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Oroxin A alleviates early brain injury after =
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Abstract

Background Subarachnoid hemorrhage (SAH), a severe subtype of stroke, is characterized by notably high mortality
and morbidity, largely due to the lack of effective therapeutic options. Although the neuroprotective potential of
PPARg and Nrf2 has been recognized, investigative efforts into oroxin A (OA), remain limited in preclinical studies.

Methods SAH was modeled in vivo through filament perforation in male C57BL/6 mice and in vitro by exposing
HT22 cells to hemin to induce neuronal damage. Following the administration of OA, a series of methods were
employed to assess neurological behaviors, brain water content, neuronal damage, cell ferroptosis, and the extent of
neuroinflammation.

Results The findings indicated that OA treatment markedly improved survival rates, enhanced neurological
functions, mitigated neuronal death and brain edema, and attenuated the inflammatory response. These effects of OA
were linked to the suppression of microglial activation. Moreover, OA administration was found to diminish ferroptosis
in neuronal cells, a critical factor in early brain injury (EBI) following SAH. Further mechanistic investigations uncovered
that OA facilitated the translocation of nuclear factor erythroid 2-related factor 2 (Nrf-2) from the cytoplasm to

the nucleus, thereby activating the Nrf2/GPX4 pathway. Importantly, OA also upregulated the expression of FSP1,
suggesting a significant and parallel protective effect against ferroptosis in EBI following SAH in synergy with GPX4.
Conclusion In summary, this research indicated that the PPARg activator OA augmented the neurological results in
rodent models and diminished neuronal death. This neuroprotection was achieved primarily by suppressing neuronal
ferroptosis. The underlying mechanism was associated with the alleviation of cellular death through the Nrf2/GPX4
and FSP1/CoQ10 pathways.
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Introduction

Cerebrovascular diseases often lead to the occurrence
of subarachnoid hemorrhage (SAH), which is associated
with high rates of fatality and morbidity. This condition
also results in unfavorable outcomes, especially in indi-
viduals with hypertension. Incidence rates in Western
nations range from 6.2 to 10 per 100,000 individuals [1—
3]. The primary factors leading to unfavorable outcomes
in patients with SAH are early brain injury (EBI) and
cerebral vasospasm (CVS). Nevertheless, recent medical
research has confirmed that although pharmacological
interventions notably ameliorate CVS, they fail to show
a beneficial effect on the overall prognosis following SAH
[4]. Additionally, our prior clinical investigation also
showcased this phenomenon [5]. Current studies point to
a substantial impact of EBI following SAH, which appears
to have a significant impact after SAH [6-8]. The under-
lying causes of EBI are varied and include biological
processes, such as direct neuronal death, neuroinflam-
mation, autophagic and apoptotic potential, and necrop-
tosis [9—-12]. Nevertheless, Zille et al. [13]. delineated that
the impacts of inhibitors on caspase-dependent apop-
totic capacity, protein or mRNA synthesis, mitophagy,
autophagic potential, or parthanatos were insignificant
in the context of intracerebral hemorrhage (ICH) both in
vitro and in vivo. Conversely, agents that impede ferrop-
tosis offer protection against the deleterious impacts of
hemoglobin and hemin. However, the precise contribu-
tion of various forms of cell death to the toxicity resulting
from SAH remains uncharacterized.

Extensive research has focused on ferroptosis, a
recently identified process of cellular death. Dixon first
reported this unique form of cell apoptosis in 2012, which
is characterized by its dependence on iron-dependent
programmed cell death. This particular cellular death
pathway is especially crucial in neurons of the central
nervous system (CNS) and holds promise in substantially
diminishing the occurrence of neurodegenerative disor-
ders, assuming successful prevention of iron-dependent
cell necrosis [14]. Preventing intracellular calcium over-
load is essential, and inhibitors related to apoptosis prove
to be ineffective in this context. The morphological char-
acteristics of cell death typically involve the disappear-
ance of mitochondrial cristae, prominent constriction
of mitochondria, an increase in the thickness of the lipid
bilayer, reduction in cell size, weakening of cell connec-
tions, and a gradual process of detachment. The primary
features of biology encompass the malfunctioning of iron
ions metabolism, reduction of glutathione (GSH) levels,
accumulation of iron-dependent lipid reactive oxygen
species (ROS), and the inhibition or reduced function-
ing of glutathione peroxidase 4 (GPX4) [15]. According
to recent research, it has been verified that ferroptosis is
prevalent in various CNS disorders and plays a role in the
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healing process, aging, tumors, ICH, and ischemia of the
CNS [13, 14, 16].

In our prior investigation, it was discovered that
netrin-1 can mitigate neuronal death by suppressing fer-
roptosis through the PPARy/Nrf2/GPX4 pathway, the
expression of Nrf2 and GPX4 mRNA is reduced, and
neuronal ferroptosis is exacerbated by the PPARy antago-
nist GW9662 [17]. According to Shin [18], the resistance
of HNC cells to GPX4 inhibition was attributed to the
activation of the Nrf2—ARE pathway, and reversing the
resistance to ferroptosis in HNC was achieved by inhib-
iting this pathway. Nrf2 activation additionally facili-
tates iron retention, decreases cellular iron absorption,
and restricts the generation of ROS. In many organisms
and diseases, Dixon [19] examined the significance of
ROS and iron as crucial triggers and facilitators of cell
death (ferroptosis). The iron-dependent buildup of ROS
is caused by the deactivation of the cystine-glutamate
antiporter SLC7A11 and the depletion of glutathione.
Furthermore, preliminary research has indicated that
prompt treatment involving PPARy agonists or PPARy
activation can significantly enhance neuronal repair
and address functional impairments in cases of acute
CNS disorders [17, 20-22]. Additionally, previous stud-
ies demonstrated that PPARYy activation can inhibit pro-
inflammatory microglial responses, regulate microglial/
macrophage M1/M2 polarization and alleviate neuro-
inflammation, then alleviate cognitive functions and
EBI in chronic hypoperfusion-induced dementia, and
traumatic brain injury [23-25]. M1/M2 polarization of
microglia plays an important role in the neuroinflam-
matory response of the central nervous system, microg-
lia M2 polarization can alleviate neuroinflammation and
enhance hematoma clearance after experimental germi-
nal matrix hemorrhage [26]. The use of PPARy agonist
medications, like rosiglitazone and pioglitazone, in clini-
cal settings is controversial due to their potential to cause
weight gain and an elevated risk of heart failure [27].
Hence, more effective, safer drugs with fewer side effects
are urgently needed.

