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Abstract

Background: Ferroptosis is a new type of nonapoptotic cell death model that was closely related to reactive

oxygen species (ROS) accumulation. Seawater drowning-induced acute lung injury (ALI) which is caused by severe

oxidative stress injury, has been a major cause of accidental death worldwide. The latest evidences indicate nuclear

factor (erythroid-derived 2)-like 2 (Nrf2) suppress ferroptosis and maintain cellular redox balance. Here, we test the

hypothesis that activation of Nrf2 pathway attenuates seawater drowning-induced ALI via inhibiting ferroptosis.

Methods: we performed studies using Nrf2-specific agonist (dimethyl fumarate), Nrf2 inhibitor (ML385), Nrf2-

knockout mice and ferroptosis inhibitor (Ferrostatin-1) to investigate the potential roles of Nrf2 on seawater

drowning-induced ALI and the underlying mechanisms.

Results: Our data shows that Nrf2 activator dimethyl fumarate could increase cell viability, reduced the levels of

intracellular ROS and lipid ROS, prevented glutathione depletion and lipid peroxide accumulation, increased FTH1

and GPX4 mRNA expression, and maintained mitochondrial membrane potential in MLE-12 cells. However, ML385

promoted cell death and lipid ROS production in MLE-12 cells. Furthermore, the lung injury became more

aggravated in the Nrf2-knockout mice than that in WT mice after seawater drowning.

Conclusions: These results suggested that Nrf2 can inhibit ferroptosis and therefore alleviate ALI induced by

seawater drowning. The effectiveness of ferroptosis inhibition by Nrf2 provides a novel therapeutic target for

seawater drowning-induced ALI.
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Background

Drowning is one of the main causes of accidental injury

and death [1, 2]. It is estimated that more than 360,000

people die each year from drowning worldwide [3].

Moreover, it is worth noting that acute lung injury (ALI)

is one of the most common complications of drowning

and can develop ultimately into acute respiratory distress

syndrome [4, 5]. Drowning damage alveolar epithelial

cells, and thereafter cause hypoxia, hemorrhage and oxi-

dative stress, and inflammation [6, 7]. Recent reports

suggested oxidative stress played an important role in

the pathogenesis drowning-induced ALI [4, 8]. Our pre-

vious studies have shown that heme oxygenase-1(HO-1)

alleviated drowning-induced ALI [9]. Both several tran-

scriptional factors (e.g. activator protein-1, hypoxia-

inducible factor-1, nuclear factor-kappa B, nuclear factor

erythroid 2-related factor-2 (Nrf2) and signaling
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cascades such as mitogen-activated protein kinase and

phosphatidylinositol 3-kinase/Akt tightly regulated HO-

1 gene expression [10]. Among these factors which can

induce HO-1 expression, Nrf2 has a key role in regulat-

ing cellular antioxidant stress and eliminating reactive

oxygen species (ROS) [11]. Recently research found that

Nrf2 prevents oxidative stress-induced pulmonary dis-

eases [12, 13]. However, whether or not Nrf2 is respon-

sible for HO-1 induction in seawater-induced ALI is still

unknown.

Ferroptosis is an iron-dependent, lipid peroxidation-

driven cell death cascade and its main features are over-

whelming cellular ROS production and iron-based lipid

peroxide accumulation [14, 15]. Although the pathogen-

etic role of ferroptosis in ALI induced by seawater

drowning is still elusive, its involvement in multiple dis-

eases has been established. Nowadays, ferroptosis has

been recognized as a key mechanism for cell death asso-

ciated with ischemic organ injury, neurodegeneration

and cancer [15–17]. Ferroptosis induced by GPX4 inhib-

ition could prevent cancer resistant to chemotherapy

[18, 19]. The latest research shows that inhibiting ferrop-

tosis can alleviate ALI induced by lipopolysaccharide

[20], cigarette smoke-induced chronic obstructive pul-

monary disease [21] and radiation- induced lung fibrosis

[22]. However, the role of ferroptosis in ALI induced by

seawater drowning is unclear. In this study, we employed

Nrf2 agonist dimethyl fumarate (DMF), Nrf2 inhibitor

(ML385), Nrf2-knockout mice and ferroptosis inhibitor

(Ferrostatin-1) to test the hypothesis that activation of

the Nrf2 pathway attenuates drowning-induced ALI by

inhibiting ferroptosis both in vivo and in vitro.

Methods

Reagents and antibodies

Artificial seawater (pH 8.2, osmolality 1300 mmol/L, spe-

cially weight 1.05, NaCl 26.518 g/L, MgSO4 3.305 g/L,

MgCl2 2.447 g/L, CaCl2 1.141 g/L, KCl 0.725 g/L,

NaHCO3 0.202 g/L, and NaBr 0.083 g/L) was prepared

according to the main components of seawater in the

East China Sea provided by the China Oceanic Adminis-

tration [23]. Dimethyl sulfoxide (DMSO) and dihy-

droethidium (DHE) were purchased from Sigma-Aldrich

(St. Louis, MO, USA). Cell Counting Kit-8 (CCK-8) was

purchased from Biosharp Life Sciences (Biosharp,

China). DMF (Cat# HY-17363), ML385 (Cat# HY-

100523) and Ferrostatin-1 (Fer-1, Cat# HY-100579) were

obtained from Med Chem Express (MCE, USA). Primary

antibodies for anti-GAPDH (Cat# ab181602) and anti-

Nrf2 (Cat# ab62352) were obtained from Abcam

(Abcam, USA).

DMF was suspended in 0.9% NaCl and 0.5% Methocel

(Sigma) to a final concentration was 4 mg/ml. Fer-1 was

dissolved in dimethyl sulphoxide and then diluted in sa-

line to a final concentration of 0.5 mg/ml.

Cell culture and treatment

MLE-12 cells (mouse lung epithelial cell line, obtained

from ATCC, USA) were maintained in DMEM (GIBCO,

USA) medium supplemented with 10% fetal bovine

serum (FBS, GIBCO, USA) and 1% penicillin-

streptomycin solution (GIBCO, USA) and placed in a

cell culture chamber containing 5% CO2 at 37 °C. MLE-

12 cells were seeded in 96-well plates at a concentration

of 5 × 104/ml, or in 6-well plates at a concentration of

1 × 105/ml, and used for experiments after overnight

cultivation.

MLE-12 cells were treated with a final concentration

of 25% seawater (0.25 ml per 1 mL total volume) for 2, 4,

6, 8 or 12 h, respectively. At the same time, the cells in-

oculated in complete medium and cultured without sea-

water and drugs were used as the control group. Finally,

the treatment was ended and tested at the same time to

explore the time dependence of the effect of seawater on

MLE-12 cells. In subsequent experiments, cells exposed

to 25% seawater for 6 h were used as the seawater (SW)

group [9]. The other drug treatment groups were pre-

treated with final concentrations of Fer-1 (10 μM), DMF

(20 μM) and ML385 (20 μM) for 2 h before seawater ex-

posure [24–26].

