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Abstract

Acute lung injury (ALI) is a life-threatening disorder with high rates of morbidity and mortality. Reactive oxygen species
and epithelial apoptosis are involved in the pathogenesis of acute lung injury. Ferroptosis, an iron-dependent non-apoptotic
form of cell death, mediates its effects in part by promoting the accumulation of reactive oxygen species. The inhibition of
ferroptosis decreases clinical symptoms in experimental models of ischemia/reperfusion-induced renal failure and heart
injury. This study investigated the roles of inhibitor of apoptosis-stimulating protein of p53 (iIASPP) and Nrf2 in ferroptosis
and their potential therapeutic effects in intestinal ischemia/reperfusion-induced acute lung injury. Intestinal ischemia/
reperfusion-induced ALI was induced in wild-type and Nrf2™~ mice. The mice were treated with erastin followed by
liproxstatin-1. Ferroptosis-related factors in mice with ischemia/reperfusion-induced acute lung injury or in mouse lung
epithelial-2 cells with hypoxia/regeneration (HR)-induced ALI were measured by western blotting, real-time PCR, and
immunofluorescence. Ferroptosis contributed to intestinal ischemia/reperfusion-induced ALI in vivo. iASPP inhibited
ferroptosis and alleviated intestinal ischemia/reperfusion-induced acute lung injury, and iASPP-mediated protection against
ischemia/reperfusion-induced ALI was dependent on Nrf2 signaling. HR-induced acute lung injury enhanced ferroptosis
in vitro in mouse lung epithelial-2 cells, and ferroptosis was modulated after the enhancement of intestinal ischemia/
reperfusion in Nrf2 ™~ mice. iASPP mediated its protective effects against acute lung injury through the Nrf2/HIF-1/TF
signaling pathway. Ferroptosis contributes to intestinal ischemia/reperfusion-induced ALI, and iASPP treatment inhibits
ferroptosis in part via Nrf2. These findings indicate the therapeutic potential of iASPP for treating ischemia/reperfusion-
induced ALL
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neutrophil recruitment, and the production and secretion of
proteases and toxic mediators [3, 4]. The clinical features of
ALI include the tissue infiltration of inflammatory cells,
pulmonary edema, and arterial hypoxemia, which damage
the vascular endothelium and alveolar epithelium, thus
diminishing lung function [5-7].

Interestingly, injuries to tissues distant from the lung, such
as abdominal injury, infection, and surgery, that induce
intestinal ischemia/reperfusion (I/R) can also cause ALI [2, 8].
The generation of reactive oxygen species (ROS) and high
levels of epithelial apoptosis are critical in the pathogenesis of
this type of ALI, which is known as intestinal I/R-induced
ALI [8]. Because no effective treatments are currently avail-
able for ALI, the development of potential treatments to target
these factors has been suggested [9]. In addition, iron mobi-
lization and decompartmentalization have a pathogenic role in
animal models and human cases of ALI [10].

Ferroptosis is an iron-dependent, p53-mediated, non-
apoptotic form of cell death, which mediates its effects in
part by promoting the accumulation of lethal lipid ROS
[11]. Tt is involved in various human diseases, and its
inhibition is effective in diminishing clinical symptoms in
experimental models of I/R-induced renal failure and heart
injury [12-14]. Ferroptosis has also been reported to pro-
mote tumor cell death, and small molecules that induce
ferroptosis, such as erastin, have potential in cancer treat-
ments [15]. Mediators of islet oxidative stress, including
glutathione peroxidase-4 (GPX4), have been identified as
inhibitors of ferroptosis, and mechanisms that affect GPX4
function can influence islet function and viability [16].

pS53, a tumor suppressor, is stimulated by apoptosis-
stimulating protein of p53 and consequently induces
apoptosis and ferroptosis in response to DNA damage [15].
Interestingly, inhibitor of apoptosis-stimulating protein of
P53 (iASPP) inhibits p53-induced apoptosis and facilitates
tumor growth, and the overexpression of iASPP induces
chemoresistance in human cancer cells [15]. Of relevance to
ALI iASPP exerts substantial anti-ROS activity indepen-
dently of p53 in the cytoplasm, and promotes the accumu-
lation and nuclear translocation of nuclear factor (erythroid-
derived 2)-like 2 (Nrf2) [15], a transcription factor that
confers cellular protection against oxidative stress induced
by various types of cell death, including ferroptosis, apop-
tosis, and autophagy [17]. Of note, Nrf2 activation in the
nucleus has been reported to protect against numerous air-
way disorders/diseases, including ALI [18]. In addition,
nuclear Nrf2 interacts with the transcriptional coactivator
small v-maf avian musculoaponeurotic fibrosarcoma onco-
gene homolog (Maf) proteins such as MafG and then acti-
vates transcription of quinone oxidoreductase-1 (NQO-1),
heme oxygenase-1 (HO-1), and ferritin heavy chain 1
(FTH1). Knockdown of NQO-1, HO-1, and FTH1 by RNAIi
in HCC cells accelerates ferroptosis [17].
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Collectively, these studies indicate the therapeutic
potential of iIASPP and Nrf2 and the targeting of ferroptosis
for treating ALI. Currently, there is a need to develop novel
treatments to decrease patient mortality and morbidity due
to ALIL. However, the roles of ferroptosis, iASPP, and Nrf2
in ALI remain unclear. Therefore, this study examined the
roles of iASPP and Nrf2 in ferroptosis, as well as their
potential therapeutic effects in treating intestinal I/R-
induced lung injury in vivo and in vitro.