Oroxin A (OA), alternatively referred to as baica-
lein-7-O-glucoside, is a potent flavonoid compound
derived from the traditional Chinese herb Oroxylum indi-
cum (L.) Kurz (known as Mu Hu Die in Chinese). Histori-
cally, this herb has seen widespread use in the treatment
of a variety of conditions, such as pharyngitis, acute and
chronic bronchitis, coughs, and pertussis for centuries
[28, 29]. OA has various bioactivities, such as trigger-
ing endoplasmic reticulum (ER) stress [28], suppressing
pyroptosis, and functioning as an antioxidant [30]. Sur-
prisingly, the pharmacological effects of OA are strongly
linked to the stimulation of PPARY. Nevertheless, there is
a scarcity of reports on OA in preclinical investigations
of SAH. The objective of this study was to elucidate the
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impact of OA on neuronal cell death and neurological
function, as well as investigate the underlying molecular
mechanisms following SAH. These findings could poten-
tially enhance the advantages of targeting ferroptosis in
SAH, lay the foundation for future drug development,
and introduce novel clinical treatment alternatives.

Experimental model and subject details

Animals

The animal-based experimental protocols were approved
by the Institutional Animal Care and Use Committee
of Wuxi Clinical College of Anhui Medical University
(Approval No. YXLL-2019-020). The procedures were in
compliance with the Guide for the Care and Use of Lab-
oratory Animals published by the National Institutes of
Health (NIH) and adhered to the guidelines of Animal
Research: Reporting of In Vivo Experiments, amendment
of 1996, article 80—23. Male C57BL/6 mice (weighing
22-25 g; aged 8—10 weeks) were acquired from the Labo-
ratory Animal Facility of Nantong University (Nantong,
China). They were maintained in a controlled, pathogen-
free environment at an ambient temperature of around
22 °C and under a 12-h light-dark cycle. The mice had
unrestricted access to food and water and were utilized
for in vivo experiments. Before the experiments, the ani-
mals were in a state of optimal health without prior med-
ical interventions or exposure to any drug treatments.

SAH model in mice

We previously described a protocol [31] for generating
the mouse SAH model using the endovascular perfora-
tion technique. Briefly, anesthesia was administered to
the animals through an intraperitoneal route utilizing
pentobarbital sodium (50 mg/kg). To ensure optimal sur-
gical conditions, a heating pad was employed to maintain
the operative temperature at 3710.5 °C. A median inci-
sion in the neck was performed to access the left external
carotid artery (ECA) and internal carotid artery (ICA).
Following this, the left ECA was ligated and severed, cre-
ating a residual stump measuring 3 mm. A sharpened
5-0 monofilament nylon suture was introduced into the
left ICA via the stump of the ECA to perforate the artery
at the bifurcation of the anterior and middle cerebral
arteries. To penetrate the bifurcation of the anterior and
middle cerebral artery, the particular approach involved
encountering resistance and subsequently pushing it an
additional 2 mm. After removing the suture, the ICA was
repercussed to induce SAH. Furthermore, sham group
mice experienced identical processes without any perfo-
ration of the artery.

Mortality and neurological deficits
Mortality was documented at 48 h after SAH. Addition-
ally, the assessment of the severity of brain injuries was
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carried out using the neurological scoring system pro-
vided at the identical time interval [32]. In short, the
assessment relied on an 18-point framework compris-
ing six examinations that can be graded 0-3 or 1-3.
These examinations encompassed spontaneous actions
(0-3), symmetry of limb movements (0-3), body aware-
ness (1-3), extension of forelimbs (0-3), climbing abil-
ity (1-3), and sensitivity to vibrissae touch (1-3). An
impartial observer assessed all examinations without
knowledge of the treatment conditions. The neurologi-
cal score spans from 3 to 18, with a higher score denoting
enhanced neurological functions [31].

Brain water content

The standard wet-dry method, as previously explained
[6, 17, 31], was used to assess the water content of the
brain. collected for analysis at the 48-hour mark follow-
ing SAH, where mice were euthanized and their entire
brains were obtained. The brains were swiftly extracted
and immediately separated into the left and right cere-
bral hemispheres, brain stem, and cerebellum, followed
by an instantaneous measurement to ascertain their wet
weight. After that, the specimens were subjected to dehy-
dration at a temperature of 105 °C for a duration of 24 h
to obtain the weight when completely dry. The water con-
tent of the brain was determined by first deducting the
dry weight from the wet weight, then dividing this differ-
ence by the wet weight, and finally multiplying the quo-
tient by 100% to obtain the percentage.

Cultured cell line

HT22 cells from the hippocampus were acquired from
the Bena Culture Collection located in China. In the
incubation process, the cells were maintained at 37 °C
in an environment comprising 5% CO, using Dulbecco’s
Modified Eagle’s Medium (DMEM). This medium was
enriched with 10% FBS provided by Gibco (New Zea-
land) and 1% penicillin/streptomycin at 4 mg/ml from
Sigma Aldrich. The tests were carried out with cell con-
fluency of 60—80%. The authentication of HT22 cells was
based on their visual morphology and susceptibility to
toxicity triggered by erastin/hemin. Additionally, the cells
utilized in the studies were restricted to a maximum of
25 passages. The plates utilized for the cultivation of cell
lines were not coated.

SAH model in HT22 cells

In the in vitro SAH experiments, cell death was initiated
in hippocampal HT22 cells by subjecting them to hemin
according to our previous study [17]. The dose-response
ranged from 20 to 140 mmol/L, and this treatment
lasted for 48 h. Hemin was dissolved using 0.1 M NaOH
(Cat#H9039) provided by Sigma Aldrich. In this research,
cells underwent treatment in the presence of designated
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Fig. 1 (See legend on next page.)
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(See figure on previous page.)