Cell viability assay

Cells viability was measured by using Cell Counting Kit-

8 (CCK-8) kits. Cells were seeded at a density of 1 × 104/

well in 96-well plates. After washing the cells with phos-

phate buffered saline (PBS), the CCK-8 solution was

added to the medium at a dilution of 1:10 and incubated

at 37 °C for 2 h. Absorbance was measured at 450 nm

using a microplate reader (BioTek, Winooski, USA).

Determination of the activities of superoxide dismutase

(SOD), the content of glutathione (GSH) and

malondialdehyde (MDA)

The activities of SOD and the contents of GSH and

MDA in MLE-12 cells and lung tissues were measured

by a commercial assay kit (Nanjing Jiancheng Bio Co.,

Ltd., China) according to the manufacturer’s

instructions.

Detection of intracellular ROS by fluorometric intracellular

ROS kit

The level of intracellular ROS was measured using a

fluorometric ROS kit (Nanjing Jiancheng Bio Co., Ltd.,

China). MLE-12 cells was incubated with 10 μM 2′,7′-

dichlorodihydrofluorescein diacetate (DCFH-DA) in the

dark for 1 h and then washed with PBS. The fluores-

cence intensity was measured by a fluorescence
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spectrophotometer (wavelength was 485 nm and the

emission wavelength was 530 nm).

Intracellular ROS concentrations using DHE fluorescent

probe

MLE-12 cells were treated with 10 μM dihydroethidium

(DHE) in the dark for 30 min and then washed with

PBS. Images were observed and collected by a Nikon

TE-2000 fluorescence microscope (Nikon, Tokyo,

Japan).

Mitochondrial membrane potential assay

Mitochondrial membrane potential (MMP) of MLE-12

cells were detected using fluorescent probe JC-1 and

rhodamine 123 (Sigma-Aldrich, St Louis, MO). Briefly,

cells were incubated for 30 min at 37 °C in the dark with

JC-1 (5 μM) or rhodamine 123 (5 μM). After washing

with PBS, cell fluorescence images by JC-1 staining were

observed and obtained using a Nikon TE-2000 fluores-

cence microscope (Nikon, Tokyo, Japan). The fluores-

cence intensity of rhodamine 123 staining was measured

with a microplate reader using a 485 nm excitation and

a 529 nm emission filter setup.

Collection of mitochondrial superoxide images by

MitoSox red fluorescent probe

MLE-12 cells were treated with 5 μM MitoSox Red

(Invitrogen) in the dark for 30 min and then washed

with PBS. Images were observed and collected by a

Nikon TE-2000 fluorescence microscope (Nikon, Tokyo,

Japan).

Flow cytometric analysis of cell death and lipid ROS

Cell death was measured by flow cytometry (BD Biosci-

ences, C6 Plus, USA) using Annexin V-FITC/PI Apop-

tosis Detection Kit (Beijing Cowin Biotech Co., Ltd.,

China) according to the manufacturer’s instructions [17].

The assay for lipid ROS was performed by incubating

the cells for 1 h at a final concentration of 2 μM of BOD-

IPY 581/591 C11 (Invitrogen) at 37 °C. The cells were

then washed twice with PBS, resuspended in PBS, and

analyzed by flow cytometry (BD Biosciences, C6 Plus,

USA) [17, 27].

Seawater drowning model and treatments

Eight-week-old Nrf2-knockout (Nrf2−/−) and wild-type

(WT) littermate male mice on a C57BL/6 J background

(obtained from Model Animal Research Center, MARC,

Nanjing, project No. XM002783) were used to conduct

the in vivo experiments. For the mice drowning model,

mice were placed in a porous container and immersed

in a water bath containing 6 cm deep 25 ± 2 °C for 35 s

[9, 28]. All experiments were conducted in accordance

with established guidelines and approved by the Animal

Care and Use Committee of Jiangnan University (JN.

No. 20180615b0841230). Wild-type mice were randomly

assigned to 6 groups: control, SW, Fer-1, SW + Fer-1,

DMF and SW+DMF. Nrf2-knockout mice were ran-

domly assigned to 2 groups: Nrf2 KO and Nrf2 KO +

SW.

DMF group and SW +DMF group were given DMF

(80 mg/kg) by gavage at 3 h, 24 h and 48 h after drown-

ing, with a volume of 0.4–0.5 ml per mouse [29]. Fer-1

was diluted with 0.01% DMSO in saline to a final con-

centration of 0.5 mg/ml. Fer-1 and SW + Fer-1 groups

were given Fer-1 (5 mg/kg) by intraperitoneal injection

at 3 h, 24 h and 48 h after drowning, with a volume of

0.2–0.25 ml per mouse [30]. All groups were sacrificed

on the third day after drowning and lung tissue samples

were collected for evaluation.

Tissue collection, wet-to-dry ratio analysis and

histological analysis

Right lungs were collected for determined the lung wet-

to-dry ratio, western blot and biochemical analysis. The

lungs were dissected, weighed, and dried in an oven at

60 °C for 72 h, and then the wet-to-dry ratio was calcu-

lated to evaluate tissue edema. The left lung tissue sam-

ple was filled with 4% paraformaldehyde by tracheal

infusion, and then placed in 4% paraformaldehyde solu-

tion for fixation. After the fixation, the left lung tissue

samples were embedded in paraffin. Tissue pieces were

cut into 4 μm sections and stained with hematoxylin and

eosin (HE) for lung injury score [31].

Micro-computed tomographic analysis

Mice were anesthetized with isoflurane continuously de-

livered through a nose cone and scanned using a

Quantum FX micro-CT Imaging System (PerkinElmer,

Table 1 Primers used in this study for PCR

Gene Forward Reverse

Nrf2 5′-AAAATCATTAACCTCCCTGTTGAT-3′ 5′-CGGCGACTTTATTCTTACCTCTC-3′

Ptgs2 5′-AAGTGCGATTGTACCCGGAC-3′ 5′-GTGCACTGTGTTTGGAGTGG-3′

GPX4 5′-CTTATCCAGGCAGACCATGTGC-3′ 5′-CCTCTGCTGCAAGAGCCTCCC-3′

FTH1 5′-GCACACTCCATTGCATTCAGCC-3′ 5′-GCCGAGAAACTGATGAAGCTGC-3′

GAPDH 5′-TGTGATGGGTGTGAACCACGAGAA-3′ 5′-GAGCCCTTCCACAATGCCAAAGTT-3′
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Fig. 1 (See legend on next page.)
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USA). Each mouse was scanned for 4 min under the pa-

rameters of 70 kV, 88 μA, 36mm FOV. The data ac-

quired by the scan was analyzed and 3D reconstructed

using the Analyze 12.0 software at the same level setting.

Immunofluorescence staining of Nrf2 in vitro and in vivo

To observe Nrf2 localization of MLE-12 cells. Cells were

then fixed in 4% formaldehyde and permeabilized with

0.1%Triton X. The cells were probed with Nrf2 anti-

bodies followed by Alexa Fluor 488-conjugated second-

ary antibodies (Thermo Fisher Scientific, USA). To

visualize the nuclei, cells were then treated with 1 μg/ml

DAPI for 10 min and then washed by PBS. Finally, added

the anti-fade mounting medium and collected images

using Zeiss LSM 880 laser confocal fluorescence micro-

scope (Carl Zeiss, Oberkochen, Germany).

