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Lung ischemia-reperfusion injury (IRI) stands as the primary culprit behind primary graft dysfunction
(PGD) after lung transplantation, yet viable therapeutic options are lacking. In the present study, we
used a murine hilar clamp (1 h) and reperfusion (3 h) model to study IRI. The left lung tissues were
harvested for metabolomics, transcriptomics, and single-cell RNA sequencing. Metabolomics of plasma
from human lung transplantation recipients was also performed. Lung histology, pulmonary function,
pulmonary edema, and survival analysis were measured in mice. Integrative analysis of metabolomics
and transcriptomics revealed a marked up-regulation of arachidonate 12-lipoxygenase (ALOX12) and its
metabolite 12-hydroxyeicosatetraenoic acid (12-HETE), which played a pivotal role in promoting ferroptosis
and neutrophil extracellular trap (NET) formation during lung IRI. Additionally, single-cell RNA sequencing
revealed that ferroptosis predominantly occurred in pulmonary endothelial cells. Importantly, Alox12-
knockout (KO) mice exhibited a notable decrease in ferroptosis, NET formation, and tissue injury. To
investigate the interplay between endothelial ferroptosis and NET formation, a hypoxia/reoxygenation
(HR) cell model using 2 human endothelial cell lines was established. By incubating conditioned medium
from HR cell model with neutrophils, we found that the liberation of high mobility group box1 (HMGBLI)
from endothelial cells undergoing ferroptosis facilitated the formation of NETs by activating the TLR4/
MYD88 pathway. Last, the administration of ML355, a targeted inhibitor of Alox12, mitigated lung IRl in
both murine hilar clamp/reperfusion and rat left lung transplant models. Collectively, our study indicates
ALOX12 as a promising therapeutic strategy for lung IRI.
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Introduction

Lung transplantation is the most effective treatment for patients
with end-stage lung diseases. However, primary graft dysfunc-
tion (PGD), which is caused mainly by ischemia-reperfusion
injury (IRI), persists as a pivotal and prevalent posttransplant
complication, and is closely linked to early and late mortality
[1,2]. Unfortunately, no treatment has been approved for IRI
after lung transplantation. Recent research has indicated that
cell death and inflammation are the most important signals
during IRI [3]; thus, it is essential to focus on addressing cell
death and inflammation for preventing and treating lung IRL

Ferroptosis is a recently recognized form of cell death, and
its main characteristic is iron-dependent lipid peroxidation [4].
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Despite its known significance in multiple disorders like hepatic
and myocardial IRI [5-7], its implication in lung IRI remains
inadequately explored. The foundation of ferroptosis is lipid
metabolism, in which polyunsaturated fatty acids like arachi-
donic acid (AA) undergo oxidation to drive the cell death pro-
cess [8]. The arachidonate lipoxygenase (ALOX) family, which
are key enzymes involved in AA metabolism, participate in
generating lipid hydroperoxides. These hydroperoxides serve
as crucial substrates in the Fenton reaction during ferroptosis
[9]. Previous reports have demonstrated that ALOX12 is essen-
tial for the p53-dependent induction of ferroptosis in tumor
suppression and promotes mitochondrial lipid peroxidation in
liver IRI [10,11] and that ALOX15 can promote cardiomyocyte
ferroptosis during myocardial IRI [6]. However, whether the
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ALOX family participates in the modulation of ferroptosis in
lung IRI remains unclear.

Sterile inflammation triggered by programmed cell death is
another feature of lung IRI, which is regulated mainly by neu-
trophils [12,13]. One highly effective role of neutrophils is their
ability to generate neutrophil extracellular traps (NETs). NETs
can ensnare and eliminate bacteria, fungi, parasites, and viruses,
but if dysregulated, they can also cause tissue injury [14]. It has
been shown that NETs contribute to lung injury, cause PGD,
and prevent allograft tolerance after lung transplantation in
animal models [15,16]. Moreover, NETs detected in ex vivo lung
perfusion (EVLP) perfusate correlated with early posttransplant
outcome clinically [17]. However, the interplay between pro-
grammed cell death and NETs in lung IRI remains elusive.

In the present study, we observed an up-regulation of ALOX12
and its derivative, 12-hydroxyeicosatetraenoic acid (12-HETE),
following lung IRI, which facilitates ferroptosis in lung endo-
thelial cells. Moreover, the subsequent release of high mobility
group box 1 (HMGB1) during ferroptotic cell death caused
neutrophil infiltration and NET formation by activating the
TLR4/MYD88 pathway. Notably, genetic or pharmacological
inhibition of ALOX-12-HETE signaling alleviated lung IRI

in both a murine model with hilar occlusion and a rat ortho-
topic lung transplant model.