Fig. 1 Ferroptosis plays a vital role in SAH and hemin-induced neuronal injury in vitro.A: Cell viability results demonstrate that the addition of hemin
augments neuronal damage dose-responsively, with 100 uM hemin chosen as the test concentration (n=3). B: Schematic representation illustrates the
experimental approach used to simulate SAH in mice and HT22 cells. C: Cell viability data reveal that hemin-induced cell damage mimics erastin-triggered
cell damage (n=5). D: Cell viability data show that hemin-triggered neuronal cell injury is not notably mitigated by inhibitors of autophagy (3-MA) and
caspase-dependent apoptosis (z-VAD-fmk), while fer-1 exhibits strong protection against such injury (n=5). E: Representative views of Dead/Live staining
(red arrows indicate dead cells, white arrows indicate live cells). Scale bar =100 um. F: Quantitation of MDA level increase in the in vitro SAH model (n=3).
G: Quantitation of GSH level decrease in the in vitro SAH model (n=3). H: Quantitation of intracellular iron increase in the in vitro SAH model (n=3). I
Quantitation of increases in ROS accumulation in the in vitro SAH model. J: Cell viability shows that si-GPX4 aggravates neuronal death caused by hemin

(n=5). K: Representative views of Dead/Live staining for increased neuronal death in response to GPX4 knockdown. Scale bar =100 um

compounds or sodium selenite (Sigma Aldrich) dissolved
in ddH2O, using a concentration of 100 mmol/L hemin
(LD50). Hemin was made ready and dissolved in a cul-
ture medium to a concentration of 100 mmol/L, then
sterilized by filtering it through a 0.22-um sterile filter.
The assessment of cell viability was carried out 48 h fol-
lowing manipulation. Afterward, a warm 37 °C PBS wash
was administered to the cells, and the evaluation of cell
viability was conducted following the manufacturer’s rec-
ommendations, as specified by Promega. To replicate the
conditions of SAH or ICH, neurons were stimulated with
100 mmol/L hemin for a duration of 48 h, as established
in a previous investigation [17, 33].

Drug administration

OA (Chengdu MUST Bio-Technology Co., Ltd. Chengdu,
China) was dissolved in dimethyl sulfoxide and stored at
—20 °C. To find the best dosage of OA treatment, HT22
cells were subjected to various concentrations, including
0.5 uM, 1 uM, 5 pM, and 10 uM (Fig. 1). In the end, we
selected a concentration of 5 uM OA as the best choice
for SAH experiments, as shown in Fig. 2b. The Supple-
mentary Fig. S1 displays the structures of the OA. Con-
centrations of the drug were determined using the
previously described method, with certain alterations,
including an in vivo dosage of 5 mg/kg [34]. In the con-
text of live SAH, OA was given through the tail vein intra-
venously at a dosage of 5 mg/kg after 2 h of SAH, which
proved advantageous in monitoring post-SAH mortality.
To carry out in vitro SAH experiments, cells were seeded
into six-well plates and subjected to OA (10 pM) follow-
ing 2 min of hemin-triggered neuronal damage. Both the
sham group and the SAH +vehicle group were adminis-
tered the same amount of the vehicle at corresponding
time points, both in vitro and in vivo.

Small interfering RNA (siRNA) manipulation in vivo and in
vitro

We previously described a protocol [6, 17] that served
as the basis for the specific in vivo treatment method.
In brief, anesthesia was administered to the animals via
intraperitoneal injection. The mice were subjected to
pentobarbital sodium at a dosage of 50 mg/kg and sub-
sequently secured onto a stereotaxic apparatus manu-
factured by Narishige (Tokyo, Japan). This positioning

allowed for the identification of the bregma location.
Following the provided coordinates, a perforation was
made in the left hemisphere, positioned 0.2 mm poste-
riorly, 1 mm laterally, and 2.2 mm below the horizontal
plane defined by the bregma. A dedicated syringe from
Hamilton(Reno, NV, USA) was employed to inject either
GPX4-specific/Nrf2-specific or scramble siRNA into the
lateral ventricle. This injection was administered in a
volume of two microliters. In this study, two categories
of siRNAs obtained from Thermo Fisher Scientific were
employed: one targeted mouse mRNA (Si-GPX4) or
Nrf2-specific to inhibit its transcription, while the other
was a random siRNA. To enhance the efficiency of silenc-
ing, the injection was administered at intervals of 12 and
24 h before SAH. In vitro, the siRNA was incubated in
Opti-MEM (Thermo Fisher Scientific) [33]. The siRNA
concentrations utilized for HT22 cells were following the
manufacturer’s recommended guidelines. Before treat-
ment or collection for message reduction verification,
cells were subjected to siRNA treatment for a duration of
12-24 h.

RNA extraction and quantitative real-time PCR

Total RNA extraction from both cell cultures and hip-
pocampal brain samples was carried out using TRIzol
Reagent following the procedural guidelines provided
by Gibco, Thermo Fisher Scientific (Waltham, MA,
USA). The quantification of RNA was performed using a
NanoDrop 2000 spectrophotometer (Thermo Scientific,
Bremen, Germany). Afterwards, the RNA underwent
reverse transcription. The process of transcription into
complementary DNA (cDNA) was accomplished using
the RevertAid First Strand cDNA Synthesis Kit (K1622;
Thermo Fisher Scientific Inc., Rockford, IL). The deter-
mination of mRNA levels in each sample was conducted
using qPCR with the SYBR Green Master Mix from
Toyobo Co., Ltd. in Osaka, Japan. Normalization of the
expression across all samples was achieved by referenc-
ing the B-actin gene expression. The qPCR thermocycling
regimen commenced with an initial incubation at 45 °C
for 2 min, followed by a step at 95 °C for 10 min. Sub-
sequently, a total of 40 cycles were performed, involv-
ing denaturation at 95 °C for 15 s, annealing at 60 °C
for 1 min, as well as extension at 72 °C for 1 min. The
analysis of all samples was conducted three times. PCR
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Fig. 2 OA alleviates early brain injury and neuronal damage after SAH in vitro and in vivo.A: Schematic representation illustrates the experimental proce-
dure for simulating SAH in mice and HT22 cells. B: Cell viability results show that OA addition dose-responsively diminished neuronal damage, with 5 uM
OA selected as the test concentration (n=5). C: Representative views of Dead/Live staining following OA treatment. Scale bar =100 um. D: Neurological
scores of mice in the three groups following SAH (n = 15). E: Brain water content comparison among the three groups after SAH (n=5; 'p <0.01 vs. Sham,
fp<0.05 vs. SAH; t-test; mean = SD). F: TUNEL assay shows that OA attenuates neuronal death in the hippocampus following SAH. Scale bar =50 um

amplification was the same as those described previously.
Supplementary Table S1 includes the reverse transcrip-
tion and qRT-PCR.

Liperfluo staining

After inducing neuronal damage with hemin or eras-
tin, cells were exposed to OA (10 uM) after 2 h. After
48 h, the cells were treated with Liperfluo (10 uM) for
30 min at 37 °C, then harvested using trypsinization, and

promptly examined under a fluorescence microscope
[35].