To observe the expression of Nrf2 in mouse lung tis-

sue. Paraffin slides were rehydrated in alcohol with de-

creasing concentrations and then placed in 10mM

sodium citrate buffer heated to 95 °C for 30 min for anti-

gen retrieval. Then, the slides were permeabilized with

0.5% Triton-X and blocked with 5% BSA for 2 h. The

slides were probed with Nrf2 antibodies followed by

Alexa Fluor 555-conjugated secondary antibodies

(Thermo Fisher Scientific, USA). The slides were incu-

bated in DAPI for 10 min and then washed. Finally, the

slides were mounted with an anti-fade mounting

medium and collected images using Zeiss Axio Imager 2

fluorescence microscope (Carl Zeiss, Oberkochen,

Germany).

Western blot

The samples were homogenized in ice-cold RIPA buffer

with protease inhibitor mixture, and the supernatant was

collected after centrifugation (12,000 rpm, 10 min and

4 °C). The protein concentrations were measured using a

BCA kit, and proteins were then denatured at 100 °C for

5 min. Proteins were loaded onto a 10% SDS-PAGE gel

and transferred to a nitrocellulose filter membrane. Blots

were blocked at room temperature for 1 h and then in-

cubated with primary antibodies at 4 °C overnight. After

blocking and washing, the blot was incubated with the

secondary antibody for 2 h. Protein bands were visual-

ized and analyzed by the ChemiDocTM XRS Plus lumi-

nescence image analyzer (Bio-Rad, USA) using the ECL

system (Millipore, USA).

Reverse transcription-quantitative polymerase chain

reaction

Total RNA isolation and quantitative real-time PCR

were performed using the procedure described previ-

ously [32]. The primers used in this study were synthe-

sized by GENEWIZ Biotechnology Co., Ltd. (Suzhou,

China) (Table 1).

Protein–protein interaction analysis

Search Tool for the Retrieval of Reciprocity Genes (STRI

NG) online database (http://string-db.org/) was used to

evaluate protein–protein interaction network of Nrf2,

Ptgs2, GPX4 and FTH1. Organism was selected “Mus

musculus”. The online database provided assessment

and integration of protein interactions, including direct

(physical) and indirect (functional) correlations [33].

Statistical analysis

Measurement data were expressed as means ± standard

deviation (SD). Comparisons among groups were carried

out by analysis of variance (ANOVA) with GraphPad

Prism. P < 0.05 was considered statistically significant.

Results

Seawater exposure induced ferroptosis in MLE-12 cells

In order to explore the time correlation of the effect of

seawater on MLE-12 cells. MLE-12 cells were treated

with seawater at a final concentration of 25% for 2, 4, 6,

8 or 12 h, respectively, and the treatment was ended and

tested at the same time. We observe the cells by bright

field microscope and use CCK8 kit to detect cell viabil-

ity. The results showed that seawater exposure changed

MLE-12 morphology (Fig. 1a) and decreased cellular via-

bility in time-dependent manner (Fig. 1b). The results of

flow cytometry detection of death also showed an in-

crease in the proportion of cell death as the seawater ex-

posure time prolonged (Fig. 1c and d) [17]. These results

indicate that seawater exposure caused MLE-12 cell

damage and death. Based on the above experiments, this

study selected seawater stimulation for 6 h as the follow-

up test conditions. As shown in Fig. 1e, seawater stimu-

lation induced a significant increase in Ptgs2 mRNA in

MLE-12 cells, a key molecular marker of ferroptosis [19,

34]. Both Nrf2 mRNA and protein expression in MLE-

12 cells also increased after 6 h of seawater stimulation

(Fig. 1f and g).

(See figure on previous page.)

Fig. 1 Seawater exposure induced MLE-12 cell damage. MLE-12 cells were exposed to 25% seawater for different times (a-d). (a) Cell morphology

images (Original magnification × 200. Bar = 50 μm). (b) CCK-8 assay for the determination of cell viability (n = 4). (c) Cell death was analyzed using

Annexin V-FITC/PI staining with flow cytometry (n=3). (d) Quantitative results of the percentage of cell death (n = 3). (e) The expression of Ptgs2

mRNA in MLE-12 cells was measured by qPCR after 6 h of seawater exposure (n = 4). The level of Nrf2 expression was determined by Western

blot (f) and qPCR (g) (n = 3). Data were presented as the mean ± SD. ⁎P < 0.05 vs. Control group

Qiu et al. Respiratory Research          (2020) 21:232 Page 5 of 16
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Fig. 2 (See legend on next page.)

Qiu et al. Respiratory Research          (2020) 21:232 Page 6 of 16



To investigate whether ferroptosis participated in

MLE-12 cell death induced by seawater drowning, we

pretreated cells with the ferroptosis specific inhibitor

Fer-1. MLE-12 cells were treated with Fer-1 at a final

concentration of 5, 10, 20, 30 and 40 μM for 24 h

(Fig. 2a). Because the concentration of 10 μM Fer-1 did

not significantly influence cell viability, 10 μM Fer-1 was

used as the concentration for subsequent experiments

[26]. As shown in Fig. 2b-d, the percentage of cell death

after Fer-1 treatment was reduced and cell viability was

increased in the SW+ Fer-1 group relative to the SW

group. The fluorescent indicator (DCFH-DA) and dihy-

droethidium (DHE) fluorescent probes were used to

monitor the generation of intracellular ROS in seawater-

treated MLE-12 cells. The two detection methods con-

sistently showed that seawater exposure caused a signifi-

cant increase of intracellular ROS in MLE-12 cells, which

was decreased by Fer-1 treatment (Fig. 2e and f). Lipid

ROS accumulation is a typical feature of ferroptosis [35].

The results of flow cytometry after C11-BODIPY®581/591

staining showed that lipid ROS levels were significantly re-

duced after Fer-1 treatment compared with SW group

(Fig. 2g and h). Glutathione depletion and lipid peroxide

accumulation are important features of ferroptosis [36].

MDA is the most common by-product of lipid peroxida-

tion [37]. Fer-1 treatment reversed the decrease of GSH

level and SOD activity caused by seawater stimulation

(Fig. 2i and k). Meanwhile, Fer-1 also significantly reduced

the content of MDA (Fig. 2j). These results suggest that

ferroptosis is involved in MLE-12 cell damage induced by

seawater stimulation.

Nrf2 activation attenuates seawater-induced MLE-12 cell

damage

To investigate the effect of Nrf2 on MLE-12 cell damage

induced by seawater stimulation, we treated cells with

DMF (20 μM) and/or ML385 (20 μM). As shown in

Fig. 3a and b, DMF did significantly increase the expres-

sion of Nrf2 whereas ML385 treatment reduced the ex-

pression level of Nrf2. As a transcription factor,

translocation into the nucleus is a key step for Nrf2 to

play a regulatory role. Immunofluorescence images also

showed that DMF significantly promoted the transloca-

tion of Nrf2 into the nucleus, while ML385 suppressed

this phenomenon (Fig. 3c). Flow cytometry results

showed that DMF reduced the percentage of cell death

caused by seawater stimulation, whereas ML385 reversed

this effect (Fig. 3d and e). The results of CCK8 also

showed that compared with the SW group, the cell via-

bility significantly increased in the SW+DMF group,

while the cell viability of the SW +ML385 group and the

SW +DMF +ML385 group decreased (Fig. 3f). These re-

sults indicated that Nrf2 activation could attenuate cell

death induced by seawater stimulation in MLE-12 cells.

