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Original Article

Ferroptosis was involved in the oleic acid-induced acute lung injury in
mice
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Abstract: The aim of the present study was to investigate the role of ferroptosis in acute lung injury (ALI) mouse model induced by
oleic acid (OA). ALI was induced in the mice via the lateral tail vein injection of pure OA. The histopathological score of lung, lung
wet-dry weight ratio and the protein content of bronchoalveolar lavage fluid (BALF) were used as the evaluation indexes of ALI. Iron
concentration, glutathione (GSH) and malondialdehyde (MDA) contents in the lung tissues were measured using corresponding assay
kits. The ultrastructure of pulmonary cells was observed by transmission electron microscope (TEM), and the expression level of pros-
taglandin-endoperoxide synthase 2 (PTGS2) mRNA was detected by quantitative polymerase chain reaction (q-PCR). Protein expression
levels of glutathione peroxidase 4 (GPX4), ferritin and transferrin receptor 1 (TfR1) in lung tissues were determined by Western blot.
The results showed that histopathological scores of lung tissues, lung wet-dry weight ratio and protein in BALF in the OA group were
higher than those of the control group. In the OA group, the mitochondria of pulmonary cells were shrunken, and the mitochondrial
membrane was ruptured. The expression level of PTGS2 mRNA in the OA group was seven folds over that in the control group. Iron
overload, GSH depletion and accumulation of MDA were observed in the OA group. Compared with the control group, the protein
expression levels of GPX4 and ferritin in lung tissue were down-regulated in the OA group. These results suggest that ferroptosis plays a
potential role in the pathogenesis of ALI in our mouse model, which may provide new insights for development of new drugs for ALI.
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Acute lung injury (ALI) characterized by uncontrolled
inflammation is a main cause of death with a high mor-
tality rate of over 30%, despite the advancements of
new treatment techniques for ALI therapy'’. Multiple
forms of cell death such as necrosis, apoptosis, autophagy
and necroptosis have been studied in the lung of
humans and experimental animals of ALI”®. There-
fore, it is necessary to investigate the novel cellular and
molecular basis of ALI.

Recently, ferroptosis, which differs from other types
of cell death in mechanism and morphology, has been
reported in acute and chronic diseases including brain,
kidney, and liver injury/diseases except ALI""?). Ferro-
ptosis may represent a potential therapeutic target
against brain, kidney, and liver injury/diseases. The
characteristic morphological features of ferroptosis
include shrunken mitochondria, increased mitochondrial
membrane density and membrane rupture'™ '". Besides,
the initiation of ferroptosis depends on three critical
events, accumulation of lipid peroxidation, iron over-
load and glutathione (GSH) depletion'* . Fe** reduces
oxygen to form superoxide radicals which cause lipid
peroxidation and subsequent damage to cells through
Fenton reaction'"” ", GSH can act as a reductant in the
presence of GSH peroxidase (GPX) to reduce H,O, or
other hydroperoxides to less toxic substances'”. It has
been previously reported that superfluous iron was
observed in lower respiratory tract of ALI patients "* '\
Moreover, the deficiency in total GSH and increase in
oxidized GSH (GSSG) were found in the alveolar
epithelial lining fluid of patients with ALI*** and
animal ALI models"* ¥ In this context, we hypothe-
sized that superfluous iron and GSH depletion might
induce ferroptosis in lung tissues of ALI. In the present
study, we established oleic acid (OA)-induced ALI
mouse model and investigated lipid peroxidation, iron
overload and GSH depletion in lung tissue, hoping to
discover a new possible mechanism for the pathophysi-
ology of ALIL

1 MATERIALS AND METHODS

1.1 Animal model of ALI

Mouse model of ALI was established as described in
our previous studies'”’. Male C57BL/6 mice (Southern
Medical University Experimental Animal Center)
weighed 18-22 g, aged 6-8 weeks. Eighteen mice were
randomly assigned into control and OA groups. Mice in
OA group were injected via the lateral tail vein with
pure OA at a dose of 250 uL/kg, while control mice
received an injection of an equal volume of normal
saline (NS). At 6 h after injection of OA, the inferior
lobe of right lung was excised for measurement of lung
wet-dry weight ratio. Other parts of lung tissue were
removed after pulmonary circulation perfusion. Then
the rest of right lung was used for the hematoxylin and
eosin (H&E) staining and transmission electron micros-
copy examination. After bronchoalveolar lavage, the
left lung was used for detecting iron content, total GSH
and reduced GSH assay, malondialdehyde (MDA)
assay, Western blot and quantitative real time poly-
merase chain reaction (q-PCR). Then the bronchoalveolar
lavage fluid (BALF) was immediately determined by
BCA Protein Assay Kit (Beyotime Institute of Biotech-
nology, Shanghai, China) according to the manufac-
turer’s instructions. All animal experiments were
performed in accordance with the “Guideline for the
Care and Use of Laboratory Animals” of China and
approved by Animal Care and Use Committee of
Guangzhou Medical University (Laboratory Animal
Ethics No. GY2017-043).