Malondialdehyde (MDA), GSH, and iron assessment

To measure the amount of MDA in HT22 cells, a Lipid
peroxidation Assay Kit (Ex/Em 532/553 nm, Ab118970,
Abcam, Cambridge, UK) was conducted following the
manufacturer’s guidelines [36]. The MDA and iron lev-
els were measured using kits from Jianchen Bioengineer
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Institute, located in Nanjing, Jiangsu, China, following
the manufacturer’s recommended protocols.

Flow cytometry detection of ROS

After the hemin and drug induction, the HT22 cells
were promptly gathered and washed twice with PBS to
quantify the accumulation of ROS. The cell suspension
was processed and dyed with 10 mM DCFH-DA (Beyo-
time Biotechnology, Shanghai, China) and then kept at
37 °C for 30 min using the ROS Assay Kit following the
instructions provided by Beyotime Biotechnology. The
proportion of cells undergoing apoptosis in a sample was
determined using flow cytometry. The experiments were
conducted independently on three separate occasions.

Ferroxidase assay

Ferroxidase activity quantification was performed using a
ferroxidase assay following a protocol previously outlined
[16, 17]. In this procedure, the brain sample was intro-
duced into a reaction system comprising PIPES (200 mM,
pH 6.5) and apo-TF (50 uM), resulting in a final volume
of 200 pL with the specified concentrations. Before incor-
poration into the assay, ferrous ammonium sulfate (100
uM), functioning as the assay substrate, was dissolved
using N2-purged ddH2O. Subsequently, absorbance
measurements were monitored using a PowerWave HT
microplate spectrophotometer (BioTek, Burlington, VT,
USA) under the following conditions: readings at 30-s
intervals for 4 min with continuous agitation, at wave-
lengths of 310 and 460 nm, all maintained at 24 °C. After
4 min, Ferene S (500 uM) was introduced and briefly
stirred, followed by an immediate measurement of absor-
bance (590 nm). During this investigation, which pri-
marily examined enzyme rates, the reactions were under
scrutiny for 3 min, characterized by the ferroxidase reac-
tion sustaining a consistent linear phase. Blank reac-
tions were performed using sample buffers containing all
components of the reaction mix except for the sample.
For transferrin loading (Ferric Gain), the extinction coef-
ficients of Fe were 2.28 mM-1 Fe3+cm-1, while for Fer-
rous Loss assays, it was 37.3 mM-1 Fe2+cm-1.

Determination of cytokines

Blood specimens were obtained 48 h after surgery/anes-
thesia. Subsequently, these samples underwent a 15-min-
ute centrifugation at 3,000 rpm before being stored
at -80 °C until the testing phase. The concentrations
of IL-1pB, IL-10, IL-6, and tumor necrosis factor-alpha
(TNF-a) in the serum were tested via enzyme-linked
immunosorbent assay (ELISA) kits provided by R&D Sys-
tems (USA).
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Cell viability detection

The assessment of viability of cells was carried out using
the WST-1 technique and a kit following the guidelines
provided by Jianchen Bioengineer Institute (Nanjing,
Jiangsu, China). The viability assessment for the HT22
cells was conducted 48 h after the initiation of the hemin
treatment. Then, the medium was replaced with fresh
medium containing 10 pul WST-1 reagent. Relative cell
numbers were calculated by measuring the absorbance of
each well at 450 nm.

Dead/Live assay for HT22 cells

A previously outlined protocol of a Dead/Live assay
[17] was utilized for HT22 cell analysis. The HT22 cells
were subjected to two washes and subsequent suspen-
sion in PBS. PI (4 pM), along with calcein-AM (3 uM),
was introduced to the samples, which were then kept in
a light-restricted environment at ambient temperature
for 20 min. Following the PBS rinsing and suspension
of cells, we subjected them to examination using a Leica
fluorescence microscope system (DMIL 4000B). The
distinction between dead and live cells was made based
on the red fluorescence emitted as a result of bound
PI for dead cells and the green fluorescence generated
by calcein-AM for live cells. To determine cell viabil-
ity, we computed the percentage in relation to the value
observed in the control cultures. This experimental pro-
cedure was conducted independently in triplicate.

TUNEL assay

The assessment of neuronal death in the brain cortex
involved the application of a TUNEL assay, following
a protocol as detailed in previous references [6, 17]. In
brief, sections of mouse brain samples were subjected to
a paraformaldehyde solution (4%) for 30 min at ambient
temperature. Subsequent to this step, the sections were
immersed in a 0.2% H,0,-containing methanol solution
for another 30 min. Then, each sample received 50 puL of
TUNEL reaction mixture, followed by a light-restricted
incubation with humidity for 1 h at 37 °C. Afterward, the
slides were subjected to a light-restricted staining pro-
cess with DAPI for a duration of 5 min at ambient tem-
perature to label the cell nuclei. Following this step, the
nucleus visualization was achieved using Nikon laser
confocal microscopy (A1, Tokyo, Japan).

Double immunofluorescence staining

Cell and neuronal counting were conducted through
double immunofluorescence staining of GPX4, a protein
associated with ferroptosis, and NeuN, a marker specific
to neuronal staining. Detailed procedures for this method
have been extensively described in our previous stud-
ies [17, 31]. In short, following a 24-hour brain fixation
with a 4% solution of formaldehyde at 4 °C, the brains
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underwent dehydration in a solution of 30% sucrose. The
brain specimens were sliced into sections, each 10 pm
thick, and were used for further analysis. These sections
were subjected to an overnight incubation at 4 °C with
such primary antibodies (all from Abcam, except for anti-
GPX4 from Affinity) as rabbit anti-NeuN polyclonal anti-
body (pAb; dilution 1:200, ab128886), rabbit anti-GPX4
monoclonal antibody (mAb; 1:200, ab125066), rabbit
anti-AIFM2/FSP1 antibody (dilution 1:1000, DF8636),
and rabbit anti-Ibal (mAb; dilution 1:100, ab178847).
Next, the brain sections underwent three rounds of PBS
washing and were subsequently treated with a goat pAb
secondary antibody (Abcam) targeting rabbit IgG - H&L
(dilution 1:200, goat pAb, ab150077) for a duration of 2 h
at ambient temperature. Next, the sections underwent an
incubation with DAPI (4,6-diamidino-2-phenylindole)
for 5 min. They were then examined and analyzed using
Nikon laser confocal microscopy.

