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Abstract

Cerebral ischemia reperfusion (I/R) injury easily develops in ischemic stroke, resulting in more serious injury. Ferroptosis
is involved in cerebral I/R injury, but the mechanism remains unclear. Prostaglandin E2 (PGE2) is potential to regulate fer-
roptosis. This study mainly explored the regulation effects of PGE2 on ferroptosis induced by cerebral I/R. We first detected
PGE?2 levels and ferroptosis status in 11 human brain tissues. Then, we induced a cerebral I/R animal model to examine
ferroptosis status in cerebral I/R. We further injected a ferroptosis inhibitor to define the response of the PGE2 pathway to
ferroptosis. Finally, we injected PGE2 and pranoprofen to explore the regulation of the cyclooxygenases 2 (COX-2)/PGE2
pathway on ferroptosis in cerebral I/R. We found that PGE2 release was correlated with the levels of reactive oxygen spe-
cies, malondialdehyde, glutathione peroxidase 4, COX-2, and Spermidine/spermine N1-acetyltransferase 1. Ferroptosis can
be induced by cerebral I/R, while inhibition of ferroptosis induced by cerebral I/R can inactivate PGE2 synthases, degrade
enzyme, and parts of PGE2 receptors, and reduce cerebral infarct volume. In turn, PGE2 inhibited ferroptosis through the
reduction of Fe?*, glutathione oxidation, and lipid peroxidation, while pranoprofen, one of the COX inhibitors, played an
opposite role. In conclusion, PGE2 was positively correlated with ferroptosis, inhibition of ferroptosis induced by cerebral
I/R can inactivate COX-2/PGE2 pathway, and PGE2 inhibited ferroptosis induced by cerebral I/R, possibly via PGE2 recep-
tor 3 and PGE2 receptor 4.
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ferroptosis [6, 7]. The prevention and treatment of cerebral
I/R injury is a major challenge in ischemic stroke.
Ferroptosis is a new type of programmed cell death
defined by Dixon et al. in 2012 [8]. It is mainly character-
ized by cell death caused by excessive accumulation of lipid
peroxides dependent on iron ions. Morphological changes of
ferroptosis were mainly presented in mitochondria as mito-
chondrial shrinkage, increased mitochondrial membrane den-
sity, rupture, or even disappearance of mitochondrial cristae.
Ferroptosis is a complex process. Strikingly, the glutathione
peroxidase 4 (GPX4)-glutathione (GSH) pathway is the most
important antioxidant pathway, mainly involving system X_~,
cysteine, glutamate, GPX4, and GSH. A large number of
reports have shown that ferroptosis plays an important role
in a lot of diseases including tumors [9, 10], kidney injury
[11, 12], neurological diseases [13, 14], liver injury [15], and
I/R [16, 17]. Intervention against ferroptosis has become an
effective target for the treatment of these diseases.
According to current reports, ferroptosis is involved in
cerebral I/R. Wang, P., et al. reported that mitochondrial fer-
ritin is upregulated in the ischemic brains, and lack of mito-
chondrial ferritin aggravates brain damage and neurological
deficits by increasing lipid peroxidation and reducing GSH
[18]. Conversely, mitochondrial ferritin overexpression alle-
viates these changes. Guo, H., et al. found that Carthamin
yellow could ameliorate ischemic stroke partly by mitigating
ferroptosis through inhibiting Fe** and reactive oxygen spe-
cies (ROS) accumulation, and reversing acyl-CoA synthetase
long-chain family member 4 (Acsl4), transferrin receptor 1,
GPX4, and ferritin heavy chain 1 (Fth1) protein expression
levels in the brain and reversing the levels of GSH, superox-
ide dismutase, and malondialdehyde (MDA) in the serum
[19]. Chen, W, et al. demonstrated that ferritin overexpres-
sion could mitigate hippocampal neuronal injury and death
by ameliorating ROS production and GSH consumption [20].
Besides, the treatment of ferroptosis inhibitors ferrostatin-1
(Fer-1) and liproxstatin-1 can reduce the cerebral infarction
volume and mitigate the neurological deficits caused by mid-
dle cerebral artery occlusion (MCAO) [21]. It is confirmed
that ferroptosis plays an important role in cerebral I/R, but
the clear mechanism still needs to be explored.
Cyclooxygenases 2 (COX-2)/prostaglandin E2 (PGE2)
pathway is closely related to cerebral I/R. The synthesis
of PGE?2 is regulated by a cascade of enzymes. Under the
catalysis of phospholipase A2, phospholipids cleave to gen-
erate arachidonic acid, then secreted from cells. Arachidonic
acid can be catalyzed by cyclooxygenase (COX), includ-
ing COX-1 and COX-2, to manufacture prostaglandin G2
and prostaglandin H2. The transformation of prostaglandin
H2 into PGE2 depends on PGE2 synthases cytosolic pros-
taglandin E synthase (cPGES), microsomal prostaglandin
E synthase-1 (mPGES-1), and microsomal prostaglandin
E synthase-2 (mPGES-2). At the same time, PGE2 can
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be reduced to 15-keto-PGE2 in the catalytic degradation
of 15-hydroxyprostaglandin dehydrogenase (15-PGDH).
Finally, PGE2 plays different roles by binding to different
PGE2 receptors (EP) including EP1, EP2, EP3, and EP4.
A report has confirmed that elevated levels of PGE2 dur-
ing cerebral I/R are attributed to the increase of multiple
enzymes during the synthesis phase [22]. Furthermore,
COX-1, COX-2, mPGES-1, EP1, EP2, EP3, and EP4 have
been shown to regulate cerebral I/R [23-29]. Noticeably,
there is evidence of a link between the COX2/PGE2 path-
way and ferroptosis. COX-2 is a ferroptosis marker gene,
whose elevation is a hallmark of ferroptosis [30]. Besides,
in a hemorrhagic stroke induced by oxyhemoglobin, PGE2
administration partially exacerbated lipid peroxidation and
iron deposition and decreased GSH content and GPX4 [31].
While another report found that as a clinically approved,
protective lipid species, PGE2 can act as a synergist to
inhibit ferroptosis [32]. It seems that the role of PGE2 in
ferroptosis is still debatable and needs to be confirmed by
more comprehensive evidence.

