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A B S T R A C T   

Long-chain acyl-CoA synthetase (ACSL) 4 converts polyunsaturated fatty acids (PUFAs) into their acyl-CoAs and 
plays an important role in maintaining PUFA-containing membrane phospholipids. Here we demonstrated de
creases in various kinds of PUFA-containing phospholipid species in ACSL4-deficient murine lung. We then 
examined the effects of ACSL4 gene deletion on lung injury by treating mice with two pulmonary toxic chem
icals: paraquat (PQ) and methotrexate (MTX). The results showed that ACSL4 deficiency attenuated PQ-induced 
acute lung lesion and decreased mortality. PQ-induced lung inflammation and neutrophil migration were also 
suppressed in ACSL4-deficient mice. PQ administration increased the levels of phospholipid hydroperoxides in 
the lung, but ACSL4 gene deletion suppressed their increment. We further found that ACSL4 deficiency atten
uated MTX-induced pulmonary fibrosis. These results suggested that ACSL4 gene deletion might confer pro
tection against pulmonary toxic chemical-induced lung injury by reducing PUFA-containing membrane 
phospholipids, leading to the suppression of lipid peroxidation. Inhibition of ACSL4 may be promising for the 
prevention and treatment of chemical-induced lung injury.   

1. Introduction 

Pulmonary tissue can be damaged in different ways, such as by 
inflammation, ischemia‒reperfusion, or exposure to either mineral dust 
or normobaric pure oxygen levels. Pulmonary tissue is also damaged by 
a variety of xenobiotic chemicals, such as paraquat (PQ) and metho
trexate (MTX). It has been reported that reactive oxygen species (ROS), 
which such chemicals can generate through various pathways, are partly 
responsible for such damage [1,2]. PQ, a pesticide, is highly toxic to the 
lungs and has a high mortality rate [1,3]. PQ is selectively taken up into 
the lungs by the polyamine transporter. Inside the lungs, PQ is trans
formed into PQ radicals [4]. These radicals then undergo a Fenton re
action, resulting in the production of ROS, including hydroxy radicals 
[5], which damage pulmonary tissue. MTX is used as both a rheumatoid 
arthritis (RA) therapeutic and an anticancer drug [6], but long-term use 
of MTX to treat RA patients often results in side effects such as pulmo
nary fibrosis [7–9]. MTX increases ROS levels in lung tissue, and the 

involvement of ROS production in MTX-induced pulmonary fibrosis has 
been also indicated [10,11]. However, the precise mechanism by which 
chemical-induced ROS generation leads to pulmonary damage has not 
been fully elucidated. 

ROS can react with the polyunsaturated fatty acids (PUFAs) of 
membrane phospholipids and induce lipid peroxidation. Lipid peroxides 
induce cellular/subcellular membrane damage and interact with pro
teins and DNA, leading to cell death [12,13]. Thus, PUFA-containing 
membrane phospholipids are potential targets for ROS, and their 
cellular levels might be correlated with sensitivity to ROS-induced cell 
death. The levels of PUFA-containing phospholipids are maintained by 
phospholipid remodeling reactions. Long-chain acyl-CoA synthetases 
(ACSLs), which convert long-chain fatty acids into their acyl-CoAs, play 
an important role in phospholipid remodeling. Currently, five ACSL 
isozymes have been identified in mammals: ACSL1, ACSL3, ACSL4, 
ACSL5, and ACSL6 [14]. Among these, ACSL4 prefers polyunsaturated 
fatty acids (PUFAs) such as arachidonic acid (AA), eicosapentaenoic acid 
(EPA), docosahexaenoic acid, and adrenic acid. ACSL4 plays a crucial 
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role in maintaining phospholipids containing PUFAs within the body 
[15–18]. We found lower levels of PUFA-derived fatty acyl-CoA and 
PUFA-containing phospholipids in bone marrow-derived macrophages 
(BMDMs) obtained from ACSL4-deficient mice compared to those of 
wild-type (WT) mice [18]. Recently, ferroptosis (iron-dependent cell 
death) was identified as a new form of regulated cell death [19], which is 
caused by the accumulation of lipid peroxides derived from 
PUFA-containing phospholipids [19,20]. It has been shown that deletion 
of ACSL4 suppresses ferroptosis [21–23], while deletion of glutathione 
peroxidase 4 (GPx4), which eliminates phospholipid peroxides, pro
motes ferroptosis [24]. We recently found ACSL4 deletion prevented 
acetaminophen-induced acute liver failure [25]. These findings suggest 
that ACSL4 may be involved in ROS-mediated cell death and tissue 
injury via the incorporation of PUFAs into membrane phospholipid. 
However, the involvement of ACSL4 in xenobiotic chemical-induced 
pulmonary toxicity is still unclear. 