Results

ALOX12 and 12-HETE were up-regulated
after lung IRI

To examine the metabolic profiles after lung IRI, we first per-
formed nontargeted metabolomics analyses of left lung tissue
samples obtained from mice that underwent sham surgery or
left lung IRI (1 h of ischemia followed by 3 h of reperfusion) in
a hilar clamp mouse model. The results showed that the sham
and IRI groups presented distinct metabolic profiles (Fig. 1A).
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis of the differentially abundant metabolites between the
2 groups identified AA metabolism as one of the most enriched
pathways (Fig. 1B). Moreover, we performed RNA sequencing
(RNA-Seq) of left lung tissue samples from the sham and IRI
groups. Gene set enrichment analysis (GSEA) also revealed
that AA metabolism was enriched in the IRI group (Fig. 1C).
Notably, among the genes involved in AA metabolism, Alox12,
which mainly metabolizes AA to 12-HETE, was one of the most
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Fig.1.ALOX12 and12-HETE were up-regulated after lung ischemia-reperfusion injury (IRI). (A) Partial least squares discriminant analysis (PLS-DA) of the metabolomics data
demonstrated distinct metabolic profiles between the sham and IRI groups; n = 4 in each group. (B) KEGG pathway enrichment analysis identified AA metabolism pathway
as significantly enriched in IRI compared to sham. The top 25 enriched pathways are shown. (C) GSEA of the RNA-Seq data revealed that AA metabolism was enriched in the
IRI group; n = 3 in each group. (D) Volcano plot showing differential gene expression in the AA metabolism pathway between the sham and IRI groups, with Alox12 (arrow)
among the most up-regulated genes; n = 3 in each group. (E) Heatmap of metabolites in the AA metabolism pathway showing that 12-HETE (arrow) was the metabolite with the
greatest increase after lung IRI; n = 4 in each group. (F to H) Increased ALOX12 mRNA (F; n = 5 per group), protein (G; n = 6 per group), and 12-HETE (H; n = 3 per group) levels
confirmed in lung tissue by gPCR, Western blot, and ELISA. (1) Metabolomics analysis of plasma from lung transplant patients corroborates the mouse model findings, with a
marked increase in 12-HETE (arrow) levels after transplantation; n = 5 in each group. (J) Analysis of a public dataset (GSE145989) showing unchanged ALOX12 expression in
human lung tissues 1 h after lung transplantation (left panel, n = 14 per group), with a significant increase observed 2 h after transplantation (right panel, n = 53 per group).
The data are presented as means + SDs. Significance was examined by unpaired 2-sided t test in (F) to (H) and matched-pairs Mann-Whitney test in (J).
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highly up-regulated genes (Fig. 1D). Additionally, 12-HETE
was the metabolite with the greatest increase in abundance
among the detected AA metabolites according to metabolomics
analysis (Fig. 1E). Furthermore, through quantitative poly-
merase chain reaction (QPCR) and immunoblotting analyses,
we verified notable increases in both the mRNA and protein
expression of Alox12 in lung tissue following IRI (Fig. 1F and
G). Additionally, the increase in 12-HETE in the left lung tissue
after lung IRI was confirmed by enzyme-linked immunosor-
bent assay (ELISA) (Fig. 1H). To explore the human relevance
of our findings, we also performed nontargeted metabolomics
analysis of 5 pairs of plasma samples from patients before and
after lung transplantation. Consistent with the results obtained
from the mouse model, 12-HETE was the metabolite with the
greatest increase in abundance in the AA pathway after 4 and
24 h (Fig. 1I). Moreover, a publicly available dataset (GSE145989)
[18] containing gene expression data from 67 pre/posttransplant
human lung tissue pairs demonstrated that ALOX12 expression
did not significantly change after 1 h of reperfusion (Fig. 1], left
panel) but was up-regulated after 2 h of reperfusion (Fig. 1],
right panel). Collectively, these results demonstrated that the
ALOX12-12-HETE pathway, which is one of the ALOX fam-
ily members involved in AA metabolism, was markedly up-
regulated after lung IRI in both a mouse model and human
lung transplant recipients.

To investigate whether AA metabolism and ALOX12 up-reg-
ulation are also involved in other lung diseases, we utilized pub-
licly available datasets containing transcriptomic data of patients
with COVID-19 (GSE151764, GSE155241, and GSE182917), lung
fibrosis (GSE53845 and the dataset from Reyfman et al. [19]), and
sepsis-induced acute lung injury (GSE10474 and GSE66890).
Although the AA metabolism pathway was enriched in these
diseases, the up-regulation of ALOX12 was not observed (Fig.
S1A to N). Therefore, the up-regulation of ALOX12 may be spe-
cific to lung IRL

Lung IRl and NET formation were attenuated in
Alox12-KO mice

To further determine the function of Alox12 in lung IRI, we
established Alox12-knockout (KO) mice and subjected them
to left lung ischemia and reperfusion (IR) in parallel with wild-
type (WT) controls. Hematoxylin-eosin (H&E) staining of the
lungs and the lung injury scores indicated a substantial decrease
in lung damage in the Alox12-KO mice following IR (Fig. 2A
and B). Additionally, there was a substantial reduction in the
production of 12-HETE in Alox12-KO mice after reperfusion
(Fig. 2C). Moreover, compared with WT mice, Alox12-KO mice
exhibited a superior preservation of pulmonary function after
lung IR, as evidenced by improved airway compliance and
decreased airway resistance (Fig. 2D) and higher PaO, and
lower PaCO, (Fig. 2E). Lung edema is another hallmark of lung
IRL, and Evans blue dye analysis and wet/dry ratio measure-
ments of the left lung tissues demonstrated that Alox12-KO
mice had less microvascular permeability and pulmonary edema
than WT mice after lung IR (Fig. 2F and G). Additionally, to
better assess injured lung function, we ligated the right hilum
after left lung reperfusion so that the mice depended solely
upon the injured lung and determined the survival rate within
1 h, as previously reported [20]. We found that the survival rate
of Alox12-KO mice is higher than that of WT mice after expe-
riencing lung IR (Fig. 2H).
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The acute inflammatory response is one of the most pro-
found signals in lung IRI. Neutrophils, which are the driving
force of the inflammatory process, have long been considered
histological hallmarks and major causes of lung IRI [21]. NETs
have been reported to be pathogenic in PGD after lung trans-
plantation in both murine models and human lung transplant
recipients [15]. Therefore, to assess local and systemic inflam-
mation, we detected the levels of proinflammatory cytokines
and the myeloperoxidase (MPO)-DNA complex (a marker of
NETs) in bronchoalveolar lavage fluid (BALF) and plasma.
Alox12 deficiency reduced the release of interleukin-6 (IL-6),
C-X-C motif chemokine ligand 1 (CXCL1), tumor necrosis
factor-o (TNF-a), and granulocyte colony-stimulating factor
(G-CSF) in BALF and plasma (Fig. S2A to H) after lung IR.
Additionally, the increase in neutrophil infiltration into the
lungs after reperfusion was prevented in Alox12-KO mice (Fig.
S3), suggesting that Alox12 deficiency could reduce neutrophil
recruitment. Moreover, the increase in NET formation in the
BALF and plasma after lung IR was inhibited in Alox12-KO
mice (Fig. 2 and J). As expected, the same result was observed
by immunofluorescence staining of NETSs in lung tissue, and
Alox12 deficiency reduced the increase in citrullinated his-
tone H3 (H3Cit)-Ly6G coexpression after lung IR (Fig. 2K).
Collectively, these results suggest that Alox12 is an essential
driver of NET formation and lung IRI. Genetic inhibition of
Alox12 can reduce neutrophil-driven inflammation and allevi-
ate lung injury.