Western blot analysis

The Western blot assays were conducted following the
methods described earlier [17, 31]. Protein extraction
was performed on the HT22 sample. Next, 50 mg of
protein lysates underwent separation through sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. Fol-
lowing this, proteins that were separated were transferred
onto Immobilon nitrocellulose membranes provided by
Millipore (Boston, MA, USA). These membranes under-
went a blocking process in 5% skim milk-containing TBS-
T, followed by a 1-h incubation with Tween 20 (0.1%)
at ambient temperature. Afterward, the membranes
were subjected to overnight incubation at 4 °C with the
specified primary antibodies: anti-GPX4 (mAb; dilu-
tion 1:1000, rabbit mAb, ab125066; Abcam), anti-Nrf2
(dilution 1:1000, rabbit pAb, ab92946; Abcam), rabbit
anti-AIFM2/FSP1 (dilution 1:1000, Affinity, DF8636),
rabbit anti-Heme Oxygenase 1 (dilution 1:2000, rab-
bit pAb, ab13243; Abcam), anti-FTH1 (dilution 1:1000,
rabbit mAb, ab18878; Abcam), rabbit anti-CD206 (dilu-
tion 1:200, DF4149, Affinity), rabbit anti-CD32 (dilution
1:500, DF6402, Affinity), anti-SLC7A11 (1:2000, rabbit
mAb, ab175186; Abcam), anti-SLC3A2 (rat pAb, dilu-
tion 1:1000, #PA5-96401, Thermo Fisher Scientific), anti-
NQO1 (dilution 1:2000, rabbit pAb, ab34173; Abcam),
anti-GAPDH (dilution 1:1000, mouse mAb, ab8245;
Abcam). Following three TBST washes, membranes were
exposed to HRP-conjugated secondary antibodies (dilu-
tion 1:5000) specific to rabbit or mouse IgG. The incu-
bation occurred at ambient temperature for 1.5 h. The
protein band visualization and quantification were car-
ried out utilizing a Bio-Rad imaging system (Hercules,
CA, USA) and the Image] method.
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Statistical analysis

Each group was subjected to testing in over three repli-
cate experiments, and the findings were depicted as the
mean values along with their respective standard devia-
tions (SDs). Statistical assessments were executed uti-
lizing IBM SPSS version 19 (Armonk, NY, USA). When
comparing two groups, the Student’s t-test was employed,
while in the case of comparing two independent vari-
ables, a one-way analysis of variance (ANOVA) was car-
ried out, followed by a subsequent Bonferroni post-hoc
test. For the analysis of data that did not conform to nor-
mal distribution or exhibited nonhomogeneous variance,
the Kruskal-Wallis test was applied, followed by a subse-
quent Dunn’s post-hoc test. Data were deemed significant
at a P-value of less than 0.05.

Results

Ferroptosis assumes a critical role in SAH and hemin-
induced neuronal injury in vitro

Extensive research has examined cell death mechanisms
in neuronal cells by utilizing hemoglobin or hemin within
controlled laboratory conditions [13]. Notably, the eval-
uation of HT22 cytotoxicity induced by hemin at 100
umol/L was visually represented in Fig. 1A and B. Intrigu-
ingly, the in vitro impacts of hemin-induced neuronal
damage closely mimicked those observed in erastin-trig-
gered ferroptosis (Fig. 1C). In addition, it was noted that
the protection against hemin-induced neuronal injury
in vitro remained unaffected by z-VAD-fmk and 3-MA
without GPX4 knockdown, which were inhibitors tar-
geting caspase-dependent apoptosis and autophagy. In
contrast, the administration of ferrostatin-1 (Fer-1), a
chemical inhibitor specifically designed to counteract fer-
roptosis, exhibited robust protective properties against
hemin-triggered neuronal injury (Fig. 1D and E). Follow-
ing hemin-induced HT22 damage, there was a significant
increase in intracellular MDA (Fig. 1F), iron (Fig. 1H),
and ROS (Fig. 1I) levels, while intracellular reductive
GSH (Fig. 1G) levels showed a significant decrease. 12 h
before the addition of hemin, either GPX4-specific or
random siRNA was administered. Lower GPX4 expres-
sion led to more neuronal death (Fig. 1] and K). In vitro,
these studies demonstrate that ferroptosis plays a sig-
nificant role in both SAH and hemin-induced neuronal
damage. The induction of GPX4 is a component of the
adaptive response in neurons to ferroptosis, reducing
GPX4 levels beyond those that promote ferroptosis fol-
lowing SAH.

OA alleviates EBI and neuronal damage after SAH in vitro
and in vivo

To elucidate the neuroprotective effects of OA, we
employed both hemin-induced and endovascular perfo-
ration techniques to establish an SAH model in both live
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animals and laboratory settings (as shown in Fig. 2A).
Neuronal damage caused by hemin was effectively dimin-
ished by the addition of OA in a dose-responsive manner,
as observed in Fig. 2B and C. Furthermore, the neu-
roprotective impact of OA on neurons following SAH
was comparable to Fer-1’s ability to inhibit ferroptosis,
as shown in Fig. 2B. To further confirm the potential of
OA in reducing initial brain damage in a mouse model
of SAH. The OA administration before SAH modeling
improved neurological impairments (Fig. 2D) and early
brain swelling (Fig. 2E). Additionally, TUNEL immuno-
cytochemistry staining demonstrated that OA effectively
decreased neuronal death in comparison to the SAH
group (Fig. 2F). The data points to the potential of OA in
diminishing neuronal death and ameliorating EBI follow-
ing SAH.

OA against ferroptosis after SAH in vivo

To investigate if OA can relieve neuronal ferroptosis in
both living organisms and laboratory settings, we con-
ducted an in vivo ferroxidase assay. After SAH, the find-
ings indicated an increase in iron levels in the hemisphere
after 48 h, and the presence of OA prevented the buildup
of iron (as depicted in Fig. 3A). Following SAH, the lev-
els of MDA in the tissue were elevated, but they were sig-
nificantly reduced after treatment with OA (as shown in
Fig. 3B).In SAH mice, we also assessed the protein levels
associated with ferroptosis using Western blot (Fig. 3C).
Following SAH, the levels of FTH1, GPX4, and SLC7A11
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exhibited a decline (Fig. 3D-F), which was subsequently
reversed by OA treatment. SLC3A2 levels did not show
any notable disparity between the SAH and SAH+OA
groups, as depicted in Fig. 3G.