In the present study, we searched for the correlation
between PGE2 and ferroptosis by detecting the level of
PGE2 and ferroptosis status in human brain tissues. Then,
we used an MCAO model to simulate cerebral I/R and exam-
ined the status of ferroptosis comprehensively in cerebral
I/R. We used exogenous injections of PGE2 and pranopro-
fen (Pra) to validate the regulatory role of the COX2/PGE2
pathway in ferroptosis. Furthermore, we used a ferroptosis
inhibitor to identify the responded molecules in the COX2/
PGE?2 pathway to screen out potential targets in the COX2/
PGE2 pathway that may regulate ferroptosis.

Materials and Methods
Patient Samples

The human brain tissues were obtained from the patients
with cranial hypertension when decompression surgery is
necessary from the Department of Neurosurgery, Xiangya
Hospital, Central South University. This research was
approved by the ethics committee of the Xiangya Hospital
of Central South University and the human ethics identifica-
tion number is 2021101119. These patients consisted of six
males and five females, with an average age of 54.1 years.
All participants involved in this study provided written
informed consent.

Animals
All rats and procedures were approved by the Experimental

Animal Center of Central South University (Changsha, China).
All rats were housed on a 12-h light/dark cycle in a 25 °C
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40-60% humidity-controlled facility and provided ad libitum
access to food and water. Animals used in vivo studies were
250-300 g male SD rats at 8 weeks of age and were all healthy
before experiments. The number of total animals is about 120
with 6 rats in each group.

Experimental MCAO Model

The rats were intraperitoneally anesthetized with pentobarbital
sodium. An incision was opened in the middle of the neck. The
right carotid artery and vagus nerve were gently dissected. The
right common carotid and internal carotid arteries were tempo-
rarily ligated with arteriole clip. After ligation of the external
carotid artery, a small incision was opened. A poly-1-lysine-
coated monofilament was inserted from the incision, through
the internal carotid artery, and finally to the middle cerebral
artery. The nylon monofilament was pulled out for reperfusion
after 2 h of blockage. The cortex of the infarcted hemisphere
was collected for subsequent experiments.

Lateral Ventricle Injection

The anesthetized rats were placed on a stereotaxic frame
(RWD Life Science, Shenzhen, China) in the horizontal
prone position. Using a syringe pump (KDS legato 130,
Holliston, MA, USA) and a Hamilton syringe, PGE2 or
Fer-1 was infused into the right lateral ventricle at a flow
rate of 0.5uL/min. Taking the bregma point as the origin,
the stereotaxic coordinates of the lateral ventricle were
lateral — 1.5 mm, anteroposterior — 1.2 mm, and dorsoven-
tral — 4.5 mm. After being infused, the skull was sealed with
bone wax.

Measurement of Infarct Volume

Collect intact brain tissue and freeze it at —20°C for 20 min.
Then, cut into 2-mm thick slices and stained with 2%
2,3,5-triphenyl tetrazolium chloride (TTC, Jincheng Bio-
tech, China) at 37°C from light. The infarct volume and the
whole brain volume were determined with Image J software.
Finally, the results were presented as (infarct volume/whole
brain volume) X 100%.

Reverse-Transcription-Quantitative Polymerase
Chain Reaction

After the tissue RNA was extracted with TRIZOL, 1 pg
was reverse-transcripted. 7500 Real-Time PCR System
(Applied Biosystems, Waltham, MA, USA) with a Two-
Step SYBR® Prime Script™ RT-qPCR kit (Takara, Shiga
Prefecture, Japan) was used to perform PCR. The primers
included COX-1, COX-2, cPGES, mPGES-1, mPGES-
2, 15-PGDH, EP1, EP2, EP3, EP4, GPX4, Fthl, SATI,

glutaminase 2 (Gls2), and Acsl4. Their sequences are
presented in Table 1. The specificity of all primers was
confirmed by melt curves when first performed. After
95 °C for 30 s to pre-denaturation, the amplification was
performed up to 40 cycles with 95 °C for 5 s and 60 °C for
34 s. Normalized by B-actin, the relative quantitation of
mRNA was obtained by the 2-AACT method.

Western Blotting

Radio immunoprecipitation assay lysis buffer containing
1% PMSF was used to extract tissue protein. Then, a bicin-
choninic acid kit was used to measure protein concentra-
tion. An equal amount of protein samples was mixed with
5x SDS sample buffer and heated to 95°C for 10 min to
expose epitopes. All samples were electrophoresed on an
SDS-PAGE gel and transferred to a polyvinylidene fluo-
ride membrane. After blocking in 5% non-fat dried milk,
the membranes were incubated with primary antibod-
ies against p-actin (1:5000, Sigma-Aldrich, Saint Louis,
MO, USA), GPX4 (1:5000, Cell Signaling Technology,
Danvers, MA, USA), COX-1 (1:200, Cayman Chemical
Company, Ann Arbor, MI, USA), COX-2 (1:200, Cayman
Chemical Company), EP3 (1:200, Cayman Chemical Com-
pany), and EP4 (1:200, Cayman Chemical Company) over-
night at 4 °C. Secondary antibodies were prepared with
5% non-fat dried milk and incubated at room temperature
for 2 h. All proteins were detected using the enhanced
chemiluminescence method (Bio-Rad Laboratories, CA,
USA). Band density was measured by ImageJ software and
normalized to the B-actin.