Materials and methods
Animal model of intestinal I/R-induced ALI

All experiments were performed in accordance with the
established guidelines, under approval from the Animal Care
and Usage Committee of Shanghai Ninth People’s Hospital
(China). All animal procedures were performed in accor-
dance with institutional guidelines. 8-week-old Nrf2-
knockout (Nrf277) and wild-type (WT) littermate male
mice on a C57BL/6J background (provided by the RIKEN
Bio-Resource Center through the National Bio-Resource
Project of MEXT, Japan) were used for in vivo experiments.
Animals were fasted for 24 h before experiments and given
free access to water. Intestinal ischemia was induced by
clamping of the superior mesenteric artery after the intra-
peritoneal injection of 50 mg/kg of sodium pentobarbital.
After 90 min, the intestine was reperfused for the times
indicated. Sham control mice underwent the same procedure
without vascular occlusion. During the entire process, three
mice died and were not included in the experiment.

To determine the effect of ferroptosis on I/R-induced
ALI, we treated mice with erastin (10 uM; MedChem
Express) daily for 20 days, then with either liproxstatin-1
(1 uM; Sigma-Aldrich) or no treatment daily for another
20 days. Erastin was dissolved in 5% dimethylsulfoxide +
corn oil (C8267, Sigma-Aldrich, St. Louis, MO, USA) at
37 °C in a water bath with gentle shaking.

In some cases, mice were also treated with small inter-
fering (si) RNAs against iASPP (by Gene Pharma Cor-
poration, Shanghai, China) to knockdown expression of
iASPP (see “Cell culture and treatment” for sequences).

Histopathological analysis

Lung samples were fixed in 10% formalin and then
embedded in paraffin. Tissue blocks were cut into 5-um
slices, stained with hematoxylin and eosin (H&E), and
analyzed under a light microscope. Lung injury was ana-
lyzed by an experienced investigator blinded to the level of
induced injury (absent, mild, moderate, or severe; score
0-3) on the basis of the presence of exudates, hyperemia
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and congestion, neutrophilic infiltrates, intra-alveolar
hemorrhage and debris, and cellular hyperplasia. In brief,
edema, atelectasis, necrosis, alveolar and interstitial
inflammation, and hemorrhage, and hyaline membrane
formation were each scored on a scale of 0—4: 0, no injury;
1, 25% injury; 2, 50% injury; 3, 75% injury; and 4, 100%
injury. Each injury was scored in ten randomly selected
fields (200x) from each slide.

Immunofluorescence staining

Lung tissue sections were deparaffinized, permeabilized
with 0.1% Triton X-100, and blocked with 5% bovine serum
albumin before incubation with anti-Nrf2 and anti-iASPP
antibodies overnight at 4 °C. Sections were then washed five
times in phosphate buffered saline (PBS) and incubated with
green-fluorescent Alexa Fluor 488 donkey anti-rabbit IgG
(Invitrogen, Grand Island, NY, USA) or red-fluorescent
Alexa Fluor 594 rabbit anti-mouse IgG (Invitrogen).

After washing in PBS, mounting, and staining with 4/,6-
diamidino-2-phenylindole (DAPI), slides were observed,
and images were captured with a fluorescence microscope
(Olympus FluoView™ FV1000, Tokyo, Japan).

Mouse lung epithelial (MLE)-2 cells were fixed in 2%
paraformaldehyde for 10 min at room temperature, washed
with PBS, permeabilized for 10 min with 0.5% Triton X-100,
and blocked for 1h in blocking buffer (1% bovine serum
albumin, 10% goat serum, and 0.1% Triton X-100 in PBS).

Alexa Fluor-conjugated secondary antibodies were
incubated for 1 h at room temperature. DNA was visualized
with DAPI (0.5 pg/ml). Images were acquired with a
fluorescence microscope (Olympus FluoView™ FV1000)
for confocal imaging.

Enzyme-linked immunosorbent assay (ELISA) of
cytokines

Mice were euthanized, and lungs were lavaged with 1ml
(Hank’s Balanced Salt Solution, HBSS) (Invitrogen, Carls-
bad, CA, USA) through the tracheal cannula to obtain
bronchoalveolar lavage fluid (BALF). Interleukin (IL)-1p, IL-
6, and tumor necrosis factor (TNF)-a concentrations were
measured with ELISA kits (Westang Biotech, Shanghai,
China) according to the manufacturer’s instructions.