OA against ferroptosis after SAH in vitro

To determine if OA could prevent hemin-induced fer-
roptosis of neurons in vitro and if GPX4 played a role
in its regulation, liperfluo staining, flow cytometry, and
relevant assay kits were used to evaluate lipid peroxida-
tion, ROS, GSH, and iron levels. The findings indicated
that OA treatment inhibited lipid peroxidation (Fig. 4A),
ROS (Fig. 4B), and iron (Fig. 4C), while simultane-
ously enhancing the levels of GSH (Fig. 4D). The GPX4
mRNA and protein expression was escalated by RT-
qPCR (Fig. 4E) and Western blot (Fig. 4F). The findings
suggested the neuroprotective effects of OA in curbing
the ferroptosis of neurons. To delve deeper into the sub-
ject, we experimented to examine if reducing the levels
of GPX4 in neurons could diminish the neuroprotective
effects of OA through ferroptosis following cell death
induced by hemin. 12 h before the addition of hemin,
either GPX4-specific or random siRNA was adminis-
tered. After GPX4 knockdown, the findings indicated
that lipid peroxidation (Fig. 4G) and neuronal cell death
(Fig. 4H and I) were exacerbated, consequently reversing
the neuroprotective effects of OA. Therefore, these find-
ings validated that the preservation of nerve cells in OA
might rely on ferroptosis, and the activation of GPX4 was
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crucial for safeguarding against hemin-induced ferropto-
sis in OA.

OA treatment inhibited microglial activation and
ameliorated neuroinflammation following SAH

The development of neuroinflammation relies heavily on
the activation of microglia and the brain damage caused
by SAH. This study proceeded to explore the possible
impact of OA on microglial activation and the dynamic
interplay between M1 and M2 phenotypes. The qPCR
assay results demonstrated a substantial reduction in
the mRNA levels of proinflammatory cytokines, includ-
ing IL-1p, IL-6, and TNF-a, and chemokines (Fig. 5A),
coupled with a notable escalation in the mRNA levels of

the anti-inflammatory cytokine IL-10 (Fig. 5A). More-
over, the ELISA results on the concentrations of proin-
flammatory factors in brain tissue were in line with the
mRNA expression findings (Fig. 5B).To examine the
Iba-1 expression, the immunofluorescence assay was
conducted, providing additional evidence for the afore-
mentioned findings (Fig. 5C).In the end, qPCR tests
and Western blot were conducted to assess the degrees
of microglial M1/M2 polarization, specifically examin-
ing CD32 (referred to as M1 polarization) and CD206
(referred to as M2 polarization). The qPCR assay results
demonstrated that OA significantly reduced the mRNA
levels of CD32 (Fig. 5D) while increasing the mRNA lev-
els of CD206 (Fig. 5D). The Western blot findings were
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in agreement with the mRNA expression outcomes
(Fig. 5E). Hence, these findings indicated that OA can
promote M2 phenotypic polarization in microglia and
alleviate neuroinflammation following SAH.

OA as a neuroprotection involving the transcriptional
regulator Nrf2

The aforementioned findings indicated that OA can miti-
gate initial brain trauma and neuronal harm following
SAH both in laboratory settings and in living organisms
by suppressing ferroptosis. Nevertheless, the possible
route and mechanism remain uncertain. After conduct-
ing a thorough examination of the relevant literature and
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FerrDb V2 (http//www.zhounan.org/ferrdb/current/), we
discovered a correlation between ferroptosis and Nrf2 (as
depicted in Fig. 6A). The binding site ARE (antioxidant
response element) [37] is used by Nrf2, a crucial factor
for regulating the expression of more than 250 genes
as a transcriptional regulator. The Nrf2-Keapl protein
complex assumes a pivotal role in curtailing ferroptosis
by orchestrating the cellular antioxidant response and
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repressing electrophilic and oxidative stress, maintain-
ing proteostasis, managing xenobiotic/drug metabolism,
controlling iron/heme metabolism, and regulating carbo-
hydrate and lipid metabolism [38]. After carotid endar-
terectomy, the expression of Nrf2, SOD, CAT, and GPX
can be enhanced by OA as well [39]. As a result, we pos-
tulated that the activation and excessive expression of
Nrf2 also boosted the transcription of genes related to

A B - ] c
\Dh Cystine % >Glutamate
Glutathione )
Nt 2
WA e N ;t‘gsmcsynmes\s A C C A
/_\A(,,;, ( i SAAS .
D E F
100-
2- p<0.01 Nif2 [ S sme 30 kDa GSH
B GAPDH |4l W6 @ | 36 kDa - 804 p<0.01
?-5- - 1.5 :.560_
211 10 = 2404
g Q 20
051 0.5
z _
Veh Hemin OA

S
!
(=)
o

Veh Veh OA
Hemin

Veh Veh OA
Hemin

G H
1254

p<0.01

W ~ (=3
(=3 w (=}
1 1 1

Cell viability (%)

N
)
1

0
Hemin - + + + + +
si Nrf2 - - + - +

scr Nrf2 | - - - + - +

0OA - - - - + +

scrNrf2  siNrf2
OA
Hemin

. Hemin" Hemin+si Nrf2

Hemin+si Nrf2+OA

Hemin+scr Nrf2+OA

Fig. 6 OA as a neuroprotection involving the transcriptional regulator Nrf2. A: FerrDb V2 (accessible at http://www.zhounan.org/ferrdb/current/) sug-
gests the relationship between ferroptosis and Nrf2. B: An illustrative diagram of the proposed model elucidating the mechanisms of Nrf2-mediated
regulation of ferroptosis in EBI following SAH. C: Prediction of GPX4 promoter using the NCBI database (accessible at https://www.ncbi.nlm.nih.gov/) and
JASPAR database (accessible at https://jaspar.genereg.net/). D: RT-gPCR results reveal that OA elevates the expression of Nrf2 mRNA in the in vitro SAH
model (n=5). E: Western blot data unveil that OA increases the expression of Nrf2 protein in in vitro SAH (n=3). F: si-Nrf2 partially prevented the OA-
induced increase in GSH in in vitro SAH (n=5). G: Knockdown of Nrf2 partially prevented the OA-induced increase in cell viability in in vitro SAH (n=5).
H: Representative views of Dead/Live staining show that OA alleviates cell death after SAH but that this effect was reversed after Nrf2 knockdown. Scale

bar =100 um


http://www.zhounan.org/ferrdb/current/
http://www.zhounan.org/ferrdb/current/
https://www.ncbi.nlm.nih.gov/
https://jaspar.genereg.net/

Chen et al. Journal of Neuroinflammation (2024) 21:116

anti-ferroptosis and antioxidative stress following treat-
ment with OA (Fig. 6B). According to the information
available in the NCBI database (accessible at https//www.
ncbi.nlm.nih.gov/) and JASPAR database (https://jas-
par.genereg.net/), it was also predicted that there were
Nrf2 binding sites in the GPX4 promoter (Fig. 6C). In
the in vitro SAH model experiments, it was noted that
the mRNA (Fig. 6D) and protein (Fig. 6E) levels of Nrf2
exhibited an increase following OA treatment.