1.2 Analysis of iron content in lung

Lung tissues were removed and homogenized on the
ice bath for 10 min for following studies. Samples were
added by steps, and heated on boiling water bath for 5
min, then cooled and centrifuged at 3 500 r/min for 10
min. The supernatant was detected at a wavelength of
520 nm. Iron concentration in the mouse lung was mea-
sured using an iron assay kit according to the manufac-
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turer’s protocol (Jiancheng Bioengineering Institute,
China). In this method, under the action of acidic solu-
tion and reductant, iron in ferritin is separated from
protein. After ferric iron is reduced to ferrous form,
iron reacts with sulfadiazine and trimethoprim to form
stable and colored complexes. Within a certain range,
the amount of iron is proportional to the color.

1.3 Total GSH and reduced GSH assay

Lung tissues were homogenized on ice (40 mg tissue in
360 puL PBS solution). Then the homogenates were
centrifuged at 10 000 g for 10 min, and the supernatant
was used for GSH and GSSG assays. Total GSH and
reduced GSH levels were measured by the colorimetric
microplate assay kits (Beyotime Institute of Biotech-
nology, Shanghai, China) according to the manufacturer’s
instructions. The formation of 2- nitro-5-thiobenzoic
acid, which was proportional to the concentration of
GSH, was analyzed directly at 412 nm using a micro-
plate reader (Bio-Rad, California, USA). The GSSG
level was quantified by the same method of total GSH
assay after removing the reduced GSH. The amount of
reduced GSH was obtained by subtracting the amount
of GSSG from that of the total GSH.

1.4 MDA assay

Lung tissues were homogenized on ice, then the
homogenates were centrifuged at 3 000 r/min for 5 min
at 4 °C. The level of MDA in mouse lung tissues was
analyzed by using an MDA assay kit (Jiancheng Bioen-
gineering Institute, China). MDA reacts with thiobarbi-
turic acid (TBA) under acidic and high temperature
conditions to form a stable chromophoric production,
which can be measured at a wavelength of 532 nm.

1.5 H&E staining

H&E staining was performed as previously described >
After immersion in 4% paraformaldehyde for 24 h and
then transferred to 70% ethanol, then lung tissues were
stained with H&E and examined by a light microscopy.
According to our previous research, we used a scoring

system to evaluate the histopathological injury™”.

1.6 Western blot

Western blot was performed as described previously
Samples collected from mouse lung tissues were lysed
with cold cell lysis buffer and subjected to SDS-PAGE.
Proteins were then transferred onto PVDF membranes,
blocked, and then exposed to primary antibodies
including anti-ferritin (1:1 000; ab75973, Abcam,
Cambridge, UK), anti-transferrin receptor 1 (TfR1; 1:
2 000; ab84036, Abcam, Cambridge, UK), anti-GPX4

[3]

(1:2 000; ab125066, Abcam, Cambridge, UK) and anti-
B-actin (1:5 000; Cell Signaling Technology, Beverly,
USA). Afterwards, the horseradish peroxidase-conju-
gated antibody was incubated in a 1:2 000 dilution for
1 h at room temperature. Finally, the chemiluminescence
method was used to detect the protein expression.

1.7 Measurement of lung wet-dry weight ratio

Lung wet-dry weight ratio was measured as described
previously !, Lung tissues were removed and weighed
immediately. After being washed away blood on lung
surface, the lung tissues were dried in an oven at 60 °C
for 72 h and reweighed. The lung wet-dry weight ratio
was calculated by dividing the mass of the initial specimen
by the mass of the dried specimen. The wet-dry weight
ratio was used as an indicator of lung edema.

1.8 Transmission electron microscopy examination
Lung tissues were obtained immediately after anesthesia
of the mice and cut into small pieces (I mm®). The
specimens were fixed with 2% glutaraldehyde at 4 °C,
washed in the 0.1 mol/L phosphate buffer (pH 7.4),
fixed with 1% osmium tetroxide, and stained with 1%
aqueous uranyl acetate. Specimens were placed with
capsules contained embedding medium and heated at
70 °C for about 48 h. The specimen sections were
stained with uranyl acetate and alkaline lead citrate
respectively and observed in transmission electron
microscope (TEM) of Jeol JEM 1400 (Tokyo, Japan).