Cell culture and treatment

MLE-2 cells were purchased from the ATCC (Manassas,
VA, USA) and cultured in RPMI 1640 medium (Invitrogen)
supplemented with 5% heat-inactivated fetal bovine serum,
L-glutamine, penicillin, and streptomycin at 37 °C and 5%
CO, in humidified air. iASPP siRNA (si-iASPP), iASPP
vector (iASPP), and Nrf2 siRNAs (si-Nrf2) were designed

and chemically synthesized by Gene Pharma Corporation
(Shanghai, China) and transfected into the cells with Lipo-
fectamine RNAi Max (Invitrogen). The sequences of the
si-iIASPP and si-Nrf2 oligonucleotides were as follows: si-
iASPP: 5-GGCTGACAGAAACAAGCAT-3; and si-Nrf2:
5'-CCGGCATTTCACTAAACACAA-3'.

To induce hypoxia, we placed cells in a hypoxic chamber
with 5% CO,, 94% N,, and 1% O, at 37 °C for 2 h, and this
was followed by reoxygenation for 0, 3, 6, or 12 h.

Western blot analysis

Western blotting was used to analyze protein expression. In
brief, after extraction, proteins in cell lysates were resolved
by sodium dodecyl sulfate polyacrylamide gel electro-
phoresis, transferred to a polyvinylidene difluoride mem-
brane, and incubated with a primary antibody. After
incubation with peroxidase-conjugated secondary anti-
bodies, the signals were visualized by enhanced chemilu-
minescence (Pierce, Rockford, IL, USA) according to the
manufacturer’s instructions. The primary antibodies used
were anti-iASPP  (1:200, Sigma), anti-Nrf2 (1:1000;
Abcam, Cambridge, MA, USA), anti-HIF-la (1;1000,
Novus Biologicals, LLC, Littleton, CO, USA), anti-GPX4
(1;1000, Abcam), anti-HO-1 (1:1500, Santa Cruz Bio-
technology, Dallas, TX, USA), anti-transferrin (TF) (1;500,
Abcam); anti-Lamin B (1:1500, Abcam); anti-ACSL4
(1:10000, Abcam); anti-FTH1 (1:1000, Abcam); anti-
NQO-1 (1:1000, Abcam), and anti-GAPDH (1:1000,
Abcam). All experiments were performed in triplicate. The
quantitative results of western blot analysis were deter-
mined in Image J software (US National Institutes of
Health, Bethesda, MD, USA).

Fe?", glutathione (GSH), and lipid peroxidation
assays

The relative iron concentration in cell lysates was assessed
with an Iron Assay Kit (ab83366; Abcam). The relative
concentration of malondialdehyde (MDA) in cell lysates
was assessed with a Lipid Peroxidation Assay Kit
(ab118970; Abcam). The relative GSH concentration in cell
or tissue lysates was assessed with a Glutathione Assay Kit
(CS0260; Sigma, USA). All kits were used according to the
manufacturers’ instructions. NQO-1 and HO-1 activity was
measured with commercially available ELISA kits (Wes-
tang Biotechnology, Shanghai, China).

RT-PCR analysis
Total RNA was extracted with an RNeasy Mini kit (Qiagen,
Hamburg, Germany), and 2 pg of RNA was reverse tran-

scribed to complementary DNA (40ng) template. The
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amplification cycling reactions (40 cycles) were as follows:
5sat95°C and 30 s at 60 °C. Relative quantification values
of the target genes were standardized according to the
comparative threshold cycle (2722CT). Primer sequences
and PCR settings were as follows: iASPP: forward, 5'-GA
AATCACTGGGGACAGGAA-3/, reverse, 5-CCCAGGA
ATATCCAGTGGTG-3'; Nrf2: forward, 5'-CACATCCAG
TCAGAAACCAGTGG-3', reverse, 5-GGAATGTCTGC
GCCAAAAGCTG-3’; ferritin heavy chain (FTH1): for-
ward, 5-TGAAGCTGCAGAACCAACGAGG-3/, reverse,
5'-GCACACTCCATTGCATTCAGCC-3’; and NQO-I:
forward, 5-CCTGCCATTCTGAAAGGCTGGT, reverse,
5'-GTGGTGATGGAAAGCACTGCCT-3'.

Statistical analysis

All results are expressed as the means + standard deviation.
Statistical analysis was performed with Student’s ¢ test.
One-way analysis of variance was used for multiple com-
parisons. P values <0.05 were considered to indicate a
statistically significant difference.