PGE2 Measurement

PGE2 was measured according to the prostaglandin E2
(PG-E2) ELISA Kit (CUSABIO, Wuhan, China) instruc-
tion. Tissues were homogenized in PBS and stored overnight
at—20 °C. After two freeze—thaw cycles were performed
to break the cell membranes, the homogenates were centri-
fuged to get supernatant. Add standard or sample per well.
Then, add HRP-conjugate and antibody to each well. Mix
well and then incubate for 1 h at 37 °C. Wash the plate three
times with wash buffer. Add substrate A and substrate B to
each well. Incubate for 15 min at 37 °C in the dark. Add stop
solution to each well and determine the optical density of
each well using a microplate reader set to 450 nm.

MDA and ROS Measurement

MDA and ROS were detected by the rat malondialchehyche
(MDA) ELISA Kit instruction (FEITYA BIOTECHNOLOGY,
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Table 1 The sequences of primers

Primers Species Forward (5-3) Reverse (5-3)

P-actin Rat TGTCACCAACTGGGACGATA GGGGTGTTGAAGGTCTCAAA
COX-1 Rat GGGTCTGATGCTCTTCTCCA GCTGCAGGAAATAGCCACTC
COX-2 Rat TTCCTTGGGTGCCTTTATGC AGCACTTTCGATGGGAGACA
cPGES Rat GAGAATCCGGCCAATCCTG ATCCTCATCACCACCCATGT
mPGES-1 Rat TGTCATCACAGGCCAAGTCA AACCAAGGAAGAGGAAGGGG
mPGES-2 Rat AATGATCAGGGCAAGGAGGT GGGAGAGATGAGATGCACCA
15-PGDH Rat AATGGAGGTGAAGGTGGCAT CAGTCTCACACCGCTTTTCA
EPI Rat TGGTGTTTCATTAGCCTTGGG GACCTGCGTTCTCTCGGAA

EP2 Rat ACCGCATACCTTCAGCTGTA CCTCCGCCATAGAAGTCCTT
EP3 Rat TGACCATGACAGTGTTCGGA GCACAGACAGCCACACAC

EP4 Rat CGCCTACTTCTACAGCCACT ATGTAAGAGAAGGCGGCGTA
GPX4 Rat TAAGTACAGGGGTTGCGTGT AGGCCAGGATTCGTAAACCA
SATI Rat TTTTGGAGAGCACCCCTTCT CCAAAGCCTCGGTAATCACTC
Acsl4 Rat AGGATATGATGCCCCTCTTTGT CATGAATCGGTGTGTCTGGG
Gls2 Rat CAGCAATGCCACATTCCAGT AGAGATCAAGGGCAGCCATC
Fthl Rat TGATGTGGCCCTGAAGAACT CCAGTCATCACGGTCAGGTT
p-actin Human CAGATGTGGATCAGCAAGCAGGAG GTCAAGAAAGGGTGTAACGCAACTAAG
GPX4 Human ATGGTTAACCTGGACAAGTACC GACGAGCTGAGTGTAGTTTACT
COX-2 Human TGTCAAAACCGAGGTGTATGTA AACGTTCCAAAATCCCTTGAAG
SATI Human AGGAGTGAGGAGTGCTGCTGTAG GCAACAACGCCACTGGTAATAAAGC

Yancheng, China) and rat reactive oxygen species (ROS)
ELISA Kit instruction (FEIYA BIOTECHNOLOGY),
respectively. The tissues were mashed with the proper
amount of normal saline and centrifuged at 3000 g for
10 min to take the supernatant. Add SOpL standard of differ-
ent concentrations to standard wells. Add 10pL sample and
40pL sample diluent to a well. Add 100pL. HRP-conjugate
reagent to each well and incubate for 60 min at 37°C. Wash
five times with wash solution. Add chromogen solution A
and B to each well and incubate for 15 min at 37°C protect-
ing from light. Finally, add 50pL stop solution to each well
and read the OD value at 450 nm. Draw a standard curve
with the concentration and OD value of the standard well
and calculate the concentration of the sample.

Fe** Measurement

Fe?* was detected by the Iron Colorimetric Assay Kit (Bio-
Vision, Palo Alto, CA, USA). A total of 100-mg tissues were
homogenized in 500 uL iron assay buffer, then centrifuged at
16,000 g for 10 min and collected the supernatant. For iron
standard curve, dilute iron standard and set a concentration
gradient in a 96-well plate, and add 5 pL iron reducer to each
standard well and bring the volume of all standard wells to
100 pL with iron assay buffer. Add 50 pL. sample and 50 pL
iron assay buffer to sample wells to detect ferrous iron (II).
After incubating the plate for 30 min at 37 °C, add 100 pLL
iron probe to each well and incubate for 60 min at 37 °C
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protecting from light. Measure the absorbance at 593 nm in
a microplate reader. A standard curve is drawn according to
the concentration and OD value of the standard well, then
the concentration of iron in the sample can be calculated out.