1.9 g-PCR

g-PCR was performed as described earlier ¥, RNA
extraction was performed by using TRIzol Reagent
(Invitrogen, California, USA) in accordance with the
manufacturer’s instructions. Then first-strand comple-
mentary DNA was synthesized and amplified by using
KAPA SYBR FAST One-Step qRT-PCR Kits (Kapa-
biosystems, Cape Town, South Africa) according to the
manufacturer’s instructions. The following primer pairs
were used: mouse prostaglandin-endoperoxide synthase
2 (PTGS2): Forword: 5’>-TGGAGGCGAAGTGG-
GTTTTA-3’, Reverse: 5’-GAGTGGGAGGCACTTG-
CATT-3"; GAPDH: Forward: 5’-GGCCTCCAAGGAG-
TAAGAAA-3’, Reverse 5’-GCCCCTCCTGTTATTATGG-3".
The level of GAPDH mRNA expression was used as an
internal control. Ultimately, the relative level of mRNA
was analyzed by using the 27**“ method.

1.10 Statistical analyses

The whole experiments were repeated three or more
times independently. Data were expressed as mean +
SD. Comparison of two groups were analyzed by using
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the two independent sample z-test. P-values < 0.05
were considered to be statistically significant.

2 RESULTS

2.1 ALI was successfully induced by tail vein injection
of OA

We combined BALF protein concentration, the lung
tissue wet-dry weight ratio, and H&E staining to assess
the extent of lung injury in mice after OA injection.
The wet-dry weight ratio of lung tissues in the OA
group was higher than the saline control group (Fig.
14), and the BALF protein concentration in the OA
group was significantly higher than that of control
group (Fig. 1B). These data indicated that the water
content in lung tissue of OA group was increased,
presenting the increased permeability of alveoli. Then,
we used H&E staining to assess the degree of lung
injury (Fig. 1C). It was observed that there were evident
pathological changes in the lungs of the OA group,
including neutrophil infiltration and hyperemia in the
alveolar and interstitial space, thickening of the alveolar
wall, conspicuous pulmonary edema, and formation of
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the hyaline membrane. Finally, the histopathological
scores of OA group were strikingly higher, as compared
with control group (Fig. 1D). Collectively, it was
proved that the ALI mouse model was successfully
constructed 6 h after OA injection.

2.2 Ferroptosis was found in lung tissues of ALI
mouse model

Electron microscope pictures of mouse lung tissue
showed that the alveolar type II epithelial cells of OA
group exhibited the abnormal mitochondrial morphology
typical of ferroptosis, including shrunken mitochondria
(single white arrow) and mitochondrial membrane rupture
(paired white arrow) (Fig. 24). It was also observed
that the expression of ferroptosis biomarkers PTGS2
mRNA in the OA group was 7-fold over that in the
control group (Fig. 2B). These phenomena indicated
that ferroptosis occurred in the OA-induced mouse
ALL

2.3 Impaired GSH-GPX and iron metabolism regu-
lation system were concomitant with the occurrence
of ferroptosis

Ferroptosis is triggered by lipid peroxidation in cells,
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Fig. 1. Acute lung injury was successfully induced by tail vein injection of oleic acid. 4: The wet-dry weight ratio of the lung tissue in

OA and control groups. B: The BALF protein concentration. C: H&E staining of lung tissues. Scale bar, 50 um or 100 pm. D: Histo-

pathological scores. Mean £ SD. The results were repeated independently at least three times. CON: control; OA: oleic acid. "P < 0.01 vs

control.
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Fig. 2. Ferroptosis was found in lung tissues of ALI mouse model by transmission electron microscopy. 4: Transmission electron

microscopy results showed shrunken mitochondria (single white arrow) and mitochondrial membrane rupture (paired white arrow) in

the OA group. Scale bar indicates 2 000 nm or 500 nm. B: The marker gene of ferroptosis, PTGS2 mRNA expression was significantly
higher in ALI model than that in the control. Mean + SD. The q-PCR results were repeated at least three times. CON: control; OA:

oleic acid. P < 0.01 vs control.

so we measured the level of MDA which is the main
end product of lipid peroxidation. The MDA level of
the OA group was higher than the control group (Fig.
34). It has been known that the accumulation of lipid
ROS is caused by the depletion of the intracellular anti-
oxidant GSH. Therefore, we next measured the levels
of reduced GSH and total GSH. We observed decreases
in the levels of total GSH and reduced GSH in OA-
induced ALI mice (Fig. 3B). Since previous studies
have reported that depletion of GSH leads to inactivation
of GPXs'™, we measured the expression of GPX4.
Results of Western blot showed that GPX4 protein

expression was reduced in OA-induced ALI mice (Fig.
3C, D). Taken together, these results indicated that
decrease of GSH and inactivation of GPX4 might
induce ferroptosis.

When iron absorption is abnormally increased, it
causes excessive intracellular iron accumulation, which
in turn triggers more Fenton reaction, leading to lipid
peroxidation and eventual ferroptosis. Hence, we fur-
ther measured the levels of TfR1, iron and ferritin. The
results illustrated that the iron content in the pulmonary
cells of OA group was increased (Fig. 3£). Moreover,
Western blot revealed a decrease in ferritin expression
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(Fig. 3F, G), but without alteration of TfR1 expression
compared with control group (Fig. 3H, ). It appeared
that iron uptake and metabolism in cells were closely
related to the occurrence of ferroptosis.