Alox12 deficiency in mice inhibited ferroptosis
during lung IRI

Next, we examined the underlying mechanism by which Alox12
deficiency reduces NET formation and lung IRI. Given that
Alox12is a key regulator of ferroptosis [4], we hypothesized that
inhibiting Alox12 can alleviate ferroptosis in lung IRI. Consistent
with previous reports [22], GSEA showed that the ferroptosis
pathway was enriched after lung IR (Fig. 3A). Additionally,
Perls’ 3,3"-diaminobenzidine (DAB) staining of lung tissue dem-
onstrated that ferric iron deposits were increased after lung IR
compared with that after sham surgery, and that the relative
level of Fe** was increased (Fig. 3B and C). Moreover, the ratio
of reduced glutathione (GSH) to oxidized glutathione [gluta-
thione disulfide (GSSG)], which is a marker of oxidative stress,
was markedly decreased, and the level of malondialdehyde
(MDA), which is a marker of lipid peroxidation, was markedly
increased after lung IR compared with those in sham mice (Fig.
3D and E). In addition, the protein level of glutathione peroxi-
dase 4 (GPX4), which protects cells from membrane lipid per-
oxidation, was down-regulated after lung IR (Fig. 3F). Notably,
after genetically inhibiting Alox12 in mice, ferroptosis was
dramatically inhibited compared with that in WT mice sub-
jected to lung IR, as evidenced by decreases in ferric iron depos-
its, the levels of Fe>* and MDA, and the increases in the GSH/
GSSG ratio and the protein level of GPX4 (Fig. 3B to F). Taken
together, these results suggest the involvement of ferroptosis in
the development of lung IRI and that inhibiting Alox12 can
reduce ferroptosis and therefore alleviate lung IRI.

While an earlier study have elucidated the pivotal involve-
ment of ferroptosis in lung IRI [22], the authors did not exam-
ine which kind of cells in the lung parenchyma experienced
ferroptotic cell death after lung IR. By using transmission elec-
tron microscopy (TEM), we found that the mitochondria of
lung endothelial cells exhibited typical morphologies associated
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Fig. 2. Alox12-KO alleviated lung injury, improved pulmonary function, prolonged survival, and reduced NET formation following lung IR. (A and B) H&E staining (A) and lung
injury scores (B) showed significantly less lung damage in Alox12-KO mice compared to WT controls after IR. Scale bar, 50 pm; n = 7 in each group. (C) ELISA confirms a
significant reduction in 12-HETE levels in the absence of Alox12 after reperfusion; n = 3 in each group. (D and E) Alox12-KO mice exhibited better airway compliance, reduced
airway resistance (D), higher Pa0,, and lower PaCO, (E) after IR, indicating preserved lung function; n = 7 in each group. (F and G) Evans blue dye extravasation (F) and wet/
dry lung weight ratios (G) demonstrated reduced edema in Alox12-KO mice after reperfusion; n = 7 in each group. (H) Survival of mice depended solely upon the left lung
(with right hilum ligated), showing that Alox12-KO mice had better survival rates compared with WT mice after lung IR; n = 10 in each group. (I to K) The level of NETs after
reperfusion, measured by MPO-DNA complex in the BALF (1) and plasma (J), and immunofluorescence staining for H3Cit and Ly6G in lung tissues (K), was lower in Alox12-KO
mice than in WT mice; n = 7 in each group. Scale bar, 50 pm. The data are presented as means + SDs. Significance was examined with one-way ANOVA in (B) to (G), (1), and
(J) and log-rank (Mantel-Cox) test in (H).
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with ferroptosis after lung IRI, including a reduction in mito-
chondrial cristae, outer mitochondrial membrane rupture, and
a decrease in condensed mitochondrial membrane density,
which was not observed in lung epithelial cells (Fig. 3G). In
addition, we further performed single-cell RNA-Seq (scRNA-
Seq) of CD45™ cells isolated from the left lungs of the mice in
the sham surgery and lung IRI groups (n = 3 in each group).
Transcriptomic data were obtained for 50,599 cells. Lung endo-
thelial cells, epithelial cells, and fibroblasts were identified (Fig.
3H). KEGG pathway enrichment analysis of the differentially
expressed genes between the sham and IRI groups demon-
strated that ferroptosis was significantly enriched in endothelial
cells only but not in epithelial cells (Fig. 3I). Furthermore, we
sorted lung endothelial cells (CD45~CD31%) by fluorescence-
activated cell sorting (FACS) from WT or Alox12-KO mouse
lungs after sham surgery or IRI (Fig. S4A). Compared with
those from the sham group, endothelial cells sorted from WT
mouse lung tissues subjected to IRI exhibited increased levels
of lipid peroxidation products (Fig. S4B and C), cell injury, (Fig.
§$4D), and MDA (Fig. S4E) and a decreased level of the GSH/
GSSG ratio (Fig. S4F). This finding is consistent with the scRNA-
Seq results, which showed that lung endothelial cells undergo
ferroptosis during IRI. Additionally, ferroptosis was significantly
inhibited in endothelial cells sorted from Alox12-KO mice after
reperfusion (Fig. S4B to F). Collectively, these results indicated
that lung endothelial cells experienced ferroptotic cell death
during lung IRI.