GSH Measurement

GSH, oxidized glutathione (GSSG), or total
(GSH + GSSG) were detected by the Glutathione Fluoro-
metric Assay Kit (GSH, GSSG, and Total) (BioVision).
Homogenize 40 mg tissues with 100 uL glutathione assay
buffer and take 60 puL of each homogenate to 20 uL. PCA.
Centrifuge 2 min at 13,000 g at 4 °C to collect the super-
natant. Dissolve GSH standard and add PCA to stabilize
the standard GSH stock solution. Diluent standard GSH
stock with assay buffer and generate concentration gradi-
ent, then bring the volume to 90 uL with assay buffer.
Add 20 uL 6 N KOH to 40 pL of PCA preserved samples,
then spin 2 min at 13,000 g at 4 °C. Transfer 10 uL of the
neutralized samples to a 96-well plate. To detect GSH,
bring the sample volume to 90 uL with assay buffer. To
detect total glutathione, bring the sample well to 80 uL
with assay buffer and add 10 pL of reducing agent mix
to the wells to convert GSSG to GSH. To detect GSSG,
bring the sample well volume to 70 pL with assay buffer
and add 10 pL of GSH Quencher to quench GSH, then
add 10 pL of reducing agent mix to destroy the excess
GSH Quencher and convert GSSG to GSH. Add 10 pL
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of OPA probe into the standard and sample wells, and
incubate at room temperature for 40 min. Read samples
and standards on a fluorescence plate reader equipped with
Ex/Em =340/420 nm. Draw a standard curve and get the
glutathione amount in each sample.

Transmission Electron Microscopy

A brain mass of about 1*1*3 mm?® was taken from the core
area of the infarct cortex and fixed with 2.5% glutaralde-
hyde and 1% osmium acid successively. After dehydra-
tion with different concentrations of acetone, the samples
were embedded in acetone and embedding solution and
solidified in the oven. The samples were cut into sections
of 50-100 nm with an ultra-thin slicer (Leica, Wetzlar,
Germany), and double-stained with 3% uranium acetate
and lead nitrate. Finally, the samples were observed and
captured by a Hitachi HT7 700 transmission electron
microscopes.

Statistical Analysis

All the experiments were repeated 3—6 times and each group
contains 6 rats at least. The quantitative data was confirmed
the normality and homoscedasticity previously, then pre-
sented as the mean =+ standard deviation and analyzed using
analysis of variance (ANOVA) statistical analysis. Correla-
tion analysis was performed using Pearson product-moment
correlation. Statistical analysis was performed using Graph-
Pad Prism 8 software (GraphPad Software, Inc., La Jolla,
CA, USA). P-value was set to 0.05.

Results
PGE2 is Positively Correlated with Ferroptosis

As a new form of cell death, ferroptosis has been reported
to be involved in a variety of diseases. PGE2 is considered
to be an important inflammatory factor that is increased in
a lot of diseases. Whether PGE?2 is related to ferroptosis
remains to be determined. We collected 11 brain tissue sam-
ples and examined their PGE2 levels and ferroptosis status
to determine their correlation. After measuring the level of
PGE2, as well as ROS and MDA, correlation analysis was
carried out. As Fig. 1A and B, ROS and MDA are both posi-
tively correlated with PGE2, suggesting that PGE2 is prob-
ably also positively correlated with ferroptosis. In addition,
we further examined ferroptosis marker genes. As shown
in Fig. 1C, GPX4, and PGE2 were negatively correlated,
while COX-2 (Fig. 1D) and SAT1 (Fig. 1E) were positively
correlated with PGE2. These results suggest that there is a
positive correlation between PGE2 and ferroptosis.

Ferroptosis Induced by Cerebral Ischemia Reperfusion

Previous reports have demonstrated the presence of ferrop-
tosis in cerebral I/R, but the exact status of ferroptosis has
not been reported. Therefore, we established a rat model of
MCAQO to detect the status of ferroptosis in cerebral I/R.

The accumulation of iron ions is an important character-
istic of ferroptosis. Fe>* can catalyze Fenton reaction to pro-
mote the generation of ROS. As shown in Fig. 2A, the con-
centration of Fe?* increased 24 h after I/R. GSH is the most
important antioxidant in ferroptosis, which is oxidized from
reduced GSH to GSSG. We observed that both the concen-
tration of GSH and the ratio of GSH/GSSG decreased 24 h
after reperfusion, suggesting that the antioxidant capacity
provided by GSH decreased after cerebral I/R (Fig. 2B and
C). At the same time, after cerebral I/R, ROS accumulation
was also observed (Fig. 2D). Lipid peroxidation is also a
major characteristic of ferroptosis. MDA is one of the main
products of lipid peroxidation degradation. It increased at
24 h after cerebral I/R (Fig. 2E). In an overview of Fe’™,
ROS, GSH, and MDA, we found that 24 h after I/R may be
a notable time point, as it is the only time point at which any
of these substances changed.

The mitochondrion is sensitive to ferroptosis. Mito-
chondrial shrinkage and thickening of membrane density
were observed in ferroptotic cells, accompanied by rupture
or even disappearance of mitochondrial cristae. However,
differences were observed in cerebral I/R. As presented in
the electron microscope images (Fig. 2F and G), after cer-
ebral I/R, the fracture or disappearance of the mitochon-
drial crest can indeed be observed, while the mitochondria
were not shrunk, even expanded, and the thickening of
mitochondrial membrane density can be hardly observed.
We hypothesized that the characteristic changes were not
observed because of severe brain edema caused by cer-
ebral I/R.