In this study, we investigated the impact of ACSL4 deficiency on 
phospholipid species containing PUFA in murine lungs. We observed 
decreased levels of various types of these phospholipid species in ACSL4- 
deficient lungs. We then examined the effects of ACSL4 deficiency on 
lung injury induced by PQ and MTX. The results showed that ACSL4 
deficiency mitigates both PQ- and MTX-induced lung injury by sup
pressing lipid peroxidation. 

2. Materials and methods 

2.1. Materials 

PQ dichloride (1,1-dimethyl-4,4-dipyridinium dichloride) and MTX 
were purchased from FUJIFILM Wako Pure Chemical Corporation 
(Osaka, Japan). Rabbit antibodies against ACSL4 (FACL4: ab155282) 
were purchased from Abcam (Cambridge, MA, USA). Mouse monoclonal 
antibodies against β-actin were purchased from Sigma Aldrich (St. Louis, 
MO, USA). Rat monoclonal antibodies against mouse Ly6G (clone 1A8) 
were purchased from Bio X cell (Lebanon, NH, USA). The DAKO 
Envision+ system peroxidase kit was purchased from DAKO (Carpin
teria, CA, USA). Anti-mouse CD11b-FITC (11-0112-82), anti-mouse Ly- 
6G/6C-PE (12-5931-82), and anti-mouse F4/80-PE-Cy5 (15-4801-82) 
antibodies were purchased from eBioscience (San Diego, CA, USA). 
Ferrostatin-1 (Fer-1) was purchased from Cayman Chemical (Ann Arbor, 
MI, USA). 

2.2. Animals 

Male 7- to 12-week-old Balb/c mice were used. Disrupted murine 
ACSL4 locus and knockout (KO) mice carrying the Acsl4tm1a(EUCOMM)Wtsi 

allele (EM:05887) were generated by the European Conditional Mouse 

Mutagenesis Program (EUCOMM) consortium. Female ACSL4 hetero
zygous KO mice (ACSL4+/− ) were obtained from the European Mouse 
Mutant Archive and then back-crossed with Balb/c mice. Male ACSL4 
KO mice (ACSL4− /Y: ACSL4 KO) were generated by interbreeding male 
ACSL4 WT (ACSL4+/Y: ACSL4 WT) mice with female ACSL4+/− het
erozygous KO mice. All animal experimental procedures were approved 
by the Institutional Animal Care and Use Committees of Showa 
University. 

2.3. PQ- and MTX-induced lung injury 

PQ was dissolved in saline and administered intraperitoneally to WT 
or ACSL4 KO mice at a single dose of 25 mg/kg body weight. For pre
treatment with Fer-1, mice were administered Fer-1 (0.8 mg/kg) via tail 
vein injection 1 h before PQ administration and then Fer-1 was 
administered once a day beginning the next day. Mice were monitored 
once daily for survival for up to 28 days. For histological or gene 
expression analysis, the lungs were collected 3 days after injection of PQ. 

MTX was dissolved in saline and administered orally at a single dose 
of 3 mg/kg body weight daily for 21 consecutive days as described 
previously [26]. For pretreatment with Fer-1, mice were administered 
Fer-1 (0.8 mg/kg) via tail vein injection 1 h before MTX administration 
every day. Mice were sacrificed on day 21 after daily administration of 
MTX, and the lungs were fixed with 4% paraformaldehyde or 
snap-frozen in liquid nitrogen. 

2.4. Preparation of lung tissue homogenates, bronchoalveolar lavage fluid 
(BALF), and cells 

The lungs were homogenized in 500 μL of SET buffer (250 mM su
crose, 1 mM EDTA, 10 mM Tris-HCl; pH 6.8) followed by centrifugation 
at 10,000×g at 4 ◦C for 5 min. After centrifugation, protein concentra
tions were quantified using the Pierce BCA protein assay kit (Thermo 
Scientific, Waltham, MA, USA) according to the manufacturer’s in
structions. Bronchoalveolar lavage was performed by cannulating the 
trachea with a 27-gauge indwelling needle and infusing it three times 
with 1 mL of phosphate-buffered saline (PBS) containing 2% fetal calf 
serum (FCS). After centrifugation, BALF and cells were collected. 