As the regulatory functions of Nrf2 were strong,
including modulating the cellular antioxidant response
and oxidative stress, the observation of increased Nrf2 in
vivo after OA treatment did not indicate whether over-
expression of Nrf2 contributed to preventing ferroptosis
or was just the result of it. To ascertain if Nrf2 controls
transcription and inhibits ferroptosis in neurons, we
employed small interfering RNAs (siRNAs) to decrease
the levels of Nrf2. The results also revealed that neuro-
nal ferroptosis was aggravated after Nrf2 knockdown and
weakened the neuroprotection of OA (Fig. 6F and G, and
6H).

Knockout of Nrf2 promotes ferroptosis and reverses the
neuroprotection of OA after SAH

To address whether the same results occurred in vivo
after SAH, we used Nrf2 knock-out (Nrf2~/") and Nrf2
wild-type (Nrf2wt) mice. Figure 2A shows the utiliza-
tion of identical experimental conditions and interven-
tion factors. As anticipated, the Nrf2 knockout (Nrf2~/")
group exhibited augmented neurological impairments
(Fig. 7A) and initial brain swelling (Fig. 7B), while the
ferroxidase examination (Fig. 7C) indicated a notable
rise in iron buildup and MDA concentrations (Fig. 7D)
in Nrf2~/~ mice when compared to Nrf2wt mice follow-
ing SAH. In Nrf2~/~ mice after SAH, TUNEL staining
(Fig. 7E and F) revealed an increased amount of neuronal
damage. Additionally, the anti-ferroptosis function of OA
was weakened in Nrf2~/~ mice. Additionally, we observed
the protein levels of regulators associated with ferropto-
sis and demonstrated the reduction of GPX4 in Nrf2~/~
mice following SAH (Fig. 7G and H). The experiment also
indicated that OA alone had a weak effect on GPX4 with-
out Nrf2 synergy.

Knockout of Nrf2 reversed the neuroprotection and
revoked the anti-neuroinflammation of OA

Additionally, we measured the levels of proinflammatory
factors in brain tissue following the knockout of the Nrf2
gene during SAH. After Nrf2 gene knockout, the ELISA
findings indicated a notable escalation in the concen-
trations of IL-6, IL-1B, and TNF-«, while IL-10 exhib-
ited a notable decrease (Fig. 8A and D). To investigate
the expression of the microglial marker Iba-1 (Fig. 8E),
the immunofluorescence assay further confirmed the
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aforementioned findings. Therefore, these findings sug-
gest that OA has the potential to relieve EBI after SAH by
suppressing neuroinflammation through the Nrf2 signal-
ing pathway.

OA drives the transcriptional regulator Nrf2 to upregulate
GPX4 and FSP1

The study observations suggest that OA can trigger a
transcriptional reaction through Nrf2, leading to the
upregulation of GPX4. This upregulation of GPX4 plays
a crucial role in preventing ferroptosis. Whether other
pathways are regulated by OA that can induce ferropto-
sis is unclear. NADPH is essential to balance lipid hydro-
peroxides. According to Kleszczynski [40], the gene
expression of heme oxygenase-1 (HO-1) and NADPH is
increased by OA. Additionally, our prior investigation
demonstrated the significant involvement of FSP1 in
acute diseases of the CNS [15]. We tested whether OA
could also activate the FSP1 pathway and prevent fer-
roptosis (Fig. 9A). The findings demonstrated a notable
rise in the levels of FSP1, NQO1, and HO-1 following OA
treatment in SAH mice, as depicted in Fig. 9B and E. The
results of immunocytochemistry indicated a reduction
in the intensity of the FSP1 signal (red) following SAH,
while OA enhanced the intensity of FSP1 in hippocam-
pal neurons (Fig. 9F and G). To assess if Nrf2 also con-
trolled FSP1, we examined the levels of FSP1 expression
in mice lacking Nrf2 following SAH. The Western blot
findings demonstrated that the level of FSP1 was still ele-
vated in Nrf2~/~ mice after SAH, even with OA treatment
(Fig. 9H). Together, these unexpected findings indicate
that OA may directly activate FSP1 and that the tran-
scription factor Nrf2 is likely not responsible for its regu-
lation. Nevertheless, the complete comprehension of the
molecular mechanisms governing this twofold method of
transcriptional control remains elusive, necessitating fur-
ther experimental validation.

Discussion

The complex molecular processes responsible for EBI
following SAH have been extensively studied, and the
majority of failures in clinical drug research and devel-
opment have been demonstrated through randomized
control trials focusing on anti-apoptosis, anti-CVS, and
autophagy [4, 5, 41]. Up until now, there has been no
effective drug or treatment capable of delaying or avert-
ing the death of nerve cells after SAH. Based on a sub-
stantial amount of existing evidence and our previous
research, it appears that ferroptosis holds potential as a
viable target [15]. This research delved into the poten-
tial therapeutic benefits of OA for addressing EBI using
in vivo and in vitro SAH models. We have identified the
suppressive effects of OA on neuronal ferroptosis follow-
ing SAH through the modulation of the Nrf2/GPX4 and
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FSP1/CoQ10 pathways (Fig. 10). The results highlight
that (i) ferroptosis confers a vital role in both in vivo SAH
models and in vitro neuronal damage triggered by hemin;
(if) OA diminishes neuronal damage by impeding ferrop-
tosis and neuroinflammation in both in vitro and in vivo
SAH models; (iii) the neuroprotective properties of OA
are mediated through the Nrf2/GPX4 pathway, and the
inhibitory effects of OA on ferroptosis and neuroinflam-
mation depend on the transcriptional response of Nrf2;
(iv) silencing Nrf2 using siRNA transfection does not
exhibit detrimental effects on neurons; and (v) the FSP1-
CoQ10 pathway may render substantial and parallel

effects on preventing ferroptosis during EBI after SAH,
working in conjunction with GPX4.