We finally examined the expression of several ferroptosis
marker genes after cerebral I/R. GPX4, the enzyme con-
verts GSH into GSSG to resist ferroptosis, reduced includ-
ing mRNA and protein continuously (Fig. 2H and I). Fthl,
a subunit of ferritin, which can store Fe**, was observed
reduced from 24 h after reperfusion (Fig. 2I). SAT1, which
could induce lipid peroxidation and ferroptosis [33], upregu-
lated at 12 h after reperfusion (Fig. 2I). Acsl4, which can
catalyze the esterification of arachidonoyl or adrenoyl to pro-
mote lipid peroxidation and induce ferroptosis, increased at
48 h after reperfusion (Fig. 2I). Gls2, which could promote
ferroptosis by upregulating p53, upregulated at 24 h and 48 h
after reperfusion (Fig. 2I). These molecules are involved in
the iron pathway, GPX4-GSH pathway, and lipid peroxida-
tion pathway, which can comprehensively present the status
of ferroptosis induced by cerebral I/R.
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Fig.1 PGE2 is positively correlated with ferroptosis. A Correla-
tion analysis of ROS and PGE2. B Correlation analysis of MDA and
PGE2. C Correlation analysis of GPX4 mRNA level and PGE2. D

These findings suggest that ferroptosis is activated after
cerebral I/R in many ways simultaneously.

Inhibition of Ferroptosis Inactivates the COX-2/PGE2
Pathway and Alleviates Cerebral Infarction

Previous results have confirmed a positive correlation
between PGE2 and ferroptosis. Increased PGE2 and induc-
tion of ferroptosis have been revealed in cerebral I/R at the
same time. It is worth exploring how ferroptosis interven-
tion might affect the COX-2/PGE2 pathway. So, we probed
the enzymes and receptors in the COX-2/PGE2 pathway
using the ferroptosis inhibitor Fer-1. 40 nmol/kg Fer-1 was
injected into the lateral ventricle 2 h before the construction
of the MCAO model, and samples were taken 24 h after
reperfusion. We first verified the successful inhibition of
Fer-1 on ferroptosis. As presented in Fig. 3A, Fer-1 suc-
cessfully reversed the decrease of GPX4 and Fth1, and also
decreased Acsl4 and SAT1. These effects confirm that fer-
roptosis is indeed involved in cerebral I/R and has been suc-
cessfully inhibited by Fer-1. Besides, it reduced the volume

@ Springer

PGE2 (pg/mg protein)

PGE2 (pg/mg protein)

Correlation analysis of COX-2 mRNA level and PGE2. E Correlation
analysis of SAT1 mRNA level and PGE2. Correlation analysis was
performed using Pearson product-moment correlation. n=11

of cerebral infarction in cerebral I/R, playing a neuroprotec-
tive role (Fig. 3B and C).

Since we previously identified the correlation between
ferroptosis and PGE2, we explored how the COX-2/PGE2
pathway would respond after inhibiting ferroptosis induced
by cerebral I/R. We first examined the PGE2 release. Fig-
ure 3D showed that the elevation of PGE2 after cerebral I/R
was partially reversed by Fer-1. We further examined all
the molecules in the COX-2/PGE2 pathway, hoping to find
the answer from the generation and degradation process
of PGE2. In the first-generation stage, COX-1 and COX-2
were the key enzymes. As a constituent enzyme, COX-1
did not change significantly after cerebral I/R, while the
inductive enzyme COX-2 increased significantly. Both the
two enzymes were significantly reduced after the applica-
tion of Fer-1 (Fig. 3E and F). In the next synthesis phase,
the elevated mPGES-1 and mPGES-2 after cerebral I/R
were partially restored, and the constituent enzyme cPGES
also decreased (Fig. 3H). In addition, the PGE2 degrading
enzyme 15-PGDH was further reduced after the applying
of Fer-1 (Fig. 3G). In a word, after cerebral I/R, the inhibi-
tion of ferroptosis can completely inactivate the synthase
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Fig.2 Ferroptosis induced by
cerebral ischemia reperfusion.
A Fe?* level in cerebral I/R.

B GSH level in cerebral I/R.

C The ratio of GSH/GSSG in
cerebral I/R. D ROS level in
cerebral I/R. E MDA level in
cerebral I/R. F Representative
electron microscope images

of ferroptotic mitochondria

in cerebral I/R (magnifica-
tion, X 20,000). G Statistical
analysis of ferroptotic mito-
chondria in cerebral I/R. H
Western blot analysis of GPX4
protein level in cerebral I/R. I
The mRNA levels of GPX4,
SATI, Fthl, Acsl4, and Gls2 in
cerebral I/R. n=6 animals per
group. Data were presented as
the mean =+ standard deviation
and ANOVA statistical analysis
was performed. *P <0.05 vs.
sham group

e~}
(@]

*

o
2
o

IS

-
o

»

=
o
GSHI/GSSG

Fe?* content(nmol/mg protein) x>

o

5
g
2
s
g
)
A
t
g
€
]
o
T
7}
o

°
°
14
o

sham 12h 24h 48h

(=]
o

a
S
»
o
*

»
°

30

o

-
°
°

5 5
s s
g s
Q Q
o >
£ 3
220 £
T =
£ 8
£ g
8 8
S S 0.5
(23

e 8
© =

°
o
°

sham

G H
5 8- c 159
& * 2
5 * hours after I/R §
2 6 —_—
3 *
5 sham 12h 24h 48h %1-0- *
*
o
£ 44 c
3 P4 | D - - |
€ 9 0.5+
2 actin | ey w aw w |3
& o 0 0,4
sham 12h 24h 48h
I
5_
* mm GPX4
=3 SATH
47 =3 Fthi
= Acsl4
3 * Em Gls2