Knockdown of ALOX12 in endothelial cells inhibited

HR-induced ferroptosis invitro

Since endothelial cells were the predominant ferroptotic cells
during lung IRT in the mouse model, we further established a
hypoxia/reoxygenation (HR) cell model (Fig. 4A) using human
pulmonary microvascular endothelial cells (HPMVECs) and
human umbilical vein endothelial cells (HUVECs). To examine
the role of ALOX12 in ferroptosis in vitro, ALOX12 was knocked
down in HPMVEC cells or HUVEC cells with small interfering
RNA (siRNA; Fig. S5A). After 12 h of hypoxia followed by 4 h
of reoxygenation, HPMVEC cells and HUVEC cells exhibited
increases in iron levels (Fig. 4B and C and Fig. S5B and C), lipid
peroxidation products (Fig. 4D and E and Fig. S5D and E), and
reactive oxygen species (ROS) production (Fig. 4F and G and
Fig. S5F and G), as detected by fluorescence microscopy and
flow cytometry. Notably, these increases in ferroptosis induced
by HR were prevented by ALOX12 knockdown (Fig. 4B to G
and Fig. S5B to G). Moreover, ALOX12 knockdown protected
against the HR-induced cell injury and prevented changes in
the GSH/GSSG ratio and MDA levels in HPMVEC cells (Fig.
4Ito K) and HUVEC cells (Fig. S5I to K). Moreover, the protein
level of GPX4 was down-regulated after HR, but this effect was
prevented by ALOX12 knockdown in HPMVEC cells (Fig. 4H)
and HUVEC cells (Fig. S5H). Overall, our results suggested
that inhibiting ALOX12 could reduce endothelial ferroptosis
induced by HR in vitro.

NET formation was dependent on ferroptosis

during lung IRI

Next, we treated Alox12-KO mice subjected to lung IR with the
ferroptosis inducer erastin and found that erastin treatment
reversed the improvements in lung injury (Fig. 5A and B), pul-
monary function (Fig. S6A and B), lung edema (Fig. S6C and
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D), and survival rate (Fig. S6E) in Alox12-KO mice after lung
IR. In addition, the reduction in NET formation after lung IR
by inhibiting ferroptosis via Alox12 deficiency was reversed by
erastin treatment, as evidenced by immunofluorescence stain-
ing of NETs in lung tissue (Fig. 5C) and MPO-DNA complex
measurements in BALF (Fig. 5D) and plasma (Fig. 5E). Taken
together, these data indicate that NET formation is dependent
on ferroptosis during lung IRI.

The HMGBI released from ferroptotic endothelial

cells contributed to NET formation

Next, we examined why inhibiting ferroptosis could reduce the
formation of NETs in lung IRI. Previous reports have demon-
strated that danger-associated molecular patterns (DAMPs),
mainly HMGBI, are released from damaged cells to trigger
sterile inflammation [23]. Moreover, HMGBI can be released
from ferroptotic cells and induce NET formation, and the level
of HMGB is closely associated with PGD after lung transplan-
tation [24-27]. Therefore, we hypothesized that endothelial cell
ferroptosis contributed to NET formation via HMGB1 release
during lung IRI. First, we detected the level of HMGBI1 in
the BALF of mice and found that HMGB1 was significantly
increased after lung IRI but decreased by inhibition of Alox12,
and erastin treatment reversed the changes in HMGBI levels
in Alox12-KO mice after lung IRI (Fig. 5F). Moreover, we col-
lected the supernatants from HPMVEC cells and HUVEC cells
subjected to HR, ALOX12 knockdown, or erastin treatment,
measured the level of HMGBI, and further incubated this con-
ditioned medium with isolated circulating neutrophils (Fig.
5@G). Consistent with the in vivo results, in the supernatants of
HPMVEC cells and HUVEC cells, the level of HMGBI1 was
significantly increased after HR and was decreased by ALOX12
knockdown, and this activity was abrogated by erastin treat-
ment (Fig. 5H and I). After these supernatants were incubated
with neutrophils, we found that, compared with that in the nega-
tive control, significantly greater NET formation was observed
after stimulation with HR-conditioned medium from HPMVEC
cellsand HUVEC cells (Fig. 5]). More importantly, anti-HMGB1
reduced the NET formation induced by the conditioned medium
from HPMVEC cells and HUVEC cells treated with erastin (Fig.
5]). Collectively, these results suggest that the HMGB1 released
from ferroptotic endothelial cells contributes to NET formation
during lung IRI.

HMGBI activated the TLR4-MYD88 pathway to
mediate NET formation in lung IRI

To further confirm the critical roles of HMGB1 in lung IRI and
NET formation, we treated Alox12-KO mice subjected to lung
IRI with the recombinant HMGB1 (rHMGBI1) protein. Notably,
rHMGBI treatment exacerbated lung injury in Alox12-KO
mice after lung IR (Fig. 6A), as evidenced by increases in lung
injury scores (Fig. 6C), airway resistance, PaCO,, microvascular
permeability, and pulmonary edema and decreases in airway
compliance, PaO,, and survival (Fig. S6A to F). Moreover, NET
formation in lung tissue (Fig. 6B), plasma (Fig. 6D), and BALF
(Fig. 6E) increased after rHMGBI treatment.