Results

Intestinal I/R-induced ALI enhances ferroptosis
in vivo

Figure 1a—c shows the induction of I/R-induced ALI and the
pulmonary function of ALI model mice. As the duration of
I/R increased, Pao, significantly decreased, and the per-
centage water weight of the lungs and BALF protein con-
tent significantly increased, as compared with the results in
sham mice. H&E staining of lungs showed that, with
increasing I/R duration, edema, atelectasis, necrosis,
alveolar and interstitial inflammation, hemorrhage, and
hyaline membrane formation were aggravated, as compared
with the observations in sham mice (Fig. 1d). Masson’s
staining to assess pulmonary fibrosis with increasing I/R
duration showed more collagen deposits than those in sham
mice (Fig. 1d). The relative values of GSH, MDA, and
Fe?*, oxidative stress markers associated with I/R-induced
ALI were assessed. The percentage GSH significantly
decreased, and the percentage MDA and Fe’" levels
significantly increased with increasing I/R duration, as
compared with the results in sham mice (Fig. 1e-g). GPX4
is a phospholipid hydroperoxidase that protects cells against
membrane lipid peroxidation. The protein and mRNA levels
of the ferroptosis markers FTH1 and GPX4 significantly
decreased, and TF (an iron transporter that prevents the
formation of ROS) [19] significantly increased with
increasing I/R duration, as compared with the results in
sham mice (Fig. 1h—j).
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Erastin-induced ferroptosis promotes intestinal I/R-
induced ALl in vivo

Erastin activates a rapid, oxidative, non-apoptotic cell death
process and appears to function as activator of ferroptosis
[11, 20, 21]. Liproxstatin-1 has been shown to suppress
ferroptosis in cells and in a preclinical model of I/R-induced
hepatic damage [22]. The mechanism through which
liproxstatin-1 prevents cell death has been ascribed to its
ability to inhibit lipid peroxidation directly by trapping
chain-carrying radicals [23]. Erastin treatment of I/R mice
significantly increased the percentage MDA, Fe’™ levels,
and protein/mRNA levels of TF and significantly decreased
the percentage GSH and protein/mRNA levels of FTH1 and
GPX4, but these effects were reversed by liproxstatin-1
treatment (Fig. 2a—f). H&E and Masson’s staining of lung
tissues showed that erastin aggravated edema, atelectasis,
necrosis, alveolar and interstitial inflammation, and pul-
monary fibrosis in I/R mice compared with sham mice, but
these effects were reversed in I/R 4 erastin mice treated with
liproxstatin-1 (Fig. 2g). Cytokine levels (IL-1B, IL-6, and
TNF-a) were significantly higher in BALF from I/R + era-
stin mice than sham mice, and these effects was reversed in
I/R + erastin mice treated with liproxstatin-1 (Fig. STA-C).

iASPP knockdown promotes intestinal I/R-induced
ALI, and iASPP overexpression inhibits intestinal I/R-
induced ALI in WT mice

To address the role of iASPP in intestinal I/R-induced ALI,
we detected the expression of iASPP in lung tissues and
found that the protein and mRNA expression increased in
lung tissues with increasing I/R duration, as compared with
the results in sham mice (Fig. 3a). iASPP protein decreased
in the nucleus and increased in the cytoplasm 60 min after I/
R, as compared with the results in sham mice (Fig. 3b—d).
Levels of IL-1p, IL-6, and TNF-a were significantly higher
in BALF from I/R mice than from sham mice, and increased
further when mice were treated with adenovirus encoding
si-IASPP but not si-Ctrl (Fig. S2A—C). These effects were
reversed when iASPP was overexpressed in I/R mice (Fig.
S2D-F). Histological analysis showed that si-iASPP
aggravated edema, atelectasis, necrosis, alveolar and inter-
stitial inflammation, and pulmonary fibrosis, but these
effects were reversed by iASPP overexpression (Fig. 3e, f).
These findings indicated that the absence of iASPP
increased susceptibility to lung tissue injury.

iASPP overexpression inhibits ferroptosis, and iASPP
knockdown promotes ferroptosis in vivo

To characterize the role of iASPP in ferroptosis, we asses-
sed the expression of several gene involved in iron
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Fig. 1 Intestine I/R-induced ALI enhances ferroptosis in vivo.
C57BL/6 mice were subjected to 60 min of intestinal ischemia fol-
lowed by 0, 30, 60, or 90 min of reperfusion as indicated. Sham mice
were included as controls. a Arterial blood Pao, was detected and lung
water content was analyzed (b). ¢ The protein content of BALF was
measured. Results are representative of three experiments (n=06

metabolism and lipid peroxidation in mice transfected with
adenovirus encoding iASPP or control sequences. The
protein and mRNA expression of FTH1 and GPX4 were

IR (min)

IR (min)

per group). d Representative H&E- and Masson trichrome-stained
lung sections. Morphology was examined using light microscopy. Scar
bar =20 um. The relative values of GSH (e) and MDA (f) and the
Fe" concentration (g) were measured. h—j The ferroptosis-related
proteins FTH1, GPX4, and TF were analyzed by RT-PCR and western
blot analysis. *p <0.05, **p <0.01.