mRNA levels of ferroptotic genes

- N
1 1
*
*
*
K
|
% ]
2,
O
*
*
K
—
97
% ]
K —

@ Springer



1626 Molecular Neurobiology (2022) 59:1619-1631
A - 1.5+
g mm GPX4 B
5 =1 Fthi
o
£ # =3 Satt
< 1.0+
g # =1 Acsi4
3 * ol # #
=
o
w
@ 0.5+
>
K]
<
=z
"4
€
C 0.4
D = 0.8 *
3 2
= 0.3 S
g * %k g 0.6
= £ #
S 0.2 Ed
= Hit = 0.4+
1] — 5
£ 0.1 €
= S 0.2
o
0.0 T T T £ oo : :
5% N 3% s N N
X3 o X3 X e 2 o Y
& X & & & & & &
P &S & ¥
& N 5
‘?Q ) N ‘}(o 2 A
F G H o
3 *
‘] = 1.5 T.E 8
£ > mm cPGES
COX-2 g * & e =3 MPGES-1
g0 2 s =1 mMPGES-2
nE: ‘s
£
actin (PP S - 2
8 2
<<
& N X N :; =
s S - £
& & & & 0.0 T
$ SR A I
& M & & &
R X 2
& & ¢
& & N
L)

Fig. 3 Inhibition of ferroptosis inactivates the COX-2/PGE2 path-
way and alleviates cerebral infarction. A The mRNA levels of GPX4,
SAT1, Fthl, and Acsl4 were measured treated with Fer-1(40 nmol/
kg) in cerebral I/R. B Cerebral infarction images treated with Fer-1
(40 nmol/kg) in cerebral I/R. C Cerebral infarction volume statistics
treated with Fer-1 (40 nmol/kg) in cerebral I/R. D PGE2 level meas-
urement treated with Fer-1 (40 nmol/kg) in cerebral I/R. E Western
blot analysis of COX-1 protein level treated with Fer-1 (40 nmol/

and degrading enzyme in the COX-2/PGE2 pathway, and
eventually, reduce PGE2.

PGE2 Prevents Ferroptosis Induced by Cerebral Ischemia
Reperfusion

Cerebral I/R can induce ferroptosis, accompanied by an
increase of PGE2. It is reported that PGE2 administration
can aggravate ferroptosis in hemorrhagic stroke. However,
another report proved that PGE2 can act as a synergist to
inhibit ferroptosis. In other words, the role of PGE2 in fer-
roptosis induced by hemorrhagic stroke is unclear. Further-
more, the role of PGE2 in ferroptosis induced by cerebral
I/R has not been explored.

@ Springer

kg) in cerebral I/R. F Western blot analysis of COX-2 protein level
treated with Fer-1 (40 nmol/kg) in cerebral I/R. G The mRNA level
of 15-PGDH was measured treated with Fer-1 (40 nmol/kg) in cer-
ebral I/R. H The mRNA levels of cPGES, mPGES-1, and mPGES-2
were measured treated with Fer-1 (40 nmol/kg) in cerebral I/R. n=6
animals per group. Data were presented as the mean + standard devia-
tion and ANOVA statistical analysis was performed. *P <0.05 vs.
sham + vehicle group, *P <0.05 vs. I/R + vehicle group

To address whether the COX-2/PGE2 pathway inhibits
or aggravates ferroptosis induced by cerebral I/R, we sup-
plemented 40 pg/kg PGE2 to cerebral I/R by injecting it into
the lateral ventricle. As presented in Fig. 4A and C, PGE2
supplementation attenuated the iron accumulation and ROS
overproduction, as well as the reduction of GSH (Fig. 4B).
At the same time, PGE2 supplementation can reduce fer-
roptotic mitochondria from the electron microscope images
(Fig. 4F and G). Among ferroptosis marker genes, PGE2
restored the decrease of Fthl and GPX4 (Fig. 4D and E).
In general, PGE2 supplementation will inhibit ferroptosis
induced by cerebral I/R.

In addition, Pra, a cyclooxygenase inhibitor, was used to
inhibit the COX-2/PGE2 pathway and explore its regulation
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Fig.4 PGE2 prevents ferroptosis induced by cerebral ischemia rep-
erfusion. A Fe?* level measurement treated with PGE2 (40 pg/kg) in
cerebral I/R. B GSH level measurement treated with PGE2 (40 pg/kg)
in cerebral I/R. C ROS level measurement treated with PGE2 (40 pg/
kg) in cerebral I/R. D The mRNA level of GPX4 was measured
treated with PGE2 (40 pg/kg) in cerebral I/R. E The mRNA level of
Fthl was measured treated with PGE2 (40 pg/kg) in cerebral I/R. F

on ferroptosis induced by cerebral I/R. The rats were intra-
peritoneally injected with 20 mg/kg Pra and then subjected
to cerebral I/R. In contrast to the effect of PGE2, the addi-
tion of Pra further aggravated ferroptosis induced by cer-
ebral I/R. Pra led to a further decrease of GSH level and
increased ROS production and lipid peroxidation (Fig. 5A,
B, and C). Electron microscope images showed that the dam-
age of mitochondria was also intensified. The number of
ferroptotic mitochondria increased while the mitochondria
began to rupture and ablate. In addition, Pra intensified the
decrease of GPX4 in ferroptosis induced by cerebral I/R
(Fig. 5D).