Since the Toll-like receptor (TLR) signaling pathway is
enriched in endothelial cells subjected to lung IRI and previous
reports have shown that HMGBI can activate TLR4 and its
downstream MYDS88 in endothelial cells and neutrophils to
recruit and activate neutrophils, respectively [23,28,29], we
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hypothesized that the TLR4-MYD88 pathway was activated by
HMGBI to facilitate NET formation during lung IRI. First, we
showed that the protein levels of TLR4 and MYDS88 in lung
tissue were markedly increased after lung IR (Fig. 6F). Alox12
deficiency reduced the protein levels of TLR4 and MYD88, and
this effect was reversed by rHMGBI treatment (Fig. 6F). A simi-
lar outcome was observed in HPMVEC cells in vitro. tHMGB1
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treatment also increased the protein levels of TLR4 and MYD88
in ALOX12-knockdown endothelial cells exposed to HR (Fig.
6G). Given that the effect of HMGBI1 on the TLR4 pathway is
not cell specific and is indispensable for neutrophil activation,
we further measured the protein levels of TLR4 and MYD88 in
neutrophils incubated with the conditioned medium of different
endothelial cells. Notably, the total and membrane protein levels
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of TLR4 and MYD88 in neutrophils were significantly increased
after incubation with HR-conditioned medium and were reduced
after incubation with conditioned medium from ALOXI2-
knockdown endothelial cells exposed to HR; notably, these
effects were reversed by rHMGBI treatment (Fig. 6H and I).
Additionally, NET formation induced by the conditioned
medium from HPMVEC cells and HUVEC cells exposed to HR
could be inhibited by TLR4-IN-34, a specific TLR4 inhibitor
(Fig. 6]). Collectively, these findings indicate that the HMGBI
released from ferroptotic endothelial cells can activate the
TLR4-MYD88 pathway to mediate NET formation.

Pharmacological inhibition of ALOX12 reduced
ferroptosis and NET formation and alleviated

lung IRI

Given the pivotal involvement of ALOX12 in lung IRI, phar-
macological inhibition of ALOX12 emerges as a potential and
promising treatment for posttransplantation IRI. Therefore, the
ALOX12-specific inhibitor ML355, which was widely utilized
in previous studies [30,31], was used to treat mice before the
hilar clamp procedure. Notably, ML355 treatment alleviated
histological lung injury (Fig. 7A and B), and the increase in
12-HETE levels induced by IR was also inhibited by ML355
(Fig. 7C). Additionally, ML355 treatment improved pulmonary
function (Fig. S7A and B), reduced lung microvascular perme-
ability (Fig. 7D) and pulmonary edema (Fig. 7E), and pro-
longed the survival of mice subjected to lung IR (Fig. 7F). In
addition, ML355 inhibited ferroptosis induced by lung IR, as
characterized by significant decreases in the levels of Fe** and
MDA and increases in the GSH/GSSG ratio and GPX4 protein
expression (Fig. S7C to F). Moreover, NET levels in lung tissue
(Fig. 7G), plasma, and BALF (Fig. S7G) were reduced by ML355
treatment after reperfusion.

Although the hilar clamp mouse model has been widely
used to study lung IRI, the orthotopic lung transplantation
(OLT) model is more relevant to human PGD [32]. Thus, we
established a left OLT rat model as previously reported [33].
Briefly, the left donor lung was harvested and preserved at 4 °C
for 18 h before transplantation, followed by 2 h of warm reper-
fusion before the rats were euthanized (Fig. 7H). Consistent
with a previous study [15], severe allograft injuries, including
neutrophil infiltration, alveolar edema, intra-alveolar hemor-
rhage, and hyaline membrane development, were observed in
this prolonged cold IR model (Fig. 7I). As observed in the
mouse hilar clamp model, ML355 treatment significantly allevi-
ated the lung injury (Fig. 7T and H) and pulmonary edema (Fig.
S71) induced by prolonged cold IR. Additionally, pulmonary
function after lung IR was better preserved by ML355 treatment
(Fig. 7] and K). Furthermore, NET formation after reperfusion
was inhibited in the rats treated with ML355 (Fig. S7]).

Discussion

In the present study, we used integrative metabolomics and
transcriptomic analysis of human plasma and mouse lung tissue
and showed that the ALOX12-12-HETE pathway, which is a
key pathway in AA metabolism and an important regulator of
ferroptosis, was up-regulated after lung IRI. Furthermore,
scRNA-Seq and TEM revealed that endothelial cells underwent
ferroptosis after lung IRI, which could be inhibited by ALOX12
genetic deficiency. Subsequently, in the lung IRI mouse model
and HR cell model, our findings demonstrated that the release
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of HMGBI from endothelial cells undergoing ferroptosis facili-
tated NET formation through activation of the TLR4-MYD88
pathway. Finally, the administration of the ALOX12-specific
inhibitor ML355 alleviated lung IRI by mitigating endothelial
ferroptosis-induced NET formation. Importantly, in an OLT
rat model with prolonged cold ischemia time that is more rel-
evant to human PGD, ML355 ameliorated lung injury, alveolar
edema, and NET formation. These results indicate that ALOX12
is a promising therapeutic target for lung IRI.