Nrf2 acivation inhibited seawater-induced ferroptosis in

MLE-12 cells

We further explored the role of Nrf2 on seawater-

induced ferroptosis in MLE-12 cells. As shown in

Fig. 4a-c, DMF significantly increased the GSH content

and SOD activities and decreased the content of MDA,

whereas ML385 reversed these effects. Furthermore, the

detection of intracellular ROS by the fluorescent dye

DCFH-DA showed that seawater-induced ROS levels

were reduced after DMF treatment, while ML385 in-

creased ROS levels (Fig. 4d). The same results were ob-

tained for the fluorescent images of DHE staining

(Fig. 4e). The results of flow cytometry for detecting

lipid ROS also indicated that ML385 abolished the effect

of DMF on reducing lipid ROS accumulation induced by

seawater stimulation (Fig. 4f and g).

Mitochondria are important organelles of oxidative

metabolism and play a crucial role in ferroptosis [38].

Mitochondrial membrane potential (MMP) was detected

by JC-1 staining fluorescence image and rhodamine 123.

As shown in Fig. 5a and c, DMF has a protective effect

on seawater-induced mitochondrial membrane potential

reduction (mitochondrial depolarization), while ML385

reverses this effect. MitoSox Red is a mitochondria-

targeted ROS dye. Fluorescence images and intensity re-

sults indicate that ML385 reverses the effect of DMF on

decreasing mitochondrial ROS levels (Fig. 5b and d).

GPXs can use the reduced GSH to eliminate peroxides,

of which glutathione peroxidase 4 (GPX4) is the main

neutralizer of lipid peroxides [16]. We found that DMF

treatment up-regulated GPX4 mRNA levels in MLE-12

cells after seawater exposure, whereas ML385 caused a

decrease in GPX4 mRNA (Fig. 5e). FTH1 is an import-

ant gene for storing iron and maintaining iron homeo-

stasis [39, 40]. As shown in Fig. 5f, DMF promoted the

expression of FTH1 mRNA, whereas ML385 reversed

this effect. As a potential marker of ferroptosis, Ptgs2

(See figure on previous page.)

Fig. 2 Inhibition of ferroptosis alleviated seawater-induced MLE-12 cell damage. (a) and (b). CCK-8 assay for the determination of cell viability

(n = 4). (d) Cell death was analyzed using Annexin V-FITC/PI staining with flow cytometry (n = 3). (c) Quantitative results of the percentage of cell

death (n = 3). (e) Intracellular ROS was monitored using the DCFH-DA fluorescent probes (n = 4). (f) Images of intracellular ROS levels in MLE-12

cells stained by DHE (10 μM) fluorescent probes. Scale bars: 50 μm. (g) lipid ROS was analyzed using 2 μM BODIPY® 581/591 C11 with flow

cytometry (n = 3). (h) Quantitative results of lipid ROS (n = 3). Kit detected GSH (i), MDA (j) and SOD (k) levels in MLE-12 cells (n = 4). Data were

presented as the mean ± SD. ⁎P < 0.05 vs. Control group, #P < 0.05 vs. SW group
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also showed a significant decrease in mRNA level

relative to SW group after DMF treatment, while the

levels of SW +ML385 group and SW +DMF +ML385

group were further increased (Fig. 5g). A network of

Ptgs2, GPX4 and FTH1 that significantly interacted

with Nrf2 was constructed using the String database

(protein–protein interaction). The network graphic

showed that ferroptosis-related genes FTH1, GPX4

and Ptgs2 were clearly associated with Nrf2 (Fig. 5h).

The results of the above various tests indicated that

DMF promoted Nrf2 expression and inhibited ferrop-

tosis in the MLE-12 cell after seawater exposure, and

this beneficial effect was abolished by the Nrf2 inhibi-

tor ML385.

Fig. 3 Nrf2 attenuated seawater-induced MLE-12 cell damage. Images (a) and quantification (b) of Nrf2 expression levels were analyzed by Western

blot (n = 3). (c) Nrf2 was detected by immunofluorescence (Red: Nrf2, Blue: nucleus, Original magnification × 400. Bar = 20 μm). (d) Cell death was

analyzed using Annexin V-FITC/PI staining with flow cytometry (n = 4). (e) Quantitative results of the percentage of cell death (n = 4). (f) CCK-8 assay for

the determination of cell viability (n = 4). Data were presented as the mean ± SD. ⁎P < 0.05 vs. Control group, #P < 0.05 vs. SW group
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Fer-1 ameliorated lung injury induced by seawater

drowning in mice

To further validate the above findings, we performed

in vivo experiments by using a mouse drowning lung in-

jury model. As shown in Fig. 6a, obvious edema and

hemorrhage occurred in the gross anatomy of the lung

on the third day after seawater drowning while the fer-

roptosis inhibitor (Fer-1) treatment improved this condi-

tion. When compared that in the SW group, the SW+

Fer-1 group showed a significant decrease in lung wet-

Fig. 4 Nrf2 alleviated GSH depletion, lipid peroxidation and accumulation of ROS induced by seawater stimulation in MLE-12 cells. The content of

GSH (a), MDA (b) and SOD (c) in MLE-12 cells (n = 4). (d) Intracellular ROS was monitored using the DCFH-DA fluorescent probes (n = 4). (e)

Images of intracellular ROS levels in MLE-12 cells stained by DHE (10 μM) fluorescent probes. Original magnification × 200. Bar = 50 μm. (f) lipid

ROS was analyzed using 2 μM BODIPY® 581/591 C11 with flow cytometry (n = 3). (g) Quantitative results of lipid ROS (n = 3). Data were presented

as the mean ± SD. ⁎P < 0.05 vs. Control group, #P < 0.05 vs. SW group
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Fig. 5 (See legend on next page.)
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to-dry ratio, which indicated a reduction in pulmonary

edema (Fig. 6c). H&E-stained sections showed that Fer-1

attenuated lung injury caused by seawater drowning

(Fig. 6b and d). We further tested mouse lung injury by

Micro CT. The lung volume of the mice was calculated

by the Analyze 12.0 software based on the Micro CT

data. As shown in Fig. 6e, seawater drowning caused ob-

vious damage and deformation of the mouse lung, but

Fer-1 treatment ameliorates this pathological change.

Compared with the SW group, the lung volume of the

SW + Fer-1 group also recovered significantly (Fig. 6f).

We also tested the content of GSH and MDA and SOD

activity in lung tissue, and the results showed that Fer-1

treatment improved the reduction of GSH content and

SOD activities and decreased MDA levels (Fig. 6g-i).

These results indicated that inhibition of ferroptosis

could ameliorate lung injury in mice caused by seawater

drowning.