EP3 and EP4 Are Sensitive to Ferroptosis

The function of PGE2 is achieved by binding to different
receptors, including EP1, EP2, EP3, and EP4. After cer-
ebral I/R, the application of Fer-1 inactivates the COX-2/
PGE2 pathway and ultimately reduces the release of PGE2.
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Representative electron microscope images of mitochondria treated
with PGE2 (40 pg/kg) in cerebral I/R (magnification, X 20,000). G
Statistical analysis of ferroptotic mitochondria treated with PGE2
(40 pg/kg) in cerebral I/R. n=6 animals per group. Data are pre-
sented as the mean + standard deviation and ANOVA statistical analy-
sis was performed. *P <0.05 vs. sham + vehicle group, P <0.05 vs.
I/R + vehicle group

Furthermore, we examined the response of the four EPs. As
can be seen from the Fig. 6A, Fer-1 cannot affect EP1 and
EP2, but it successfully reduced the elevated mRNA levels
of EP3 and EP4 after cerebral I/R, as well as their protein
levels (Fig. 6B and C). As EP3 and EP4 are sensitive to
ferroptosis induced by cerebral I/R, they could be potential
targets for ferroptosis. Maybe the inhibition of ferroptosis
by PGE?2 is also achieved by EP3 and EP4.

Discussion

Ferroptosis has become one of the research hotspots around
the world. The research on ferroptosis is now mainly focused
on the replenishing of the ferroptosis pathway and the role
and mechanism of ferroptosis in the pathophysiological
process of different diseases. Multiple reports have proved
that ferroptosis is involved in cerebral I/R, maybe an effi-
cient regulatory target. The COX-2/PGE2 pathway also
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Fig.5 Pra aggravates ferroptosis induced by cerebral ischemia rep-
erfusion. A GSH level measurement treated with Pra (20 mg/kg) in
cerebral I/R. B ROS level measurement treated with Pra (20 mg/kg)
in cerebral I/R. C MDA level measurement treated with Pra (20 mg/
kg) in cerebral I/R. D The mRNA level of GPX4 was measured
treated with Pra (20 mg/kg) in cerebral I/R. E Representative elec-

Fig.6 EP3 and EP4 are
sensitive to ferroptosis. A The
mRNA levels of EP1, EP2,
EP3, and EP4 were measured
treated with Fer-1 (40 nmol/kg)
in cerebral I/R. B Western blot
analysis of EP3 protein level
treated with Fer-1 (40 nmol/kg)
in cerebral I/R. C Western blot
analysis of EP4 protein level
treated with Fer-1 (40 nmol/kg)
in cerebral I/R. n=6 animals
per group. Data are presented as
the mean + standard deviation
and ANOVA statistical analysis
was performed. *P <0.05 vs.
sham + vehicle group, #P <0.05
vs. I/R + vehicle group

-
o
1

mRNA levels of PGE2 receptors =

tron microscope images of mitochondria treated with Pra (20 mg/kg)
in cerebral I/R (magnification, X 20,000). F Statistical analysis of fer-
roptotic mitochondria treated with (20 mg/kg) in cerebral I/R. n=6
animals per group. Data are presented as the mean + standard devia-
tion and ANOVA statistical analysis was performed. *P <0.05 vs.
sham + vehicle group, *P <0.05 vs. I/R + vehicle group
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plays an important role in cerebral I/R. Several enzymes in
the pathway, such as COX-1, COX-2, mPGES-1, and EPs,
have been experimentally demonstrated to be involved in
cerebral I/R and are important regulatory targets [23, 27-29,
34-36]. Generally, PGE2 is involved in cerebral I/R as an
inflammatory factor [37]. In this paper, we further investi-
gated the correlation between cerebral I/R, ferroptosis, and
the COX-2/PGE2 pathway. In brief, we have made several
important discoveries. Firstly, cerebral I/R can induce fer-
roptosis, and ferroptosis is positively correlated with PGE2.
Furthermore, inhibition of ferroptosis in cerebral I/R inac-
tivated the COX-2/PGE2 pathway and alleviated cerebral
infarction, while PGE2 inhibited ferroptosis induced by cer-
ebral I/R. Finally, EP3 and EP4 are sensitive to ferroptosis
and may mediate the above processes.

Unlike previous articles that directly focused on the
regulation of ferroptosis in cerebral I/R, we first identified
the comprehensive status of ferroptosis after cerebral I/R,
which was an essential part. We found that after cerebral
I/R, ferroptosis was induced across the board, not limited
to a single pathway. Important characteristics of ferroptosis
including iron ion accumulation, GSH depletion, and exces-
sive production of lipid peroxides all have been observed
after cerebral I/R. In particular, the morphological changes
of mitochondria only showed the rupture or disappearance of
the crest, while mitochondrial shrinkage and membrane den-
sity thickening were not found. This may be a special case of
cerebral I/R because cerebral I/R can lead to severe brain tis-
sue edema, and even make mitochondria expand instead, and
membrane density is difficult to increase. At the same time,
the ferroptosis marker genes involved in the iron metabo-
lism (Fthl), the GSH-GPX4 axis (GPX4), and the lipid per-
oxidation (SAT1, Acsl4) all responded accordingly. Taken
together, the change patterns of these genes are different. We
hypothesized that this may be due to their different distances
from the core process of lipid peroxidation in the ferroptosis
pathway. GPX4 directly catalyzes the inhibition of GSH on
lipid peroxidation, and SAT1 directly regulates the catalysis
of 15-lipoxygenase (ALOX15) on lipid peroxidation forma-
tion. They are very close to the core process of lipid peroxi-
dation, which may result in their changes being observed
at the early stage. Similarly, the regulation of Fth1, Acsl4,
and Gls2 are remote from the core process of lipid peroxi-
dation, which may cause them to change at a later stage.
It was noted that ferroptosis induced by cerebral ischemia
reperfusion-induced occurred in a relatively narrow time
window. In other words, the characteristics of ferroptosis
were almost entirely observed at 24 h, but only partially at
12 and 48 h, indicating that ferroptosis peaked at 24 h. This
reminds us that when ferroptosis is used as a target to treat
cerebral ischemia reperfusion injury, the intervention time
should be around 24 h or earlier. Compared with the clinical
time window of cerebral ischemia reperfusion therapy, the