The ALOX family has recently been shown to be deeply
involved in hepatic and myocardial IRI. Ma et al. [34] demon-
strated that ALOX15 expression was dramatically up-regulated
during ischemia-induced phospholipid peroxidation and
increased susceptibility to ferroptosis during ischemia-induced
myocardial damage. Cai et al. [6] showed that ALOX15 and
15-hydroperoxyeicosatetraenoic acid (15-HpETE) was signifi-
cantly increased and promoted cardiomyocyte ferroptosis dur-
ing the prolonged reperfusion phase. However, in our study, we
did not observe the up-regulation of ALOX15 or its metabo-
lites. Although Zhang et al. [35,36] reported that the ALOX12-
12-HETE pathway was a key mediator of hepatic and myocardial
IRI, the underlying mechanisms were different, and ferroptosis
was not investigated. In hepatic IRI, the binding of 12-HETE
to GPR31 triggers an inflammatory response, further inten-
sifying liver damage [35], whereas in myocardial IRI, ALOX12
drives cardiomyocyte injury by suppressing adenosine mono-
phosphate-activated protein kinas (AMPK) signaling [36].
Collectively, these studies reflect the organ specificity of IRI. In
the present study, by using Alox12-KO mice, we revealed for
the first time that ALOX12 was an important mediator of fer-
roptosis during lung IRI, reinforcing the critical roles of AA
metabolism and the ALOX family in IRI.

Previously, only a few reports have shown that ferroptosis
plays a significant role in lung IRI [22,37]. However, these
reports did not investigate which cell type underwent ferroptosis
during this procedure but used a human bronchial epithelial
cell line (BEAS-2B) as an in vitro model. Using scRNA-Seq, we
demonstrated for the first time that ferroptosis occurred mainly
in lung endothelial cells in this model; thus, it is inappropriate
to use lung epithelial cells to establish an HR model in vitro.
Therefore, endothelial cells were used in the present study
instead. Nevertheless, due to the relatively small number of
genes enriched in the ferroptosis pathway, our analysis warrants
further validation. It is still unclear why endothelial cells are
more susceptible to ferroptosis in this lung IRT model. Notably,
a recent study comparing the transcriptomics of BEAS-2B cells
and HPMVEC cells after cold preservation and warm reperfu-
sion in vitro showed that epithelial cells and endothelial cells
have markedly distinct phenotypic transcriptomic signatures
[38]. Therefore, it is reasonable that epithelial cells and endo-
thelial cells undergo different types of cell death after lung IRL

Neutrophils have long been considered the histological hall-
mark and major cause of lung IRI. Sayah and colleagues [15]
reported that in the hilar clamp mouse model, OLT after pro-
longed cold ischemia mouse model, and in human lung trans-
plant recipients with PGD, the level of NETs significantly
increased. Intrabronchial administration of deoxyribonuclease-
I (DNase-I) to disrupt NETs can reduce lung injury. However,
Scozzi et al. [16] showed that the disruption of NETs by DNase-I
could release NET fragments and induce innate immune
responses that prevented lung transplant tolerance. These obser-
vations suggest NETs as a therapeutic target. In the present
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study, we demonstrated that a specific inhibitor of Alox12,
ML355, effectively inhibited NET formation and lung IRL
ML355 has been proven safe in large animal models, including
pigs and monkeys [36]. Recently, it has passed a phase 1a clinical
trial for treating heparin-induced thrombocytopenia with good
tolerability and no serious adverse events. It has also received
a fast-track designation by the Food and Drug Administration
[39], and a phase 2 clinical trial is ongoing (NCT05785819).
Therefore, ML355 holds great promise for clinical use in the
treatment of lung IRI.

The innate immune system can sense DAMPs released from
damaged or dying cells to promote sterile inflammation [23].
Previous reports have demonstrated that HMGB1 can be
released from injured hepatocytes to activate NET formation
during liver IRI [29,40], which is similar to its effects on lung IRI
observed in our study, although the specific type of cell death
may be different. Recently, Li et al. [28] showed that ferroptotic
cell death could initiate neutrophil recruitment through endo-
thelial TLR4/Trif signaling to cause sterile inflammation in heart
transplantation. However, whether neutrophil activation, espe-
cially NET formation, is present remains unexamined. In the
present study, we further revealed that the neutrophil TLR4/
MYD88 pathway was activated to promote NET formation during
lung IRI. It is well established that HMGB1-TLR4 plays a critical
role in NET formation [41], but how TLR4 expression is modu-
lated remains unclear. Recently, Luo et al. [42] demonstrated that
lipopolysaccharide (LPS) treatment increased METTL3 expression
in neutrophils, which initiates m6A modifications of TLR4 mRNA
to promote its protein expression and subsequently contribute
to neutrophil activation. Further studies are needed to examine
whether HMGB1 has a similar regulatory pattern.

The hilar clamp mouse model has been widely used to inves-
tigate the pathophysiological processes of lung IRI [32]. However,
only warm ischemia occurs in this model. Therefore, we estab-
lished an OLT rat model with prolonged cold ischemia that can
simulate most aspects of lung transplantation [32].

In conclusion, we revealed that ALOX12-12-HETE was up-
regulated and contributed to endothelial ferroptosis. Moreover,
HMGBI was released from endothelial cells undergoing fer-
roptosis to promote NET formation through activation of the
TLR4/MYD88 pathway. Specifically targeting ALOX12 pro-
tected mice and rats from lung IRI. Taken together, our results
show that targeting ALOX12 is a promising therapeutic strategy
for lung IRT and PGD after lung transplantation.

Materials and Methods

Ethics statement

The Research Ethical Board of Shanghai Pulmonary Hospital
(REB number: K22-223) approved the study protocol and the
use of human samples, and informed consent for the collection
of blood samples was obtained. Approval for all animal experi-
ments was granted by the Animal Care and Use Committee of
Shanghai Pulmonary Hospital (FKDS-22-1-067), adhering to the
Guide for the Care and Use of Laboratory Animals, 8th edition.