significantly decreased, however, the expression of TF and
ACSL4 were significantly increased, 60 min after I/R

compared with sham mice, and were decreased further in
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mice transfected with adenovirus encoding iASPP com-
pared with the vector control (Fig. 4a—e), but decreased in
mice receiving adenovirus encoding iASPP compared with
si-Ctrl (Fig. 4f—j). The data above demonstrating that the
iASPP expression is crucial for the extent of ferroptosis
induced by ALI in vivo.
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the Fe* concentration (c) were measured. d—f The ferroptosis-related
proteins FTH1, GPX4, and TF were analyzed by RT-PCR and western
blot analysis. g Representative H&E- and Masson trichrome-stained
lung sections. Morphology was examined using light microscopy. Scar
bar = 20um. **p <0.01 vs. Sham; ®p < 0.05 vs. IR; ©©p <0.01 vs. IR;
& <0.05 vs. IR 4 Erastin; *p <0.01 vs. IR + Erastin.

iASPP-mediated intestinal I/R-induced ALI is
dependent on Nrf2 signaling in vivo

The above research provide evidence that iASPP play cri-
tical roles in intestinal I/R-induced ALI, but the link
between them is still not clear. We next investigate whether
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iASPP by injection. f-i mRNA expressions of FTH1, GPX4, TF,
NQO-1, and HO-1 following I/R (60 min/60 min) were detected by
RT-PCR. WT mice received adenoviruses carrying si-iASPP or si-Ctrl
by injection. j Relative protein expressions of FTH1, GPX4, TF, and
ACSLA4 following I/R (60 min/60 min) as assessed by western blot
analysis. WT mice received adenoviruses carrying si-iIASPP or si-Ctrl
by injection. *p <0.05, **p <0.01.
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Nrf2 deficiency alters the effect of I/R on ALIL iASPP
overexpression had no effect on Nrf2 mRNA expression but
resulted in increased Nrf2 protein levels (Fig. 5a, b). iASPP
inhibition decreased Nrf2 protein but not mRNA expression
(Fig. 5c¢, d). Notably, there was a difference between mRNA
and protein iASPP expression. These data suggest that
iASPP induces Nrf2 accumulation, and that this effect is
unlikely to occur at the transcriptional level. These findings
might be explained by the interaction of iASPP with Keapl,
which is affected by protein levels or by the tightly con-
trolled expression of iASPP at the posttranslational level.
Therefore, we postulated that iASPP might elevate Nrf2 by
regulating its protein stability. The expression of iASPP and
Nrf2 proteins significantly increased in the lungs of WT
mice 60 min after I/R. In contrast, Nrf2 was absent, and
iASPP levels were lower in Nrf2 ™~ /R mice than WT mice
(Fig. Se).

To further assess the role of iASPP in intestinal I/R-
induced ALI, we performed H&E and double immunohis-
tochemical staining of lung tissues after I/R (60 min/60 min)
in WT mice and Nrf2~'~ mice. Histological examination
and pathological scoring of lung tissues from WT and
Nrf2™~ I/R mice receiving adenovirus encoding iASPP or
the vector control showed that edema, atelectasis, necrosis,
alveolar and interstitial inflammation, and pulmonary
fibrosis were aggravated in Nrf2~~ mice and that i{ASPP
overexpression diminished the pathological findings
(Fig. 5f). Double immunohistochemical staining of lung
tissues showed higher Nrf2 (green) and iASPP (red) levels
in I/R mice than sham mice (Fig. 5g). Nuclei were stained
with DAPI (blue). These data indicated that iASPP is
critical to maintaining Nrf2 stability and iASPP-mediated
intestinal I/R-induced ALI is dependent on Nrf2 signaling
in vivo.

Ferroptosis is enhanced by intestinal I/R-induced ALI
in Nrf2~/~ mice compared with WT mice

The relative values of oxidative stress markers (GSH,
MDA, and Fe?") were assessed. The percentage GSH sig-
nificantly decreased, and the percentage MDA and Fe2™
levels significantly increased (Fig. 6a—c). Examination of
ferroptosis-related proteins (FTH1, GPX4, TF, NQO-1, and
HO-1) (Fig. 6d-i) indicated that ferroptosis and oxidative
stress were significantly greater in Nrf2~~ mice than in WT
mice. In conclusion, Ferroptosis is more severe in Nrj‘Z_/ -
mice compared with WT mice.

Nrf2 deficiency upregulates HIF-1a and TF, and
promotes I/R-induced ALl in vivo

H&E- and Masson-stained lung tissues (Fig. 7a) and
pathological scores (Fig. 7b) showed more pronounced

pathological findings in WT I/R, and Nrf2~~ I/R and
Nrf27/~ sham mice than in WT sham controls.