2.5. Electrospray ionization mass spectrometry (ESI-MS) analysis 

All mass spectrometric analyses were performed using the Promi
nence HPLC system (Shimadzu, Kyoto, Japan) equipped with a linear 
ion trap quadrupole mass spectrometer (QTRAP5500 or QTRAP6500, 
Sciex, Framingham, MA, USA). Phospholipids were quantified using the 
liquid chromatography (LC)-QTRAP5500 MS/MS via multiple-reaction 
monitoring in negative-ion mode as previously reported [16]. Fatty 

Abbreviations 

AA arachidonic acid 
ACSL long-chain acyl-CoA synthetase 
BALF bronchoalveolar lavage fluid 
BMDM bone marrow-derived macrophage 
COX-2 cyclooxygenase-2 
DPPC dipalmitoyl PC 
EPA eicosapentaenoic acid 
ESI-MS electrospray ionization mass spectrometry 
FCS fetal calf serum 
Fer-1 ferrostatin-1 
GPx4 glutathione peroxidase 4 
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KO knockout 
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LPCAT lysophosphatidylcholine acyltransferase 
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PUFA polyunsaturated fatty acid 
qRT-PCR real-time quantitative RT-PCR 
RA rheumatoid arthritis 
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acyl-CoA species were quantified using the LC-QTRAP6500 MS/MS as 
previously reported [18]. For the quantification of oxidized phospho
lipid species, a 10 μL sample was injected into an XBridge BEH C18 
column (150 × 1.0 mm inner diameter, 3.5 μm particle, Waters, Milford, 
MA, USA) in LC equipped with QTRAP5500. Solvent A consisted of 0.1% 
formic acids and 0.028% ammonia in acetonitrile/methanol/water 
(2:2:1, v/v), and solvent B consisted of 0.1% formic acid and 0.028% 
ammonia in isopropanol. The gradient conditions were A: B = 100:0 
(0–5 min), 50:50 (5–25 min), 50:50 (25–59 min), 100:0 (59–60 min), 
and 100:0 (60–75 min) at a flow rate of 70 μL/min. Detection was 
performed in negative ion mode with the following settings: ion spry 
voltage, − 4500 V; collision gas (N2), ‘medium’; declustering potential, 
− 60 V; collision energy, − 40 eV; temperature, 300 ◦C. 

2.6. Western blotting analysis 

Lung tissues were homogenized in SET buffer, and the protein con
centrations were measured using the BCA protein assay kit (Thermo 
Fisher Scientific, Waltham, MA, USA). These protein samples were 
subjected to SDS-PAGE using 10% (w/v) gels, transferred to nitrocel
lulose membranes (GE Healthcare Sciences, Marlborough, MA, USA) 
with a bath-type blotter. After blocking for 0.5 h, membranes were 
incubated with anti-ACSL4 (1:5000) or anti-β-actin (1:10,000) anti
bodies at 4 ◦C overnight. The membranes were then incubated with 
horseradish peroxidase-conjugated anti-mouse (1:3000 for β-actin) or 
anti-rabbit (1:3000 for ACSL4) IgGs, and the blots were visualized using 
Western Lightning Chemiluminescence Reagent Plus (PerkinElmer Life 
Sciences, Wellesley, MA, USA). 

2.7. Histological analysis 

The extracted lungs were fixed in 4% paraformaldehyde and 
embedded into paraffin, then were cut into 5-μm-thick sections. 
Hematoxylin-eosin (HE) staining was performed with hematoxylin for 5 
min and eosin for 5 min. Masson’s trichrome staining was performed 
using the standard Masson’s trichrome stain kit protocol (HT15, Sigma 
Aldrich). 

For immunohistochemistry, antigen retrieval was performed by 10 
mmol/L of Tris-HCl (pH 8.8) buffer. Following the inhibition of 
endogenous peroxidase using 3% H2O2 in Tris-buffered saline (TBS), the 
sections were incubated overnight at 4 ◦C with a rabbit monoclonal anti- 
ACSL4 antibody and a rat monoclonal anti-Ly6G antibody (1:3000, 
1:500 dilution each). The sections were washed three times with TBS, 
and then the corresponding secondary antibodies were applied and 
incubated for 1 h at room temperature. Immunohistochemistry was 
performed using a Dako EnVision + System with an HRP-labeled poly
mer anti-rabbit antibody (DAKO, Carpinteria, CA, USA) according to the 
manufacturer’s instructions and then counterstained with hematoxylin. 
The image was captured with a microscope (BZ-X810; Keyence, Osaka, 
Japan). 

2.8. RT-PCR analysis 

Total RNA was extracted from the lung tissues using TRIzol reagent 
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s in
structions. The total RNA was reverse-transcribed into cDNA using the 
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, 
Foster City, Waltham, MA, USA) according to the manufacturer’s 
protocol. 

