA was refined by 
removal of poorly aligned and highly similar sequences, resulting in a 
final alignment of 218 sequences that was more amenable to further 
analysis. This was followed by alignment and sorting of the sequenc-
es with MUSCLE (69, 70) and manual curation using UniPro UGENE 
(71). The resulting alignment was then fed back into ProDy for addi-
tional analysis, including production of the sequence identity matrix 
shown in Figure 4A.

GNM and anisotropic network model analyses for protein dynamics. 
Anisotropic network model (ANM) (72) and GNM (73) analysis was 
done using the ProDY API. Identification of relative modes of motion 
along the principal mode was done using GNM. In this model, the pos-
itive (red) and negative (blue) regions indicate the structural regions 
that are subject to correlated (positive) or anticorrelated (negative) 
motions. The theory of GNM and ANM can be found in ref. 71 and ref. 
72, respectively. The movie was generated using the ANM implement-
ed in the DynOmics server (74). Structural visualization and analysis 
were performed using ProDy.

Expression and purification of pLoxA. pLoxA with a His6 tag was puri-
fied using NTA-Ni affinity chromatography, as described previously (3, 
13). Briefly, pet151/His6-pLoxA plasmid containing E. coli BL21 (DE3) 
was grown to an OD600 of 0.6 at 37°C and induced by incubating the 
culture at low temperature (20°C) overnight. Pellet was collected by 
centrifugation (5,000 g, 10 minutes), resuspended in buffer A (25 mM 
HEPES [pH 7.5], 150 mM NaCl), and sonicated to lyse the cells. Lysate 
was centrifuged at 40,000 g for 25 minutes, and supernatant was load-
ed onto an NTA-Ni affinity column and washed with lysis buffer, and the 
protein was eluted with a gradient of 0 to 500 mM imidazole in buffer A. 
Fractions containing pLoxA were pooled together and preserved in 10% 
(v/v) glycerol and stored at –80°C for further use.

pLoxA antibody purification. pLoxA antibody against recombi-
nant purified pLoxA was raised and purified from rabbit whole blood 
by Pocono Rabbit Farm and Laboratory as described previously (13). 
Briefly, recombinant pLoxA (3 ml of 2 mg/ml) was immobilized using 
Pierce AminoLink immobilization kit following the manufacturer’s rec-
ommendations. After loading 4 ml rabbit serum, column was washed 
with PBS (7 ml), 1 M NaCl (1 ml), and PBS (7 ml) and finally eluted with 
glycine (6 ml). Fractions with more than 0.05 mg/ml of protein were 
pooled and stored at –80°C in the presence of 10% glycerol.

Liposome preparation. Liposomes of 1,2-dioleoyl-PC (DOPC)/
SAPE (1:1) or DOPC/AA (1:10) were prepared using a sonication 
method. Briefly, DOPC and SAPE (Avanti Polar Lipids Inc.) lipids were 
dried under nitrogen and resuspended in PBS (pH 7.4) prepared fresh 
under oxygen flow. Lipids were vortexed and then sonicated using 
Torbeo ultra cell disruptor (36180 series; Cole Parmer) with maximum 
power for 10 minutes on ice.

Oxidation of AA and AA-PE by P. aeruginosa supernatant or 
pLoxA in a model system. Lipoxygenase activity of the P. aeruginosa 
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ic cell death: pLoxA amount, pLoxA activities (15LOX activity and 
5LOX activity), amount of pyocyanin in P. aeruginosa supernatants, 
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