IL-1pB, IL-6, and TNF-a levels were significantly higher
in the BALF of Nrf2’/ ~ sham mice than in WT sham mice,
and these effects were significantly enhanced in Nrf2~~ IR
mice compared with those in WT I/R mice (Fig. S3A-C).
The mRNA/protein expression of HIF-1a and TF was sig-
nificantly higher in WT I/R mice than in WT sham controls
and in Nrf2”~ I/R mice than in Nrf2~/~ sham controls
(Fig. 7f, g). Together, these data demonstrating that Nrf2
expression is vital for I/R-induced ALI in vivo.

HR-induced ALI promotes ferroptosis in MLE-2 cells

Subsequently, we conducted in vitro experiments on
MLE-2 cells to assess the relationship between hypoxia/
regeneration (HR)-induced ALI and ferroptosis. The
protein and mRNA expression of FTH1 and
GPX4 significantly decreased, and that of ACSL4 and TF
significantly decreased, in MLE-2 cells after 2h of
hypoxia and 0, 3, 6, or 12 h of regeneration (Fig. 8a—d).
An increase in regeneration time enhanced the effects on
protein and mRNA expression. The protein and mRNA
expression of ACSL4 and TF, increased, and that of FTH1
and GPX4 decreased, in the HR + erastin (10 uM for 24 h)
group compared with the HR alone and control groups
(Fig. 8e—i). The addition of liproxstatin-1 (1 uM for 24 h)
reversed the effect of erastin to levels similar to those of
the HR alone group.

iASPP knockdown enhances ferroptosis, and iASPP
overexpression inhibits ferroptosis in MLE-2 cells

The protein and mRNA expression of iASPP was sig-
nificantly higher in MLE-2 cells transfected with adenovirus
encoding iASPP than with the vector control (Fig. S4A).
Figure S4B shows the significant increase in iASPP in the
cytoplasmic fraction compared with the nuclear fraction in
MLE-2 cells after iASPP overexpression by adenovirus, as
compared with the vector control. The mRNA expression of
iASPP was significantly lower in MLE-2 cells transfected
with adenovirus encoding si-iASPP than si-Ctrl (Fig. S4C).
The iASPP levels were lower in the cytoplasmic fraction
than the nuclear fraction of MLE-2 cells after iASPP
knockdown, as compared with the results in the si-Ctrl
group (Fig. S4D). Immunocytochemical iASPP (red)
staining was greater in MLE-2 cells after 2 h of hypoxia and
12h of regeneration than in untreated MLE-2 cells (Fig.
S4E).

The protein levels of iASPP but not Nrf2 were
decreased by iASPP knockdown in MLE-2 cells, as
compared with the results in the si-Ctrl group (Fig. S4F).
The addition of MG132, a proteasome inhibitor, had no

SPRINGER NATURE
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determined by western blot analysis in WT mice and Nrf2™~ mice
following I/R (60 min/60 min). f Representative H&E staining of lung
tissues following I/R (60 min/60 min) in WT mice and Nrf2’/ ~ mice.
WT mice and Nrf2~~ mice received adenoviruses carrying vector
control or iASPP by injection. Scar bar =20 um. g Double immuno-
histochemical staining of lung tissues for Nrf2 (green) and iASPP
(red). Scar bar =20um. Nuclei were stained with DAPI (blue)
following I/R (60 min/60 min). *p <0.05, **p <0.01.
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Fe?* concentration (¢) were measured following I/R (60 min/60 min)
in WT and N7f2 /" mice. d—h The mRNA expression levels for FTHI,
GPX4, TF, NQO-1, and HO-1 following I/R (60 min/60 min) were

effect on iASPP levels but enhanced the levels of Nrf2 in
both groups (Fig. S4F). The protein levels of FTHI1 and
GPX4 decreased (and those of ACSL4 increased) after
HR in MLE-2 cells, and these effects were diminished
when iASPP was overexpressed (Fig. S4G) or enhanced
after iASPP knockdown (Fig. S4H). Overall, our results
indicated that the inhibition of iASPP induces ferroptosis
in MLE-2 cells.

iASPP alleviates ALI and ferroptosis through the
Nrf2/HIF-1a/TF signaling pathway in vitro

We examined the expression of Nrf2/HIF-1o/TF in MLE-
2 cells after HR under the conditions of interference or
overexpression. The results in Fig. 9a indicated that the
protein levels of iASPP, Nrf2, and HIF-1«, but not TF,
increased in MLE-2 cells after HR, and these effects were
decreased after iASPP knockdown or enhanced after
iASPP overexpression. In addition, Nrf2 levels increased

expression levels of FTH1, GPX4, TF, NQO-1, and HO-1 following
I/R (60 min/60 min) were detected by western blot analysis in WT
mice and Nrf2~/~ mice. *p <0.05, **p <0.01.