Real-time quantitative RT-PCR (qRT-PCR) was performed on a Step 
One Plus real-time PCR system (Applied Biosystems). Each sample was 
individually loaded into a 10 μL reaction using SYBR Green PCR Master 
Mix (Applied Biosystems). PCR cycling conditions included an initial 
cycle of denaturation at 95 ◦C for 10 min, followed by 40 cycles of 
denaturation at 95 ◦C for 3 s and annealing/extension at 60 ◦C for 45 s. 
Dissociation curves were collected to verify the specificity of the PCR, 

and standard curves were generated using 1:4 serial dilutions of the 
template cDNA. Gene expression was quantified using the standard 
curve and normalized to 18S ribosomal RNA. The following primers 
were used: 18S ribosomal RNA, Forward: 5′-TTCGTATTGCGCCGC
TAGA-3’; Reverse: 5′-CTTTCGCTCTGGTCCGTCTT-3’. IL-6, Forward: 5′- 
GAGGATACCACTCCCAACAGACC-3’; Reverse: 5′-AAGTGCAT
CATCGTTGTTCATACA-3’. IL-1β, Forward: 5′-GCAACTGTTCCTGAACT
CAACT-3’; Reverse: 5′-ATCTTTTGGGGTCCGTCAACT-3’. CXCL1, 
Forward: 5′-GCAGACCATGGCTGGGATT-3’; Reverse: 5′-CCTGAGGG
CAACACCTTCAA-3’. CXCL2, Forward: 5′-GCGCCCAGACAGAAGTCA
TAG-3’; Reverse: 5′-AGGGTCAAGGCAAACTTTTTGA-3’. CXCL5, 
Forward: 5′-CGGTTCCATCTCGCCATTCA-3’; Reverse: 5′-GCTATGACT
GAGGAAGGGGC-3’. CXCR2, Forward: 5′-TGCTACTAGCCTGCATCAGC- 
3’; Reverse: 5′-ATGGGCAGGGCCAGAATTAC-3’. COX-2, Forward: 5′- 
CAGCCAGGCAGCAAATCC-3’; Reverse: 5′-ACATTCCCCACGGTTTT
GAC-3’. ACSL4, Forward: 5′-CCAAAGAACACCATTGCCATT-3’; Reverse: 
5′-AAGTCTGTGCTGCAATCATCCA-3’. GPx4, Forward: 5′- 
GCCAAAGTCCTAGGAAACGC-3’; Reverse: 5′-CCGGGTTGAAAGGTT
CAGGA-3’. 

2.9. Micro-computed tomography (micro-CT) analysis 

Lungs were analyzed the third day after injection of PQ using micro- 
CT systems (R_mCT2; Rigaku, Tokyo, Japan). Mice were anesthetized 
with 3% isoflurane (Dainippon Sumitomo Pharmaceutical Co. Ltd., 
Osaka, Japan) and scanned for 4.5 min with a resolving power of 93 μm, 
512 slices, 90 kV tube voltage, and 160 μA tube current. 2D images of 
the 512 slices obtained from micro-CT were converted to 3D image 
segmentations of lungs and airways, and then analyzed by Analyze 11.0 
software (Analyze Direct; Overland Park, KS, USA) in accordance with 
the manufacturer’s instructions. 

2.10. Flow cytometric analysis 

Flow cytometric analysis was performed on BALF cells. Cells were 
suspended in RBC lysis buffer (17 mM Tris-HCl, 0.75% NH4Cl) and 
allowed to stand for 5 min at room temperature. After 10% FCS DMEM 
was added to stop the reaction, cells were centrifuged and washed in 
10% FCS DMEM. After resuspension in 2% FCS PBS (− ), cells were 
stained with either anti-CD11b-FITC, anti-Ly-6G/6C-PE, or anti-F4/80- 
PE-Cy5 antibody. The stained cells were analyzed with MoFlo Astrios 
EQ (Beckman Coulter, Fullerton, CA, USA) using Kaluza Analysis Soft
ware 2.1 (Beckman Coulter). 

2.11. Hydroxyproline assay 

Lungs of MTX-treated mice were cut into small pieces and homoge
nized in 1 mL of 0.5 M acetic acid containing 1 mg pepsin and mixed 
overnight at room temperature. Collagen content was measured using 
the Sircol Soluble Collagen Assay (Biocolor, Newtownabbey, Northern 
Ireland) according to the manufacturer’s instructions. 