DMF inhibited ferroptosis and attenuated lung injury

induced by seawater drowning in mice

As shown in Fig. 7a and b, DMF promoted the expres-

sion of Nrf2 in mice lung tissue. Immunofluorescence

images also showed the same conditions as Western

blots (Fig. 7c). Compared with the SW group, the SW +

DMF group had a lower lung wet-to-dry ratio, indicating

an improvement in pulmonary edema (Fig. 7d). Gross

anatomy images showed that DMF treatment improves

lung tissue hemorrhage and edema caused by seawater

drowning (Fig. 7f). H&E slice staining images also

showed that DMF treatment improved lung pathological

damage in mice (Fig. 7e and g). As shown in Fig. 7h and

i, Micro CT results showed that lung injury and deform-

ation were improved in the SW +DMF group compared

with the SW group, and the lung volume was also re-

stored in the SW +DMF group. The results of GSH,

MDA in lung tissue showed that compared with SW

(See figure on previous page.)

Fig. 5 Nrf2 protected mitochondria and regulated ferroptosis related gene expression. (a) Fluorescence images of 5 μM JC-1 stained MLE-12 cells.

Scale bars: 50 μm. The ratio of red and green fluorescence reflected changes of mitochondrial membrane potential (n = 3). Fluorescence images

(b) and relative quantification (d) of MitoSox Red (5 μM) stained MLE-12 cells. Original magnification × 200. Bar = 50 μm. (c) The mitochondrial

membrane potential stained with rhodamine 123 (5 μM) was detected by a microplate reader (n = 4). Relative mRNA expression of ferroptosis-

related genes GPX4 (e), FTH1 (f) and Ptgs2 (g) in MLE-12 cells (n = 4). (H) The protein–protein interaction (PPI) network of Nrf2, GPX4, Ptgs2 and

FTH1 (String). Data were presented as the mean ± SD. ⁎P < 0.05 vs. Control group, #P < 0.05 vs. SW group

Fig. 6 Inhibition of ferroptosis ameliorated lung injury in mice induced by seawater drowning. (a) Gross morphology of mice lung. H&E stained

pathological tissue images (b) and ALI scores (d) (n = 4). Original magnification × 200 and × 400. Bar = 50 μm. (c) Lung wet/dry weight ratio (n =

4). (e) Micro CT images of mouse lungs. (f) Lung volume quantification was analyzed by Analyze 12.0 software based on the Micro CT data (n =

4). Kit detected GSH (g), MDA (H) and SOD (i) levels in mouse lung tissue (n = 4). Data were presented as the mean ± SD. Values are mean ± SD of

four experiments. ⁎P < 0.05 vs. Control group, #P < 0.05 vs. SW group
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group, the content of GSH in SW+DMF group in-

creased, and the content of MDA decreased (Fig. 7j and

k). qPCR results showed that seawater caused an in-

crease of Ptgs2 mRNA expression in mouse lung, and

DMF treatment reduced Ptgs2 mRNA levels (Fig. 7l).

These data indicate that DMF treatment inhibited fer-

roptosis and improved lung injury in mice caused by

seawater drowning.

Nrf2 deficiency aggravated lung injury and ferroptosis in

mice induced by seawater drowning

To confirm the protective effect of Nrf2 on drowning

lung injury, we used Nrf2−/− mice for further validation.

As shown in Fig. 8a and b, we verified the knockout ef-

fect of Nrf2 in mouse lung tissue by Western blotting.

The same result was obtained with the immunofluores-

cence image (Fig. 8c). Nrf2−/− mice had a significantly

higher lung wet-to-dry ratio (Fig. 8d), indicating more

severe pulmonary edema. Gross anatomy and H&E

staining images showed that seawater drowning caused

more severe bleeding and pathological damage in Nrf2

knockout mice compared to wild-type mice (Fig. 8e-g).

Similar results were obtained by Micro CT. The Nrf2

KO + SW group had the decreased lung volume than

that in the SW group (Fig. 8h and i). Biochemical indica-

tors also showed that the lower levels of GSH and the

higher MDA in Nrf2−/− mice compared with those in

wild-type mice (Fig. 8j and k). In addition, the expres-

sion of Ptgs2 mRNA in the Nrf2 KO + SW group was

also higher than that in the SW group (Fig. 8l). These re-

sults indicated that Nrf2 deficiency aggravated ALI in

mice induced by seawater drowning.

Discussion

Drowning is one of the three major causes of uninten-

tional injury death in the world [41]. Many people annu-

ally die mainly due to ALI or ARDS while no specific

and effective treatments are currently available [5, 41].

Thus, it is very important to understand the key mecha-

nisms and look for strategies to treatment seawater-

induced ALI. It is generally recognized that many factors

such as oxidation, inflammation, apoptosis and delayed

cell proliferation be involved in the pathogenesis of sea-

water drowning-ALI [4]. In this study, we demonstrated

that seawater exposure directly increased the levels of

intracellular ROS and lipid ROS, and reduced GSH

Fig. 7 Nrf2 agonist DMF inhibited ferroptosis and improved ALI in mice induced by seawater drowning. Images (a) and quantification (b) of Nrf2

expression level in lung were analyzed by Western blot (n = 3). (c) Immunofluorescence images were used to detect the expression of Nrf2 (red)

in mouse lung tissue (n = 3). Nuclei were counterstained with DAPI (blue). Original magnification × 200. Bar = 50 μm. (d) Lung wet/dry weight

ratio (n = 4). (f) Gross morphology of mice lung. H&E stained pathological tissue images (g) and lung injury scores (e) (n = 4). Original

magnification × 200 and × 400. Bar = 50 μm. (h) Micro CT images of mouse lungs. (i) Lung volume quantification was analyzed by Analyze 12.0

software based on the Micro CT data (n = 3). Kit detected GSH (j) and MDA (k) contents in mouse lung tissue (n = 4). (l) qPCR was used to detect

the expression of ferroptosis-related gene Ptgs2 mRNA (n = 4). Data were presented as the mean ± SD. ⁎P < 0.05 vs. Control group, #P < 0.05 vs.

SW group
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content and led to severe mitochondrial damage in

MLE-12 cells and mice. Meanwhile, exposure to sea-

water add the content of MPO and MDA and decreases

total superoxide dismutase activities. These results dem-

onstrated that severe oxidative stress is the key factor in

seawater drowning-induced ALI.

Ferroptosis is an iron-dependent, lipid peroxide-driven

form of cell death. The new cellular death phenotype is

mechanistically and phenotypically distinct from other

cell death processes, e.g. apoptosis, autophagy, pyropto-

sis [15, 42]. However, whether and how ferroptosis plays

a role in seawater drowning-induced ALI in mice never

been explored. In this study, we firstly found that sea-

water exposure induced MLE-12 cell damage and death

while inhibition of ferroptosis by ferrostatin-1 (Fer-1)

improved cell viability and cell death. Furthermore, Fer-

1 treatment reduced the levels of intracellular ROS and

lipid ROS and MDA, and increased the levels of GSH

and SOD. These results indicated that ferroptosis partic-

ipated in MLE-12 cell damage caused by seawater expos-

ure. The seawater-drowning mice also verified that

ferroptosis-mediated lung injury. Gross anatomical

morphology, HE slices staining and micro CT results

consistently showed that inhibition of ferroptosis attenu-

ated ALI in mice caused by seawater drowning.