3 DISCUSSION

Ferroptosis has been shown to occur in macrophage™™,
kidney tubule cells"™”
cells”". However, occurrence of ferroptosis in ALI is

10
, cancer cells"”, neurons'” and T

still unexplored. In this study, we aimed to show the
occurrence of ferroptosis in ALI mouse model. The
present research found typical ferroptotic morphological
changes, GSH depletion with downregulated GPX4,
lipid peroxidation and iron accumulation in the lungs
of ALI mouse model, which implicates ferroptosis
might be associated with the pathogenesis of ALIL
First, ALI model was evaluated by the H&E staining,
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histopathological scores of lung tissues, protein content
of BALF and lung wet-dry weight ratio. The results
revealed the evidence of lung injury such as accumula-
tion of neutrophils, formation of hyaline membranes,
alveolar edema and increased protein in BALF, thus
confirming that OA induced ALI in mice.

Furthermore, we found ferroptosis was associated
with the ALI mouse model. Ferroptosis has distinct
morphological characteristics, differing from other
known types of cell death””!
reports, ferroptosis is morphologoically characterized

. According to previous

by shrunken mitochondria”’, mitochondrial membrane
rupture, reduction of mitochondria crista, and decrease
in mitochondrial size™ '". In line with these reports,
shrunken mitochondria and mitochondrial membrane
rupture were also observed in pulmonary cells of the
OA group. Additionally, mRNA expression of PTGS2,

]

the marker gene of ferroptosis™, was seven folds over
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Fig. 3. Impaired GSH-GPX and iron metabolism regulation system were concomitant with the occurrence of ferroptosis. 4: Malond-

ialdehyde (MDA) production was elevated in lung tissues compared with that of the control group. B: Total GSH and reduced GSH

levels were decreased in the OA group. C, D: Western blot results showed downregulated GPX4 in the OA group. E: Iron concentration

was higher in the OA group. F, G: Western blot results showed decreased ferritin in the OA group. H, I: TfR1 protein expresssion was
not altered. Mean = SD. The results were repeated independently at least three times. CON: control; OA: oleic acid. "P < 0.05, "P < 0.01

vs control.
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the control group. Together, it seems likely that ferro-
ptosis occurred in ALI

We further addressed the mechanisms of ferroptosis
in ALI mouse model. Ferroptosis has been character-
ized by impaired GSH-GPX4 antioxidant system, iron
accumulation and lipid ROS production. We first tested
GSH-GPX4 regulatory system which is a crucial regu-
lator for ferroptosis”®”. We found that the total GSH,
reduced GSH and GPX4 protein were all decreased in
the OA group. It has been reported that depletion of
GSH and lessening GPX4 lead to ferroptosis'”. And
lipid peroxidation could be exacerbated when there are
decreased levels of GSH and GPX4, since GSH is a
scavenger of MDA upon being catalyzed by GPX4 ¥,
Moreover, iron promotes the production of superoxide
radicals via the Fenton reaction, which can result in lipid
peroxidation %, Thus we further surveyed the iron
metabolism and lipid peroxidation. We found that iron
concentration was significantly increased in lung
tissues of the OA group, and ferritin was decreased
without any changes of TfR1. In consistent with our
findings, other groups also found that iron concentra-
tion was increased in lung lining fluid of patients with
ALI® and in lung tissues of ALI rats””. A down-regu-
lation of ferritin in the lungs of acute respiratory distress
syndrome (ARDS) caused the accumulation of cellular
iron due to the damage of iron storage protein””. Iron,
which is mainly stored in ferritin®, could be released
by degradation of ferritin, and subsequently enormous
iron would contribute to Fenton reaction, and then massive
lipid peroxidation products were generated to prompt
ferroptosis®” *”. Thus, it suggested that such a response
might place pulmonary cells at risk of ferroptosis. But
TfR1 in the OA group was not altered compared with
the control group, thus TfR1 appeared not to be the
main promoter for iron import in ALI mice. In brief,
depletion of GSH, decrease of GPX4, excessive iron
and accumulation of lipid peroxidation occurred in ALI
model may cause ferroptosis. However, the molecular
signal pathways of the lipid peroxidation engendering
ferroptosis in ALI model remain to be further elucidated.

In summary, in the present research, we found that
ferroptosis was involved in ALI mouse model, which
enhances our understanding of the pathogenesis of ALIL
Our findings provide a novel perspective for develop-
ment of new drugs for ALI. Additional studies are
needed to determine whether the inhibitors of ferroptosis
could rescue the mice from ALI through inhibition of
ferroptosis.
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