2.12. Statistical analysis 

Data were expressed as means ± SEM. Statistical comparisons be
tween two groups were conducted using the Student’s unpaired two- 
tailed t-test, while comparisons among three or more groups were per
formed using two-way analysis of variance (ANOVA) followed by the 
Tukey-Kramer post-hoc test. The survival curve was plotted using the 
Kaplan-Meier method and compared with the generalized Wilcoxon test. 
A P value less than 0.05 was considered statistically significant. All 
statistical analysis was performed using JMP pro version 16 (SAS 
Institute Inc., Cary, NC, USA). 
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3. Results 

3.1. Effect of ACSL4 deficiency on phospholipid composition in lung 

As shown in Fig. 1A, ACSL4 protein was expressed in lungs from WT 
mice, whereas the expression of ACSL4 protein in KO mice was reduced 
dramatically, to undetectable levels, in Western blotting. We previously 
reported that the levels of PUFA-derived fatty acyl-CoA and those of 

PUFA-containing phospholipids were lower in ACSL4-deficient BMDMs 
than in WT BMDMs. Thus, in this study we first investigated the long- 
chain acyl-CoA levels in mouse lung by LC-MS/MS. This revealed that, 
as was the case in BMDMs, the levels of acyl-CoA derived from AA 
(C20:4) and EPA (C20:5), both of which have been reported to be good 
substrates for ACSL4, were significantly reduced in lungs by the gene 
deletion of ACSL4 (Fig. 1B). In contrast to these acyl-CoAs, no differ
ences between the two genotypes were observed in the levels of satu
rated and monounsaturated fatty acyl-CoAs, or in the levels of C18:2- 
CoA and C18:3-CoA in lungs. 

We further examined the effects of ACSL4 deletion on the acyl-chain 
composition of phospholipids in lungs. Our LC-MS/MS analysis revealed 
that the knockout of ACSL4 decreased the levels of phosphatidylcholines 
(PCs) and phosphatidylethanolamines (PEs), which contain AA, EPA, 
adrenic acid (C22:4), and docosapentaenoic acid (C22:5) at the sn-2 
position (Fig. 1C and D). The levels of AA-containing phosphatidylgly
cerol and EPA-containing phosphatidylinositol were also lower in KO 
mice than in WT mice (Suppl. Fig. 1). On the other hand, PE with pal
mitic acid (C16:0), palmitoleic acid (C16:1), stearic acid (C18:0), oleic 
acid (C18:1), and linoleic acid (C18:2) were found at higher levels in KO 
mice than in WT mice. Phosphatidylserine with palmitic acid (C16:0), 
oleic acid (C18:1), and linoleic acid (C18:2) was also increased in KO 
mice (Suppl. Fig. 1). 

Interestingly, dipalmitoyl PC (DPPC, 16:0–16:0 PC), a major 
component of pulmonary surfactant [27,28], was lower in KO murine 
lungs than in WT mouse lungs. However, the expression level of lyso
phosphatidylcholine acyltransferase (LPCAT) 1, which is the most 
important isozyme for DPPC synthesis among the four LPCAT isozymes 
[29], did not differ between WT and KO mice (Suppl. Fig. 3A). In 
addition, ACSL4 deficiency did not induce the expression of other ACSL 
isozymes (ACSL1, 3, 5, and 6) (Suppl. Fig. 3B). Although further studies 
are needed to clarify how ACSL4 deficiency reduced DPPC levels in lung, 
these results indicated that ACSL4 plays a critical role in the remodeling 
of the majority of PUFA-containing glycerophospholipids in lung. 

3.2. Effect of ACSL4 deficiency on PQ-induced lung injury 

We next evaluated whether the alteration of phospholipid composi
tion in lung due to ACSL4 deficiency affected sensitivity to PQ, a highly 
toxic compound known to induce lung damage and death. We compared 
the effects of a low dose (25 mg/kg body weight) of PQ administered by 
intraperitoneal injection in WT and ACSL4 KO mice. As shown in 
Fig. 2A, PQ-administered WT mice tended to have the most deaths per 
day on days 3–4; and most deaths occurred by day 7 after administra
tion. Only 20% of WT mice had survived by day 28 after administration. 
On the other hand, ACSL4 KO mice were extremely resistant to PQ; 
66.7% of KO mice had survived at 28 days after administration. 

To assess the degree of PQ-induced acute lung lesions, we next per
formed histological analysis of lungs on day 3 after administration. Our 
micro-CT analysis showed no difference in histological images between 
the lungs of nontreated WT and KO mice (Fig. 2B). The predicted lung 
volume per body weight was also not different between nontreated WT 
and KO mice (Fig. 2C). In the lung of WT mice on day 3 after adminis
tration of PQ, x-ray transparency was remarkably decreased (Fig. 2B). 
This indicated a large accumulation of exudates into lung tissues. Similar 
changes in histological images were also observed in ACSL4 KO mice, 
but the degree of lesions was significantly lower in KO mice. The pre
dicted lung volume was not affected by PQ administration in KO mice 
(Fig. 2C). These results indicated that PQ treatment inhibits normal gas 
exchange, resulting in lethal lung injury in WT mice, whereas lung 
impairment is less severe in KO mice. Furthermore, our HE staining 
analysis also showed that ACSL4 deficiency attenuated PQ-induced lung 
injury. As shown in Fig. 2D, hypertrophy of alveolar cells was observed 
in PQ-administered WT mice but not in KO mice. These results 
confirmed that ACSL4 deficiency significantly reduced the acute lung 
toxicity of PQ. 