Mitochondria are important organelles of oxidative

metabolism and play a crucial role in ferroptosis [26].

Abnormal mitochondrial metabolism significantly con-

tributes to rapid glutathione depletion and subsequent

lipid ROS generation and ferroptosis [38]. In this study,

we monitored mitochondria function using C11-

BODIPY 581/591 and mitochondrial superoxide images

by MitoSox Red fluorescent probe and DHE fluorescent

probe and MMP assay. We found that seawater stimula-

tion caused an increase in intracellular ROS, lipid ROS

accumulation in MLE-12 cells. Furthermore, Fer-1 treat-

ment reduced the levels of intracellular ROS and lipid

ROS and MDA, and increased the levels of GSH and

SOD in MLE-12 cells. Here, we presented evidences to

demonstrate that the mitochondrion is indeed a crucial

player in ferroptosis induced by seawater simulation.

Ferroptosis has been involed in several pathophysio-

logical conditions such as degenerative diseases, stroke,

tumor suppression, and antiviral immunity. The mecha-

nisms about ferroptosis are being hot topic in recent

years [17, 27]. Elucidating how ferroptosis provokes ALI

Fig. 8 Nrf2 deficiency aggravated ALI and ferroptosis in mice induced by seawater drowning. Images (a) and quantification (b) of Nrf2 expression

levels in lung were analyzed by Western blot (n = 3). (c) Immunofluorescence images were used to detect the expression of Nrf2 (red) in mouse

lung tissue. Nuclei were counterstained with DAPI (blue). Original magnification × 200. Bar = 50 μm. (d) Lung wet/dry weight ratio (n = 4). (f) Gross

morphology of mice lung. H&E stained pathological tissue images (g) and lung injury scores (e) (n = 4). Original magnification × 200 and × 400.

Scale bars: 50 μm. (h) Micro CT images of mouse lungs. (i) Lung volume quantification was analyzed by Analyze 12.0 software based on the Micro

CT data (n = 4). Kit detected GSH (j) and MDA (k) contents in mouse lung tissue (n = 4). (l) qPCR was used to detect the expression of ferroptosis-

related gene Ptgs2 mRNA (n = 4). Data were presented as the mean ± SD. ⁎P < 0.05 vs. Control group, #P < 0.05 vs. SW group
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will expose new therapeutic opportunities to treat these

diseases. Nrf2 is a core player in the regulation of anti-

oxidant molecules in cells, regulating a variety of genes

[11, 43]. Nrf2 activation has a beneficial effect on

ischemia-reperfusion-induced lung injury [44],

lipopolysaccharide-induced ALI [45] and ventilator-

induced lung injury [46, 47]. Furthermore, Nrf2 inhib-

ition promoted erastin or artesunate-induced ferroptosis

through regulating redox homeostasis [43, 48]. In this

study, we found that seawater exposure induced an in-

crease in Nrf2 expression in MLE-12 cells. In addition,

we used DMF to induce Nrf2 expression and transloca-

tion into the nucleus, which mitigated MLE-12 cell dam-

age caused by seawater exposure. Furthermore,

activation of Nrf2 pathway by DMF significantly attenu-

ated GSH depletion and accumulation of MDA, ROS

and lipid ROS induced by seawater exposure in MLE-12

cells. In addition, detection of mitochondrial membrane

potential and mitochondrial ROS content also indicated

that up-regulation of Nrf2 pathway improved mitochon-

drial function in MLE-12 cells. The results of qRT-PCR

analysis also showed that Nrf2 inhibited Ptgs2 mRNA

expression, a key ferroptosis maker, in MLE-12 cells

after seawater exposure. DMF treatment of wild-type

mice also significantly ameliorated ALI induced by sea-

water drowning. The results of GSH, MDA and Ptgs2

mRNA also indicate that DMF-induced Nrf2 inhibited

ferroptosis in the lungs of mice caused by seawater

drowning. We further used Nrf2 knockout mice to verify

the role of Nrf2 on ferroptosis in seawater drowned-ALI.

As expected, Nrf2 knockout mice had more severe ALI

and ferroptosis than those in wild-type mice after sea-

water drowning. These results demonstrated that Nrf2

inhibited ferroptosis and alleviated lung damage in mice

caused by seawater drowning (Fig. 9).

There many important genes regulating ferroptosis

process, such as GPX4, Ptgs2 and FTH1. Ferroptosis

process often led GSH depletion which involves in ab-

normal GSH synthesis cysteine supply controlled by sys-

tem xc
−, glutathione reductase and GPX4 [36]. GSH and

GSH-associated metabolism provide the major line of

defense for the protection of cells from oxidative and

other forms of toxic stress. In this study, we found Nrf2

agonist DMF up-regulated GPX4 mRNA expression.

Meanwhile, we used the String database (protein-protein

interaction) and found that Nrf2 and GPX4 did has posi-

tive relations. The p62–Keap1–Nrf2 antioxidant system

may be responsible for the promoted function of Nrf2

on GPX4 expression [27]. Nrf2-mediated upregulation

of the iron storage protein, ferritin, promoted cellular

proliferation [40]. In this study, we found that Nrf2 acti-

vation increased FTH1 mRNA expression. Ptgs2, also

known as cyclooxygenase 2 (Cox-2), is considered to be

a typical indicator of ferroptosis [42]. The network

graphic showed that ferroptosis-related genes FTH1,

GPX4 and Ptgs2 were associated with Nrf2, which mo-

lecularly explain the beneficent role in seawater

drowning-induced oxidative stress damage.

This study still has several limitations. Firstly, although

we found that DMF significantly increased the expres-

sion of Nrf2 and promoted the translocation of Nrf2 into

the nucleus, DMF had Nrf2-independent role which dir-

ectly induce adaptive and innate immune modulation

[49] and has a direct effect on CD4 and CD8 T cells

function [50] independent of Nrf2. Therefore, it is very

necessary to use Nrf2 siRNA or Nrf2 KO mice with

Fig. 9 A schematic model for Nrf2 activation attenuating seawater drowning-induced ALI in vitro and in vivo
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DMF treatment to exclude the off targeting effects of

DMF. In addition, Ptgs2 and its downstream lipid me-

tabolites (such as PGE2) contribute to acute lung injur-

ies induced by ischemia/reperfusion or acid aspiration,

therefore the definitive pathogenic role of Ptgs2 on sea-

water drowning-induced ALI remain to be determined.

Further work on the mechanistic details of NrF2 on sea-

water drowning-induced ALI are required on the future

work.

Conclusions

Our in vivo and in vitro work firstly demonstrated that

Nrf2 can inhibit ferroptosis and alleviate ALI induced by

seawater drowning. These results elucidate a new mech-

anism underlying drowning-induced pulmonary damage

and identify Nrf2 as a potential therapeutic target for the

treatment of ALI.