Human plasma samples

We collected blood samples from 5 patients who underwent
lung transplantation in this study. Organ procurement adhered
to the standard protocol outlined by the China Organ Transplant
Response System (COTRS). Importantly, none of the organs
utilized for lung transplantation in our study were procured from
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executed prisoners. Blood samples before surgery and 4 and 24 h
after transplantation were collected. Subsequently, the whole
blood underwent centrifugation at 1,000 for 10 min at 4 °C. The
plasma supernatant was then harvested and subjected to a second
centrifugation at 2,000¢ for 5 min at 4 °C. Following aliquoting,
the plasma was frozen at —80 °C until the extraction of metabo-
lites. Details of all participants are provided in Table S1.

Animals

Eight- to 10-week-old male C57BL/6 wild-type (WT) and
Alox12-KO mice were purchased from GemPharmatech in
Jiangsu, China. In orthotopic left lung transplantation experiment,
male inbred Sprague-Dawley (SD) rats, aged 8 to 12 weeks and
weighing between 250 and 300 g, were procured from Charles
River (Beijing, China) to serve as both donors and recipients. All
animals were kept in a pathogen-free environment at the Shanghai
Pulmonary Hospital Animal Facility (Shanghai, China), with unre-
stricted access to water and standard laboratory food

Mouse left hilar clamp model for lung IRI

A mouse model of lung IRI was established as previously reported
[43]. Briefly, mice underwent left hilar clamping for 1 h followed
by a 3-h release period to induce lung IRI, a widely recognized
murine model for studying PGD as outlined in the consensus
statement [32]. The details are described in Supplementary
Materials and Methods.

Orthotopic left lung transplantation rat model

for lung IRI

As we previously described, we established the orthotopic left
lung transplantation rat model using the cuff technique [33].
Briefly, the donor lung was harvested and stored at 4 °C in
Celsior solution for 18 h to induce prolonged cold ischemia,
and then transplanted into the recipient rat to induce 2-h reper-
fusion before euthanasian. Celsior solution was chosen as the
preservation solution to improve pulmonary graft preservation
and avoid irreversible or fatal IRI to the animals, since a previ-
ous report has demonstrated its potential advantages in the
context of extreme cold ischemia time [44]. The details are
described in Supplementary Materials and Methods.

Lung histology

After reperfusion, left lung tissues were collected and fixed in
4% paraformaldehyde for 48 h, after which they were embedded
in paraffin. The entire lung was sequentially sliced and subjected
to H&E staining. The lung injury score was calculated according
to the American Thoracic Society workshop report [45]. Ten
randomly chosen fields in each mouse were evaluated.

Immunofluorescence of lung tissue

For immunofluorescence staining, the samples were incu-
bated with rabbit anti-histone H3 (citrulline R2 + R8 + R17)
(1:100, Abcam, ab5103) and rat anti-Ly6G (1:200, 551459,
BD Pharmingen) overnight at 4 °C. Nuclei were stained with
4',6-diamidino-2-phenylindole (DAPI) (1:1,000).

Measurement of pulmonary function

for mice and rats

At the end of scheduled reperfusion, the animals underwent
anesthesia and tracheostomy and were positioned in a plethys-
mograph (EMMS, Hants, UK) to measure pulmonary resistance
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and compliance according to the manufacturer’s instructions.
The details are described in Supplementary Materials and
Methods.

Pulmonary microvascular permeability

Pulmonary microvascular permeability was measured by the
Evans blue dye extravasation technique as previously reported
[46]. The details are described in Supplementary Materials and
Methods.

Lung wet/dry ratio

After reperfusion, the left lung was collected, weighed, and sub-
sequently dried at 60 °C until a consistent weight was attained.
The wet-to-dry weight ratio of the lungs was calculated as an
indicator of lung edema.

Survival analysis

The survival experiment was performed as previously reported
[20]. Following the reperfusion period, the animals were anes-
thetized, and the right hilum was clamped, causing the survival
and gas exchange of the animals to rely solely on the left lung.
Observation of the survival then persisted for 1 h.

Pear’s DAB staining and iron assay

We utilized DAB-enhanced Perls’ staining to identify iron
deposition in lung sections embedded in paraffin. The details
are described in Supplementary Materials and Methods.

Bronchoalveolar lavage

After reperfusion, the right hilum was ligated and the left lung
underwent lavage with 0.5 ml of cold phosphate-buffered
saline. The BALF was centrifuged at 4 °C, 500¢ for 5 min, and
the supernatant was divided into aliquots and stored at —80 °C
for subsequent analysis.

Quantification of NETs

Quantification of NETs in BALF and plasma was performed by
detecting the level of MPO-DNA complex via a sandwich
ELISA as previously reported [47]. The details are described in
Supplementary Materials and Methods.

Nontargeted metabolomics
Nontargeted metabolomics was performed for mice lung tis-
sues and human plasma samples. The details of nontargeted

metabolomics are described in Supplementary Materials and
Methods.

scRNA-Seq analysis

Single-cell suspensions from left lungs in the sham and IRI
groups were prepared as previously reported [48]. Briefly,
lung tissues were mechanically minced using fine scissors
into RPMI1640 containing 480 U/ml collagenase type I
(Thermo Fisher Scientific), 50 U/ml dispase (Roche), and
0.33 U/ml DNase (Roche) and incubated for 45 min at 37 °C
with gentle shaking every 5 to 10 min. Cell solution was fil-
tered through 70-pm cell strainer (Biosharp). Erythrocytes
were removed with erythrocyte lysates. Cell suspensions were
stained with anti-mouse CD45 antibody (Thermo Fisher
Scientific, 45-0451-82) and LIVE/DEAD stain kit (Invitrogen,
L34973). CD45-negative cells were sorted with a BD Ariall
with over 95% purity.
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The details of single-cell library construction and sequenc-
ing, and bioinformatic analysis of scRNA-Seq data are described
in Supplementary Materials and Methods.