Fig. 1. Effects of ACSL4 deficiency on the levels of fatty acyl-CoA content and 
membrane phospholipid composition in mouse lung tissues. (A) Expression of 
ACSL4 proteins in lung tissues of WT and ACSL4 KO mice. Lung tissue ho
mogenates of WT or ACSL4 KO mice were subjected to Western blotting and 
densitometric quantification of ACSL4; n = 3/group. (B) LC-MS/MS quantita
tion of fatty acyl-CoA content in lung tissues of WT (blue columns) and ACSL4 
KO mice (red columns); n = 6–7/group. (C) Fatty acid composition of PC 
species in lung tissues of WT and ACSL4 KO mice. PC species bearing only 
saturated, monounsaturated, or divalent unsaturated fatty acids (upper) and 
PUFAs (lower) in lung tissues of WT (blue columns) and ACSL4 KO mice (red 
columns); n = 3/group. (D) Fatty acid composition of PE species in lung tissues 
of WT and ACSL4 KO mice. PE species bearing only saturated, mono
unsaturated, or divalent unsaturated fatty acids (upper) and PUFAs (lower) in 
lung tissues of WT (blue columns) and ACSL4 KO mice (red columns); n = 3/ 
group. Data represent means ± SEM. *p < 0.05 and **p < 0.01, WT vs ACSL4 
KO mice. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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Since PQ is known to generate ROS, which in turn induce lipid 
peroxidation leading to cell death in lung tissues, we next analyzed the 
level of phospholipid hydroperoxide in lung by LC-MS/MS [30]. As 
shown in Fig. 2E, the level of PC hydroperoxide, PC(16:0/20:4)-OOH, 
was significantly increased in the lungs of WT mice by PQ administra
tion, but no increase was observed in KO mice. These results suggested 
that phospholipid hydroperoxides produced by oxidation of PUFA might 
be responsible for PQ-induced acute lung injury. Additionally, we 
investigated the impact of Fer-1, an inhibitor of ferroptosis [31], a 
regulated form of cell death associated with the buildup of lipid per
oxides, on PQ-induced lung injury. However, in our experimental 

protocol, pretreatment with Fer-1 did not show any significant effect on 
PQ-induced mortality. Even when WT mice were pretreated with Fer-1, 
only 20% of them had survived at day 28 after PQ administration. Our 
histological analysis also revealed that PQ-induced lung injury was not 
affected by pretreatment with Fer-1 (Suppl. Fig. 2). 

3.3. Effect of ACSL4 deficiency on PQ-induced inflammation- and 
ferroptosis-related gene expression in lung 

We conducted RT-qPCR analysis to further investigate the effects of 
ACSL4 deficiency on gene expression associated with inflammation and 

Fig. 2. Effects of ACSL4 deficiency on PQ-induced lung injury. (A) Survival curves of PQ-administered WT (blue line) and ACSL4 KO mice (red line) for 28 days; n =
15/group, generalized Wilcoxon test. (B) Representative micro-CT 2D images (left) and 3D image segmentation (right) of lung tissues of untreated and PQ- 
administered WT and ACSL4 KO mice. In 3D image segmentation, lung field area and airway are shown in green and red, respectively. The regions that are not 
clearly detectable due to severe damage are shown in gray. (C) The predicted lung volume per body weight of untreated or PQ-administered WT (blue columns) and 
ACSL4-KO mice (red columns); n = 3–5/group. (D) Representative histological images of lung tissue of untreated or PQ-administered WT and ACSL4-KO mice with 
HE staining. The scale bars represent 100 μm. (E) The level of PC 16:0/20:4-OOH in lung tissues of untreated or PQ-administered WT (blue columns) and ACSL4-KO 
mice (red columns); n = 4/group. Data represent means ± SEM. *p < 0.05 and **p < 0.01, untreated WT vs PQ-administered WT mice; #p < 0.05 and ##p < 0.01, 
PQ-administered WT vs ACSL4 KO mice. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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ferroptosis. As shown in Fig. 3A, in lung tissue on day 3 after PQ 
administration, the gene expression levels of inflammatory cytokines 
such as IL-6 and IL-1β were elevated, but ACSL4 gene deletion sup
pressed these increments. Furthermore, the expression of cyclo
oxygenase 2 (COX-2), which is involved in the arachidonic acid cascade 
and associated with inflammation and ferroptosis [25,32], was 
increased in lung tissues of PQ-administered WT mice, while its upre
gulation was suppressed in ACSL4 KO mice. 