time window is almost consistent. The clinical time window
is best controlled in 6 h, depending on the severity of the
disease can be extended to 24 h at the latest. Therefore, the
time window of the two is relatively consistent, which may
provide a potential clue for clinical treatment. Besides, we
demonstrate that cerebral I/R induces ferroptosis and present
a detailed picture of ferroptosis, considering that the GSH-
GPX4 axis is the most important and well-studied inhibitory
pathway in ferroptosis. Other inhibitory pathways, such as
coenzyme Q10 (CoQ10)/ferroptosis suppressor protein 1
(FSP1) axis, GTP cyclohydrolase 1 (GCH1)-tetrahydrobi-
opterin (BH4)-phospholipid axis, FSP1-endosomal sorting
complexes required for transport (ESCRT)-III pathway, and
dihydroorotate dehydrogenase axis, have not been studied
for a long time, and the mechanism is not clear enough
[38—41]. Therefore, we did not detect those pathways, which
may be a shortcoming of our paper.

We confirm the positive correlation between PGE2 and
ferroptosis by correlation analysis. Since ferroptosis has
become an important target for the treatment of cerebral I/R,
PGE?2 shows the potential for ferroptosis and thus improves
neurological function.

When ferroptosis induced by cerebral I/R is inhibited, the
response of the COX-2/PGE2 pathway is unknown. Using
the ferroptosis inhibitor Fer-1, we found that inhibition of
ferroptosis in cerebral I/R resulted in the inactivation of the
COX-2/PGE2 pathway. Specifically, after inhibiting the cer-
ebral I/R-induced ferroptosis, synthases in the COX-2/PGE2
pathway, including COX-1, COX-2, mPGES-1, mPGES-2,
and cPGES, as well as the degrading enzyme 15-PGDH,
were decreased, ultimately leading to a decrease in PGE2.
Fer-1 has been used in the study of cerebral I/R and has
been shown to improve neurological deficits and alleviate
cerebral infarction [21], and our results also confirm this
effect. PGE2 is one of the inflammatory factors produced in
large quantities after cerebral I/R. Our study confirmed that
Fer-1 can inactivate the COX-2/PGE2 pathway and reduce
the release of PGE2, which may be one of the mechanisms
of its protection against cerebral I/R.

The role of PGE2 in ferroptosis has only been studied in
hemorrhagic stroke, and there is considerable disagreement.
A report showed that PGE2 can synergize with N-acetyl-
cysteine to inhibit ferroptosis in hemorrhagic stroke [32].
But then another report suggested that PGE2 administra-
tion alone could aggravate ferroptosis [31]. The direction
in which PGE2 contributes to ferroptosis seems uncertain.
The role of PGE2 in ferroptosis induced by cerebral I/R has
not been investigated. To more fully determine the regula-
tory direction of the COX-2/PGE2 pathway on ferroptosis
induced by cerebral I/R, we used PGE2 and Pra, the COX
inhibitor, respectively, from both positive and negative
aspects. On the one hand, in cerebral I/R, additional supple-
mentation of PGE2 appears to inhibit ferroptosis. After the

@ Springer



1630

Molecular Neurobiology (2022) 59:1619-1631

administration of PGE2, iron accumulation, GSH depletion,
and overproduction of peroxides during ferroptosis were all
alleviated. In addition, the decrease of ferroptosis marker
genes Fthl and GPX4 was partially recovered. In contrast,
after Pra was applied, ferroptosis was exacerbated. The
results of these two parts are consistent, which can fully
prove that PGE2 can effectively inhibit ferroptosis induced
by cerebral I/R. This conclusion is contrary to that of Li, Y.,
et al. in hemorrhagic stroke [31]. Maybe ferroptosis responds
differently to PGE2 in different stroke subtypes.

The function of PGE2 depends on its binding to different
receptors. Among its four receptors, EP3 and EP4 are sensi-
tive to ferroptosis. So, the inhibition of PGE2 on ferroptosis
induced by cerebral I/R is likely to be achieved through EP3
and EP4. In this paper, we failed to confirm it experimen-
tally, which is a major shortcoming. In our next work, we
will complete this part as soon as possible.

In this paper, we presented the status of ferroptosis
induced by cerebral I/R in detail, which can provide some
basic clues for further studies. If the status of ferroptosis is
not determined in advance, it is easy to conduct research
blindly and thus go astray. At the same time, clinical data
revealed a positive correlation between PGE2 and ferroptosis,
which may be a good starting point for follow-up studies.
Thus, we further identified the potential association between
the COX-2/PGE2 pathway and the ferroptosis pathway in
cerebral I/R. Inhibition of cerebral I/R induced ferroptosis
results in inactivation of the COX-2/PGE2 pathway, while the
administration of PGE2 inhibits ferroptosis. This paper did
not involve specific experiments on the severity of cerebral
I/R such as neurological deficit and cerebral infarction after
administration of Fer-1, PGE2, and Pra, mainly consider-
ing that these contents have been proved in previous studies,
and we focused more on the mechanisms involved. Based on
these mechanisms, specific molecules with research value
can be extracted for further exploration. For example, EP3
and EP4, the receptors sensitive to ferroptosis, are likely to be
closely related to ferroptosis. In addition, PGE2 regulates fer-
roptosis in the opposite direction in hemorrhagic stroke and
ischemic stroke, suggesting that the role of PGE2 in ferrop-
tosis in other diseases may not be easily predicted accurately
and may need specific experiments to determine.
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