in the nuclear but not the cytoplasmic fractions of MLE-2
cells after iASPP overexpression (Fig. 9b). We then
detected the distribution of Nrf2 in MLE-2 cells by
immunofluorescence, and histochemical analysis showed
greater Nrf2 staining (green) in the nuclei of MLE-2
cells overexpressing iASPP for 24 h before HR induction
than in control cells (Fig. 9c). Double immuno-
fluorescence staining of Nrf2 (green) and iASPP (red) in
untreated MLE-2 cells was enhanced after 2 h hypoxia
and 12 h regeneration (Fig. 9d). The protein level of HIF-
la was higher, and the Nrf2 and TF levels were lower, in
MLE-2 cells treated with si-Nrf2 than with si-Ctrl
(Fig. 9e). The mRNA expression of FTH1, HO-1, TF,
and NQO-1 increased, and GPX4 decreased, in MLE-2
cells overexpressing iASPP, but these effects were
reversed in cells treated with si-Nrf2 but not si-Ctrl
(Fig. 9f—j). These data indicate that iASPP alleviates ALI
and ferroptosis through the Nrf2/HIF-1o/TF signaling
pathway in vitro.

SPRINGER NATURE
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Fig. 7 Nrf2 regulates I/R-induced ALI through the HIF-1o/TF
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using light microscopy. Pathological scores were assigned by an
experienced pathologist. c—e Concentrations of IL-1p, IL-6, and
TNF-a were measured in BALF by ELISA following I/R (60 min/60

Discussion

This study evaluated the roles of iASPP and Nrf2 in fer-
roptosis and their potential therapeutic effects on intestinal
I/R-induced ALI in vivo and in vitro. The major findings of
the study are as follows: (1) ferroptosis contributes to
intestinal I/R-induced ALI in vivo; (2) iASPP inhibits fer-
roptosis and alleviates intestinal I/R-induced ALI; (3)
iASPP-mediated protection against I/R-induced ALI
depends on Nrf2 signaling; (4) HR-induced ALI enhances
ferroptosis in vitro; (5) the modulation of ferroptosis after
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HIF-1a b b §

min) in WT mice and Nrf2~/~ mice. f The mRNA expression levels
for HIF-la and TF were determined by RT-PCR following I/R
(60 min/60 min) in WT mice and N7f2~/~ mice. g The protein
expressions of HIF-la and TF were detected by western blot
analysis following I/R (60 min/60 min) in WT and Nrf2™"~ mice.
*p<0.05, **p <0.01.

intestinal I/R is enhanced in Ner*/ ~ mice; and (6) iASPP
mediates its protective effects against ALI through the Nrf2/
HIF-1/TF signaling pathway.

Ferroptosis is an iron-dependent, non-apoptotic form of
cell death characterized by intracellular accumulation of
ROS, and it is morphologically, biochemically, and
genetically distinct from autophagy, apoptosis, and necrosis
[24]. Although the physiological function of ferroptosis has
not been defined, its role in human diseases has been
established. Ferroptosis has emerged as a new form of
regulated necrosis that has been implicated in various
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Fig. 8 HR-induced ALI enhances ferroptosis in vitro. Mouse lung
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human diseases. In this study, we showed that ferroptosis
enhances intestinal I/R-induced ALI. This finding is in line
with results from previous studies suggesting that ferrop-
tosis is involved in the pathogenesis of human diseases such
as Huntington’s disease, periventricular leukomalacia, and
kidney dysfunction [25], as well as I/R injury [13, 25] and
infectious diseases [26]. Moreover, ferroptosis has been
reported to be involved in ischemia-induced organ injury,
and inhibition of ferroptosis has been shown to be effective
in treating I/R-induced organ damage in multiple experi-
mental models [14, 22].

iASPP is a known inhibitor of p53 transcriptional activity
that can be used to understand whether iASPP is involved in
ALI We have demonstrated that iASPP treatment inhibits
ferroptosis and alleviates intestinal I/R-induced ALI, thus
confirming findings from previous studies reporting the
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following HR in MLE-2 cells. f-i The mRNA expression levels for
FTH1, GPX4, NQO-1, and HO-1 were determined by RT-PCR
following HR (2 h/12 h) in MLE-2 cells, and then MLE-2 cells were
treated with erastin (10uM) for 24 h, followed by treatment with
liproxstatin-1 (1 pM) for 24h *p<0.05, **p<0.01, ***p<0.001,
@p <0.05, ¥p <0.05.

protective role of iASPP in other models of I/R-mediated
injury. For example, hypothermia can protect against I/R
brain injury and apoptosis in mice via the upregulation of
iASPP [27], and cerebral ischemia injury is aggravated by
the inhibition of iASPP [28].