We further found that PQ administration downregulated GPx4 
expression but conversely ACSL4 was upregulated in lung. GPx4 con
verts phospholipid hydroperoxide to phospholipid hydroxide and sup
presses the onset of ferroptosis, and both the deletion and inhibition of 
GPx4 are known to promote ferroptosis. As shown in Fig. 3A, the 
expression level of GPx4 was decreased in lung tissues of WT mice by PQ 
administration, but its expression was not affected in ACSL4 KO mice. 
On the other hand, the expression level of ACSL4 was upregulated in 
lung tissue, particularly in the airway epithelial cells, by PQ adminis
tration (Suppl. Fig. 3). These results suggested that the downregulation 
of GPx4 and the upregulation of ACSL4 might cooperatively accelerate 
PQ-induced lipid peroxidation. 

Previous studies reported that migration of neutrophils exacerbates 
PQ-induced acute lung injury and spreads inflammation leading to res
piratory failure. Therefore, we investigated the impact of ACSL4 defi
ciency on the expression of chemokines and the migration of leukocytes 
into lung tissues in response to PQ administration. Our RT-qPCR analysis 
revealed that mRNA levels of chemokines, including CXCL1, CXCL2, and 
CXCL5, as well as the expression of the chemokine receptor CXCR2, were 
upregulated in WT mice on day 3 after PQ administration. However, 
these increases were significantly suppressed in ACSL4 KO mice 
(Fig. 3A). Moreover, our immunohistochemical analysis showed that Gr- 
1-positive neutrophils migrated into lung tissues by PQ administration 
(Fig. 3B). Flow cytometry analysis also revealed an increase in 
CD11b+Ly6G/6C+ neutrophils in the BALF of PQ-treated WT mice 
(Fig. 3C). In ACSL4 KO mice, the migration of neutrophils was found to 
be significantly suppressed compared to WT mice in response to PQ 
administration. Additionally, while the migration of CD11b+F4/80+

macrophages was increased in PQ-treated WT mice, this migration was 
also suppressed in ACSL4 KO mice, although to a lesser extent compared 
to the migration of neutrophils. These results indicated that ACSL4 
deficiency suppressed the migration of leukocytes, especially neutro
phils, which are considered to lead to PQ-induced acute lung injury. PQ- 
induced lipid peroxidation might trigger the migration of neutrophils 
and macrophages into lung tissues. 

3.4. Effect of ACSL4 deficiency on MTX-induced side effects such as 
pulmonary fibrosis 

Furthermore, we investigated the effects of ACSL4 deficiency on 
MTX-induced pulmonary fibrosis. The treatment of MTX in our protocol 
did not cause WT mice to die but did induce pulmonary fibrosis. As 
shown in Fig. 4A, pathological damage to lung, such as alveolar wall 
thickening, was observed in MTX-administered WT mice. On the other 
hand, MTX-induced alveolar wall thickening was alleviated in ACSL4 
KO mice. The content of hydroxyproline, a fibrosis biomarker [26], of 
whole lung also increased by treatment with MTX in WT mice, but the 
increase in hydroxyproline content was suppressed by ACSL4 deficiency 
(Fig. 4B). 

We further investigated the effects of ACSL4 deficiency on the level 
of phospholipid hydroperoxide and the expression levels of inflamma
tion- and ferroptosis-related genes in the lungs of MTX-treated mice. As 
shown in Fig. 4C, the level of PC(16:0/20:4)-OOH was reduced in ACSL4 
KO mice. The expression of IL-1β, IL-6, and COX-2 genes tended to be 
upregulated by MTX administration, but ACSL4 deficiency did not 
significantly affect expression levels (Suppl. Fig. 4). Although down
regulation of GPx4 expression was not observed in MTX-treated mice, 
the expression of ACSL4 was upregulated in the lung tissue by MTX 

administration. As the expressions of COX-2 and ACSL4 are reported to 
be induced in ferroptosis, we next examined the effect of Fer-1 on MTX- 
induced pulmonary fibrosis. We found that pretreatment with Fer-1 
significantly suppressed the MTX-induced increase in the hydroxypro
line content of lung tissues (Fig. 4D). These results suggested that ACSL4 
deficiency might attenuate the lung toxicity of MTX by suppressing lipid 
peroxidation-mediated ferroptosis. 