Abbreviations

Nrf2: Nuclear factor (erythroid-derived 2)-like 2; SW: Seawater; DMF: Dimethyl

fumarate; ALI: Acute lung injury; ARDS: Acute respiratory distress syndrome;

Fer-1: Ferrostatin-1; DHE: Dihydroethidium; ROS: Reactive oxygen species;

SOD: Superoxide dismutase; GSH: Glutathione; MDA: Malondialdehyde;

Ptgs2: Prostaglandin-endoperoxide synthase 2; FTH1: Ferritin heavy chain 1;

GPX4: Glutathione peroxidase 4; MMP: Mitochondrial membrane potential

Acknowledgments

Not applicable.

Authors’ contributions

QFP, YBQ and DZC made substantial contributions to the conception and

design of the experiment. YBQ, BBW, GL, YXW and DC performed

experiments. RQY, MDL and JLC did the statistical analysis and data

interpretation. YBQ, DZC and QFP wrote the main manuscript text. All

authors read and approved the final manuscript.

Funding

This work was supported by National Natural Science Foundation of China

(81871518, 81901522); National first-class discipline program of Food Science

and Technology (JUFSTR20180101); China Postdoctoral Science Foundation

(Grant No. 2019 M661730); Wuxi health and family planning commission

(Z201810); Public Health Research center at Jiangnan University

(JUPH201805); Fundamental Research Funds for the Central Universities

(JUSRP11955).

Availability of data and materials

The datasets used and/or analyzed during the current study are available

from the corresponding author on reasonable request.

Ethics approval and consent to participate

The study all experiments were conducted in accordance with established

guidelines and approved by the Animal Care and Use Committee of

Jiangnan University (JN. No20180615b0841230).

Consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests.

Received: 8 June 2020 Accepted: 31 August 2020

References

1. Handley AJ. Drowning. BMJ. 2014;348:g1734.

2. Szpilman D, Bierens JJ, Handley AJ, Orlowski JP. Drowning. N Engl J Med.

2012;366(22):2102–10.

3. The L. Drowning: a silent killer. Lancet. 2017;389(10082):1859.

4. Jin F, Li C. Seawater-drowning-induced acute lung injury: from molecular

mechanisms to potential treatments. Exp Ther Med. 2017;13(6):2591–8.

5. Gregorakos L, Markou N, Psalida V, Kanakaki M, Alexopoulou A, Sotiriou E,

et al. Near-drowning: clinical course of lung injury in adults. Lung. 2009;

187(2):93–7.

6. Ibsen LM, Koch T. Submersion and asphyxial injury. Crit Care Med. 2002;

30(11 Suppl):S402–8.

7. Liu Z, Xi R, Zhang Z, Li W, Liu Y, Jin F, et al. 4-hydroxyphenylacetic acid

attenuated inflammation and edema via suppressing HIF-1alpha in seawater

aspiration-induced lung injury in rats. Int J Mol Sci. 2014;15(7):12861–84.

8. Li PC, Wang BR, Li CC, Lu X, Qian WS, Li YJ, et al. Seawater inhalation

induces acute lung injury via ROS generation and the endoplasmic

reticulum stress pathway. Int J Mol Med. 2018;41(5):2505–16.

9. Sun XQ, Wu C, Qiu YB, Wu YX, Chen JL, Huang JF, et al. Heme oxygenase-1

attenuates seawater drowning-induced acute lung injury through a

reduction in inflammation and oxidative stress. Int Immunopharmacol. 2019;

74:105634.

10. Naito Y, Takagi T, Higashimura Y. Heme oxygenase-1 and anti-inflammatory

M2 macrophages. Arch Biochem Biophys. 2014;564:83–8.

11. Nguyen T, Nioi P, Pickett CB. The Nrf2-antioxidant response element

signaling pathway and its activation by oxidative stress. J Biol Chem. 2009;

284(20):13291–5.

12. Yang H, Lv H, Li H, Ci X, Peng L. Oridonin protects LPS-induced acute lung

injury by modulating Nrf2-mediated oxidative stress and Nrf2-independent

NLRP3 and NF-kappaB pathways. Cell Commun Signal. 2019;17(1):62.

13. Liu Q, Gao Y, Ci X. Role of Nrf2 and its activators in respiratory diseases.

Oxidative Med Cell Longev. 2019;2019:7090534.

14. Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason CE,

et al. Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell.

2012;149(5):1060–72.

15. Hirschhorn T, Stockwell BR. The development of the concept of ferroptosis.

Free Radic Biol Med. 2019;133:130–43.

16. Friedmann Angeli JP, Schneider M, Proneth B, Tyurina YY, Tyurin VA,

Hammond VJ, et al. Inactivation of the ferroptosis regulator Gpx4 triggers

acute renal failure in mice. Nat Cell Biol. 2014;16(12):1180–91.

17. Wang L, Cai H, Hu Y, Liu F, Huang S, Zhou Y, et al. A pharmacological probe

identifies cystathionine beta-synthase as a new negative regulator for

ferroptosis. Cell Death Dis. 2018;9(10):1005.

18. Hangauer MJ, Viswanathan VS, Ryan MJ, Bole D, Eaton JK, Matov A, et al.

Drug-tolerant persister cancer cells are vulnerable to GPX4 inhibition.

Nature. 2017;551(7679):247–50.

19. Yang WS, SriRamaratnam R, Welsch ME, Shimada K, Skouta R, Viswanathan

VS, et al. Regulation of ferroptotic cancer cell death by GPX4. Cell. 2014;

156(1–2):317–31.

20. Liu P, Feng Y, Li H, Chen X, Wang G, Xu S, et al. Ferrostatin-1 alleviates

lipopolysaccharide-induced acute lung injury via inhibiting ferroptosis. Cell

Mol Biol Lett. 2020;25:10.

21. Yoshida M, Minagawa S, Araya J, Sakamoto T, Hara H, Tsubouchi K, et al.

Involvement of cigarette smoke-induced epithelial cell ferroptosis in COPD

pathogenesis. Nat Commun. 2019;10(1):3145.

22. Li X, Duan L, Yuan S, Zhuang X, Qiao T, He J. Ferroptosis inhibitor alleviates

Radiation-induced lung fibrosis (RILF) via down-regulation of TGF-beta1. J

Inflamm (Lond). 2019;16:11.

23. Xinmin D, Yunyou D, Chaosheng P, Huasong F, Pingkun Z, Jiguang M, et al.

Dexamethasone treatment attenuates early seawater instillation-induced

acute lung injury in rabbits. Pharmacol Res. 2006;53(4):372–9.

24. Zhu J, Wang Q, Li C, Lu Y, Hu H, Qin B, et al. Inhibiting inflammation and

modulating oxidative stress in oxalate-induced nephrolithiasis with the Nrf2

activator dimethyl fumarate. Free Radic Biol Med. 2019;134:9–22.

25. Li D, Qi J, Wang J, Pan Y, Li J, Xia X, et al. Protective effect of dihydroartemisinin

in inhibiting senescence of myeloid-derived suppressor cells from lupus mice

via Nrf2/HO-1 pathway. Free Radic Biol Med. 2019;143:260–74.

26. Jelinek A, Heyder L, Daude M, Plessner M, Krippner S, Grosse R, et al.

Mitochondrial rescue prevents glutathione peroxidase-dependent

ferroptosis. Free Radic Biol Med. 2018;117:45–57.