RNA sequencing

Total RNA was extracted from HPMVECs or lung tissues by
Trizol reagent. cDNAs of reverse transcription were sequenced
on an [llumina Novaseq 6000 platform. The details of RNA-Seq
analysis are described in Supplementary Materials and Methods.

Cell culture and treatment

The HPMVEC cells were purchased from Fuheng Biology
(Shanghai, China), and the HUVEC cells were purchased from
Procell (Wuhan, China). The endothelial cells were cultured as
we previously reported [49]. ALOX12 siRNA was designed and
chemically synthesized by OBIO Tech (Shanghai, China). The
sequences of the si-ALOX12 were as follows: GAAGCAUC-
GAGAGAAGGAACUTT (sense), AGUUCCUUCUCUCGAU-
GCUUCTT (antisense); GGAAGAGCUUCAGGCUCAACUTT
(sense), AGUUGAGCCUGAAGCUCUUCCTT (antisense);
GCUACACCAUGGAAAUCAACATT (sense), UGUUGAUU-
UCCAUGGUGUAGCTT (antisense). The impact of gene
silencing was confirmed through Western blot analysis.

In vitro hypoxia-reoxygenation model

Cells were placed in a sealed hypoxia chamber (Billups-
Rothenberg, Del Mar, CA) and subjected to purging with 95%
N, and 5% CO, at a flow rate of 40 1/min for 4 min to induce
hypoxia following the manufacturer’s instructions. Then, the
chamber was placed in a cell culture incubator for 12 h, after
which it was opened for 4-h reoxygenation.

GSH/GSSG, MDA, and LDH assay

The levels of GSH and GSSG in tissue or cell lysates were
assessed with a GSSG/GSH Quantification Kit (Dojindo, G263).
The level of MDA in tissue or cell lysates was also assessed with
an MDA Assay Kit (Dojindo, M496). The level of lactate dehy-
drogenase (LDH) in cell culture supernatants was assessed with
a Cytotoxicity LDH Assay Kit (Dojindo, CK12).

The detection of Fe?*, ROS, and lipid

peroxidation in cells

HPMVEC cells and HUVEC cells were stained with FerroOrange
(Dojindo, F374), Liperfluo (Dojindo, L248), and ROS Assay Kit
Highlzr Sensitive DCFH-DA (Dojindo, R252) to detect the levels
of Fe’", lipid peroxidation, and ROS by confocal microscopy. The
signals were also quantified by flow cytometry (BD Canto II),
and data were analyzed by FlowJo software v.10.8.1.

Transmission electron microscopy

Following a 48-h incubation period, lung tissues were treated
with 2% glutaraldehyde/0.1 M phosphate buffer (pH 7.4), dehy-
drated using ethanol, and then embedded in ultra-thin sections.
Then, the ultra-thin sections were treated with uranyl acetate
and lead citrate before being examined with the Hitachi
HT7800 transmission electron microscope.

Neutrophil isolation

Human neutrophils were obtained from healthy donors through
density gradient centrifugation with PolymorphPrep (Axis
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Shield, Oslo, Norway). In short, 5 ml of blood was overlaid onto
5 ml of PolymorphPrep solution and centrifuged at 500g for
35 min at 20 °C without applying the brake. Following cen-
trifugation, the layer containing neutrophils was gathered and
rinsed with 50% Hanks’ balanced salt solution (HBSS) lacking
Ca’" and Mg’". Neutrophils were harvested by centrifugation
at 350g for 10 min and washed twice with HBSS. Contaminating
erythrocytes were removed with erythrocyte lysates (Biosharp,
BL503B). The purity and activity (>95%) of human neutro-
phils were confirmed by flow cytometry. Neutrophils (1 x 10°)
were resuspended with different conditioned medium from
endothelial cells and cultured in a humidified incubator (5%
CO,) at 37 °C for 4 h. To visualize NET formation, neutrophils
were stained with DAPI, anti-MPO (Invitrogen, PA5-16672),
and anti-H3Cit (Abcam, ab5103). Images were obtained by
laser scanning confocal microscopy.

Flow cytometry

To measure the membrane expression of TLR4, neutrophils
were initially treated with Fc block, followed by a 30-min sur-
face staining using phycoerythrin anti-human TLR4 antibody
(BioLegend, 312805). To measure the percentage of neutrophils
in lung tissues, single-cell suspensions from left lungs were
stained with LIVE/DEAD stain kit (Invitrogen, L34973), anti-
mouse CD11b antibody (Thermo Fisher Scientific, 25-0112-
82), and anti-mouse Ly6G antibody (BioLegend, 127605). Flow
cytometry acquisition was performed on BD Canto II, and data
were then analyzed with FlowJo software v.10.8.1.

Statistical analysis

The statistical difference between 2 groups was determined
using an independent ¢ test for data with a normal distribution
and a Mann-Whitney test for data that did not follow a normal
distribution. For comparisons involving more than 2 groups,
data with a normal distribution were analyzed using one-way
analysis of variance (ANOVA) followed by Tukey’s multiple
comparison test, while data not following a normal distribu-
tion were assessed using the post hoc test with Dunnett’s T3.
Comparison of survival curves was analyzed by log-rank
(Mantel-Cox) test. Statistical analyses were conducted using
GraphPad Prism (version 10.1.2) software. P < 0.05 was con-
sidered statistically significant.
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