A previous study has demonstrated iASPP/Nrf2 medi-
ated antiapoptotic effects, and indicated that the identified
iASPP/Nrf2 axis plays an important role in both cell growth
and drug responses [29]. The current study demonstrates the
importance of Nrf2 in I/R-induced ALI. We found that
ferroptosis is enhanced by intestinal I/R-induced ALI in
Nrf2~/~ mice, that Nif2 deficiency in Nrf2~/~ mice pro-
moted I/R-induced ALI, and that iASPP-mediated protec-
tion against I/R-induced ALI is Nrf2 dependent. These
findings confirm previous reports of the role of Nrf2 in
protection against I/R injury [18]. Other studies have shown
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Fig. 9 iASPP regulates ALI and ferroptosis through the Nrf2/HIF-
10/TF signaling pathway in vitro. a The protein expression levels of
iASPP, Nrf2, HIF-1a, and TF were determined by western blot ana-
lysis following HR in MLE-2 cells after iASPP knockdown or iASPP
overexpression. b The distribution of Nrf2 was determined by exam-
ining nuclear and cytoplasmic fractions from MLE-2 cells after iASPP
overexpression. ¢ MLE-2 cells were transfected with vector or iASPP
for 24h before HR. The distribution of Nrf2 was evaluated by

a that Nrf2 protects against iron toxicity of liver par-
enchymal cells in vitro and in vivo [30], that the Keapl-
Nrf2 complex prevents oxidative injury in I/R-stressed rats
[31], that IL-18 protects against lipopolysaccharide-induced
ALI via Nrf2 [32], and that sinomenine protects against
Escherichia coli-induced ALI in mice through Nrf2 [33].
We also investigated the roles of other ferroptosis-related
molecules. We found that the mRNA expression of GPX4,
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immunofluorescence staining. d The co-localization of iASPP (red)
and Nrf2 (green) was visualized by immunofluorescence staining.
Nuclei were stained with DAPI (blue) following HR (2 h/12 h). e The
protein expression levels of HIF-la and TF were determined by
western blot analysis in MLE-2 cells treated with si-ctrl or si-Nrf2. f—j
The mRNA expression levels for FTH1, HO-1, GPX4, TF, and NQO-
1 were detected by RT-PCR in MLE-2 cells treated with si-ctrl or si-
Nrf2. *p <0.03, **p <0.01, ®p <0.05, ©©p <0.01.

a phospholipid hydroperoxidase that protects cells against
membrane lipid peroxidation and controls ferroptosis [34],
was increased by liproxstatin-1 treatment and correlated
with diminished pathological findings in I/R mice treated
with erastin and liproxstatin-1 (Fig. 2). This finding is in
agreement with a previous study showing that the GSH/
Gpx4 axis prevents lipid oxidation-induced acute renal
failure and associated death [13]. Another study has shown
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that TF modulates animal models of I/R injury [35], thus
supporting our finding that iASPP mediates its protective
effects against ALI in part through the Nrf2/HIF-1/TF sig-
naling pathway.

The current study also confirmed the roles of proin-
flammatory cytokines in ALIL iASPP overexpression
decreased the levels of TNF-a, IL-1p, and IL-6 in the BALF
and diminished I/R-induced ALI—findings similar to those
in a previous study in which Chuanxiong Kangxian gran-
ules were found to have a beneficial effect on bleomycin-
induced pulmonary fibrosis in rats by decreasing the levels
of TNF-«, IL-1B, and IL-6 in the BALF and attenuating
bleomycin-induced oxidative stress and inflammation [36].

iASPP was mainly expressed in the cytoplasm, and
iASPP overexpression promoted Nrf2 accumulation and
nuclear translocation, which has been shown to be protec-
tive against numerous airway disorders/diseases including
ALI [18]. On the basis of the findings of the current study
and previous reports, we propose that iASPP-induced pro-
tection is depending on Nrf2 expression, thereby increasing
the expression of HIF-1a; decreasing TF and the
ferroptosis-related proteins FTH1, NQO-1, and HO-1; and
increasing GPX4 expression, as demonstrated in MLE-
2 cells.

We found that erastin, a small molecule that promotes
ferroptosis, significantly depleted intracellular GSH, thus
contributing to lipid peroxidation, ferroptosis, and the loss
of protective GPX4 expression, thereby confirming results
from a previous study in which genetic or drug approaches
have been found to promote ferroptosis through a lipid
ROS-dependent mechanism [37]. Interestingly, liproxstatin-
1 reversed this effect, thus suggesting that it might have
potential for therapeutic application.

Our in vitro study using MLE-2 cells showed that HR-
induced ALI enhanced ferroptosis, iASPP overexpression
inhibited ferroptosis, and iASPP alleviated ALI and fer-
roptosis through the Nrf2/HIF-10/TF signaling pathway.

In conclusion, our findings describe a novel mechanism
for ferroptosis that involves altering iron transport in I/R-
induced ALI, and demonstrate that iASPP treatment inhibits
ferroptosis via Nrf2, thus indicating its therapeutic potential
for treating I/R-induced ALL
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