27. Shin D, Kim EH, Lee J, Roh JL. Nrf2 inhibition reverses resistance to GPX4

inhibitor-induced ferroptosis in head and neck cancer. Free Radic Biol Med.

2018;129:454–62.

Qiu et al. Respiratory Research          (2020) 21:232 Page 15 of 16



28. Yuan JJ, Zhang XT, Bao YT, Chen XJ, Shu YZ, Chen JL, et al. Heme

oxygenase-1 participates in the resolution of seawater drowning-induced

acute respiratory distress syndrome. Respir Physiol Neurobiol. 2018;247:12–9.

29. Kramer T, Grob T, Menzel L, Hirnet T, Griemert E, Radyushkin K, et al.

Dimethyl fumarate treatment after traumatic brain injury prevents depletion

of antioxidative brain glutathione and confers neuroprotection. J

Neurochem. 2017;143(5):523–33.

30. Martin-Sanchez D, Ruiz-Andres O, Poveda J, Carrasco S, Cannata-Ortiz P,

Sanchez-Nino MD, et al. Ferroptosis, but not Necroptosis, is important in

nephrotoxic folic acid-induced AKI. J Am Soc Nephrol. 2017;28(1):218–29.

31. He X, Qian Y, Li Z, Fan EK, Li Y, Wu L, et al. TLR4-Upregulated IL-1beta and

IL-1RI promote alveolar macrophage Pyroptosis and lung inflammation

through an Autocrine mechanism. Sci Rep. 2016;6:31663.

32. Zhang XT, Sun XQ, Wu C, Chen JL, Yuan JJ, Pang QF, et al. Heme

oxygnease-1 induction by methylene blue protects RAW264.7 cells from

hydrogen peroxide-induced injury. Biochem Pharmacol. 2018;148:265–77.

33. von Mering C, Huynen M, Jaeggi D, Schmidt S, Bork P, Snel B. STRING: a

database of predicted functional associations between proteins. Nucleic

Acids Res. 2003;31(1):258–61.

34. Fang X, Wang H, Han D, Xie E, Yang X, Wei J, et al. Ferroptosis as a target

for protection against cardiomyopathy. Proc Natl Acad Sci U S A. 2019;

116(7):2672–80.

35. Yang WS, Stockwell BR. Ferroptosis: death by lipid peroxidation. Trends Cell

Biol. 2016;26(3):165–76.

36. Stockwell BR, Friedmann Angeli JP, Bayir H, Bush AI, Conrad M, Dixon SJ,

et al. Ferroptosis: a regulated cell death Nexus linking metabolism, redox

biology, and disease. Cell. 2017;171(2):273–85.

37. Wang H, An P, Xie E, Wu Q, Fang X, Gao H, et al. Characterization of

ferroptosis in murine models of hemochromatosis. Hepatology. 2017;66(2):

449–65.

38. Gao M, Yi J, Zhu J, Minikes AM, Monian P, Thompson CB, et al. Role of

mitochondria in Ferroptosis. Mol Cell. 2019;73(2):354–63 e3.

39. Theil EC. Ferritin: the protein nanocage and iron biomineral in health and in

disease. Inorg Chem. 2013;52(21):12223–33.

40. Kerins MJ, Ooi A. The roles of NRF2 in modulating cellular Iron homeostasis.

Antioxid Redox Signal. 2018;29(17):1756–73.

41. Engel SC. Drowning episodes: prevention and resuscitation tips. J Fam

Pract. 2015;64(2):E1–6.

42. Xie Y, Hou W, Song X, Yu Y, Huang J, Sun X, et al. Ferroptosis: process and

function. Cell Death Differ. 2016;23(3):369–79.

43. Dodson M, Castro-Portuguez R, Zhang DD. NRF2 plays a critical role in

mitigating lipid peroxidation and ferroptosis. Redox Biol. 2019;23(2019):

101107.

44. Yan J, Li J, Zhang L, Sun Y, Jiang J, Huang Y, et al. Nrf2 protects against

acute lung injury and inflammation by modulating TLR4 and Akt signaling.

Free Radic Biol Med. 2018;121:78–85.

45. Kheiry M, Dianat M, Badavi M, Mard SA, Bayati V. P-Coumaric acid protects

cardiac function against lipopolysaccharide-induced acute lung injury by

attenuation of oxidative stress. Iran J Basic Med Sci. 2019;22(8):949–55.

46. Sun Z, Wang F, Yang Y, Wang J, Sun S, Xia H, et al. Resolvin D1 attenuates

ventilator-induced lung injury by reducing HMGB1 release in a HO-1-

dependent pathway. Int Immunopharmacol. 2019;75:105825.

47. Bickford JS, Ali NF, Nick JA, Al-Yahia M, Beachy DE, Dore S, et al. Endothelin-

1-mediated vasoconstriction alters cerebral gene expression in iron

homeostasis and eicosanoid metabolism. Brain Res. 2014;1588:25–36.

48. Sun X, Ou Z, Chen R, Niu X, Chen D, Kang R, et al. Activation of the p62-

Keap1-NRF2 pathway protects against ferroptosis in hepatocellular

carcinoma cells. Hepatology. 2016;63(1):173–84.

49. Schulze-Topphoff U, Varrin-Doyer M, Pekarek K, Spencer CM, Shetty A,

Sagan SA, et al. Dimethyl fumarate treatment induces adaptive and innate

immune modulation independent of Nrf2. Proc Natl Acad Sci U S A. 2016;

113(17):4777–82.

50. Ntranos A, Ntranos V, Bonnefil V, Liu J, Kim-Schulze S, He Y, et al. Fumarates

target the metabolic-epigenetic interplay of brain-homing T cells in

multiple sclerosis. Brain. 2019;142(3):647–61.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

Qiu et al. Respiratory Research          (2020) 21:232 Page 16 of 16


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Reagents and antibodies
	Cell culture and treatment
	Cell viability assay
	Determination of the activities of superoxide dismutase (SOD), the content of glutathione (GSH) and malondialdehyde (MDA)
	Detection of intracellular ROS by fluorometric intracellular ROS kit
	Intracellular ROS concentrations using DHE fluorescent probe
	Mitochondrial membrane potential assay
	Collection of mitochondrial superoxide images by MitoSox red fluorescent probe
	Flow cytometric analysis of cell death and lipid ROS
	Seawater drowning model and treatments
	Tissue collection, wet-to-dry ratio analysis and histological analysis
	Micro-computed tomographic analysis
	Immunofluorescence staining of Nrf2 in�vitro and in�vivo
	Western blot
	Reverse transcription-quantitative polymerase chain reaction
	Protein–protein interaction analysis
	Statistical analysis

	Results
	Seawater exposure induced ferroptosis in MLE-12 cells
	Nrf2 activation attenuates seawater-induced MLE-12 cell damage
	Nrf2 acivation inhibited seawater-induced ferroptosis in MLE-12 cells
	Fer-1 ameliorated lung injury induced by seawater drowning in mice
	DMF inhibited ferroptosis and attenuated lung injury induced by seawater drowning in mice
	Nrf2 deficiency aggravated lung injury and ferroptosis in mice induced by seawater drowning

	Discussion
	Conclusions
	Abbreviations
	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