4. Discussion 

In this study, we revealed that ACSL4 deficiency reduced the levels of 
PUFA-containing membrane phospholipid in mouse lung tissues (Fig. 1) 
and then attenuated both PQ- and MTX-induced pulmonary toxicity. In 
addition to ACSL isozymes, several enzymes, such as phospholipase A2 
and LPCAT, are involved in membrane phospholipid remodeling [29,33, 
34]. All five ACSL isozymes (ACSL-1, 3, 4, 5, and 6), are expressed in 
lung tissues, but our findings indicated that, among these enzymes, 
ACSL4 might be critical for the maintenance of membrane phospholipid 
composition. It is noteworthy that the DPPC level in lung tissues was also 
significantly reduced in ACSL4 KO mice compared to WT mice. We 
previously reported that the DPPC level in BMDMs was also decreased 
by ACSL4 deficiency [18]. Although further studies are needed to clarify 
the mechanism by which the DPPC level is regulated, there might be 
some kind of sensing and regulatory machinery that maintains the 
membrane’s physicochemical properties. In ACSL4 KO mice, this ma
chinery might detect a reduction in PUFA-containing. 

We found that ACSL4 deficiency decreased both PQ-induced mor
tality and lung inflammatory reactions (Figs. 2 and 3). PQ radical, which 
is generated from PQ in lung tissues, donates an electron to oxygen, 
leading to the formation of superoxide anion, which can act as an 
electron donor in the generation of hydroxyl radical [5]. Since the 
reduction in PUFA-containing phospholipids resulted in the attenuation 
of PQ-induced lung lesions, PUFA-containing membrane phospholipids 
might be critical targets for PQ-derived hydroxyl radicals. Lipid perox
ides produced by the action of PQ-derived hydroxyl radicals might not 
only directly damage cellular membranes of lung tissue cells but also 
trigger the migration of neutrophils into lung tissues to induce inflam
matory reactions, thus causing mice to die. It has been reported that 
ferroptotic cells, which die by lipid peroxides, can promote the migra
tion of macrophages and neutrophils towards inflamed sites through the 
process of chemotaxis [35,36]. Even in lung tissues of PQ-administered 
mice, cells that were killed by PQ-derived hydroxyl radicals might 
induce the chemotaxis of neutrophils and then exacerbate lung inflam
mation, leading to somatic death. 

The lung tissues of PQ-treated WT mice showed the accumulation of 
lipid peroxides and the downregulation of GPx4 expression (Figs. 2 and 
3). Furthermore, in addition to the upregulation of inflammation-related 
gene expressions, the expressions of COX-2 and ACSL4, both known to 
be induced in ferroptosis [21,25], were also found to be upregulated. 
These findings indicated that ferroptosis is likely involved in PQ-induced 
lung injury. It has been reported that alveolar epithelial cells are specific 
targets of PQ toxicity [37]. Our histological analysis further revealed 
that ACSL4 protein is expressed and upregulated in alveolar epithelial 
cells (Suppl. Fig. 2D). Ferroptosis of alveolar epithelial cells might be 
critical for PQ-induced lung injury. We therefore attempted to examine 
the effects of Fer-1, an inhibitor of ferroptosis [31], but we found that it 
did not improve PQ-induced mortality. Lung damage by PQ adminis
tration might be too massive for the preventive effects of Fer-1. 

ACSL4 deficiency was found to attenuate MTX-induced lung fibrosis 
(Fig. 4). MTX inhibits dihydrofolate reductase, which reduces folic acid 
to tetrahydrofolic acid and catalyzes the regeneration of tetrahy
drobiopterin [38]. Since tetrahydrobiopterin is a potent radical-trapping 
antioxidant [39,40], it has been suggested that MTX might upregulate 
ROS generation by decreasing in tetrahydrobiopterin levels. The in
crease in ROS levels by MTX administration might be involved in 
MTX-induced pulmonary toxicity, but the precise mechanism by which 
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MTX induces lung fibrosis remains unclear. We here found that the level 
of phospholipid hydroperoxide was reduced in the lungs of 
MTX-administered ACSL4 KO mice. The expression levels of 
ferroptosis-related genes, COX-2 and ACSL4, were upregulated by MTX 
administration. Notably, both ACSL4 deficiency and pretreatment with 
Fer-1, a ferroptosis inhibitor, were found to suppress MTX-induced lung 
fibrosis (Fig. 4). Our findings indicated that, similar to PQ, MTX might 
prompt peroxidation of PUFA-containing phospholipids in lung tissues 
and then induce lung fibrosis through ferroptosis. It is well known that 
long-term use of MTX often results in pulmonary fibrosis as an adverse 
side effect [7–9]. ACSL4 inhibitors and ferroptosis inhibitors may be 
potential targets for reducing the adverse side effects of MTX. 

In conclusion, we here showed that ACSL4 gene deletion down
regulates various kinds of phospholipid species containing PUFA in the 
mouse lung, and then mitigates pulmonary toxic chemical-induced lung 
injury by suppressing lipid peroxidation. Inhibition of ACSL4 may be 
promising for the prevention and treatment of chemical-induced lung 
injury. 
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