The complexity of the pathological process following
SAH is highly intricate. Numerous prior investigations,
including our research, have showcased the possible
molecular pathways that could be pivotal in the context
of EBI after SAH. Even though, several medications have
been formulated and elucidated using animal models to
shed light on this complex condition. Nevertheless, there
is no evidence of the effectiveness of any of these medica-
tions in real-life patients [4, 5]. Moreover, in the ongoing
examination, we discovered that z-VAD-fmk and 3-MA,
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tion levels of TNF-a, IL-6, IL-1(3, and IL-10 in hippocampal tissues after Nrf2 was knocked down following sah. E: Immunofluorescence staining for Iba-1 in

hippocampal tissues after Nrf2 knockdown following SAH

which both hinder cell death and self-degradation, were
unable to completely mitigate the neuronal harm caused
by hemin in a laboratory setting. In the in vitro SAH
model, we discovered that ferrostatin-1, a ferroptosis
inhibitor, effectively decreases neuronal death.
Considerable investigation has been undertaken
regarding ferroptosis, a newly identified mechanism of
programmed cell death [19]. This unique form of cell
death is distinguished by its iron-dependent nature and
is of significant importance in the context of neuronal
death in the acute CNS setting [17]. Alim [33] found that
the use of selenium supplements in pharmacology effec-
tively inhibits GPX4-dependent ferroptosis and cell death
induced by ER stress or excitotoxicity. Additionally, it has
the potential to reduce cell death and enhance cellular
activity after ischemic or hemorrhagic stroke. Ferropto-
sis inhibitors, such as liproxstatins, iron chelators, and

ferrostatins, have demonstrated a significant reduction
in EBI and neuronal cell death resulting from ischemic
injury during ischemic stroke [33, 42—44]. Tuo [44] pro-
vided evidence and backing for the effectiveness of fer-
roptosis inhibitors and specific selenium compounds in
mitigating neuronal harm caused by ischemic stroke and
various neurological disorders. N-acetylcysteine [45] and
baicalin [46] have been reported to improve neurological
function, reduce neuronal cell death, and alleviate brain
injury by inhibiting ferroptosis. Based on this data, there
have been limited studies that have documented ferrop-
tosis and its associated molecular mechanisms in SAH.
Numerous studies have suggested that surgical trauma,
concussion, stroke, and traumatic brain injury (TBI)
have the potential to trigger neuroinflammation in
the CNS [24, 47, 48]. Polarization of microglia plays an
important role in the regulation of neuroinflammation,
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PPARYy activation can inhibit pro-inflammatory microg-
lial responses, regulate microglial/macrophage M1/M2
polarization, and alleviate neuroinflammation [26, 49].
Excessive activation of microglia can result in neurotox-
icity and damage to neurons, known as neuroinflamma-
tion [50]. According to Su [51], microglia were promptly
triggered to transform into M1 and M2 microglia fol-
lowing disruptions in the microenvironment, contrib-
uting to both tissue harm and restoration. The current
investigation revealed that OA significantly reduces the
M1l-like polarization of microglial/macrophage cells,
while simultaneously enhancing M2-like polarization. As
a result, it effectively mitigates brain damage following
SAH. According to a recent investigation, OA can shield
against MI/RI by diminishing the inflammatory reaction
and impeding pyroptosis [34].

OA, baicalein-7-O-glucoside, was obtained from Orox-
ylum indicum (L.) Kurz, a traditional Chinese herbal
medicine [52]. According to Sun [29], OA exhibits par-
tial agonistic effects on PPARY, leading to the activation
of PPARYy transcriptional activation both in vitro and in
vivo, and also possesses antioxidant properties. Accord-
ing to Huang [30], OA has the potential to relieve cell

damage, possibly by inhibiting pyroptosis and exerting
anti-inflammatory properties, then to hinder the growth
of breast cancer cells through the stimulation of senes-
cence mediated by ER stress. Our early animal experi-
ments found that OA has the potential to enhance the
neurological result in rat models following SAH. It is
not clear what the role of the PPARy agonist OA is in
preventing ferroptosis in SAH, and it is also unclear if
there are other mechanisms or unconventional pathways
involved in ferroptosis. The current research demon-
strated that OA mitigates neuronal harm by inhibiting
ferroptosis following SAH in laboratory/animal mod-
els through the modulation of either the Nrf2/GPX4 or
EFSP1/CoQ10 signaling pathway.

Nrf2 is a crucial suppressor of ferroptosis as it controls
the cellular antioxidant response, iron/heme metabolism,
and lipid metabolism, and reduces electrophilicity [15,
38]. Moreover, when Nrf2 is activated, it can boost the
quantities of cellular NADPH and glutathione, thereby
enhancing iron storage. This is crucial in the prevention
of ferroptosis, as stated in references [18, 38, 53]. Our
prior investigation demonstrated that netrin-1 can safe-
guard hippocampal neurons and enhance neurological
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impairment through the regulation of the PPARy/Nrf2-
ARE pathway following SAH [17]. In the present investi-
gation, we also found that the Nrf2 levels were decreased
following SAH and restored with OA treatment, the
possible molecular pathways through which Nrf2 con-
trols the transcription of proteins, such as GPX4 and
HO-1. Increasing evidence indicates the significance of
the HO-1 and GPX4 pathways in ferroptosis [54—56].
The current investigation demonstrated that suppression
of Nrf2 hindered the stimulation of GPX4, resulting in
elevated lipid ROS levels, and GPX4-related ferroptosis
depends on Nrf2 and that si-Nrf2 aggravates neuronal
death after SAH. Furthermore, OA induced transcrip-
tional activation of the FSP1 gene, which subsequently led
to FSP1 activation in the neuronal nucleus. The FSP1 was
then transferred to the plasma membrane, forming the
antioxidant system that effectively prevents lipid peroxi-
dation and ferroptosis. FSP1, a CoQ10 oxidoreductase, is
directed to the plasma membrane through its N-termi-
nal nutmeg acylation, the reduction of CoQ10 through
NADH is facilitated at the cell’s outer surface, leading to
the inhibition of CoQ10 activity and ultimately protect-
ing ferroptosis [17, 57-59]. Interestingly, it was clarified
that OA protects neuronal ferroptosis after SAH through
the modulation of the Nrf2/GPX4 and FSP1/CoQ10
pathways. Nevertheless, the specific role regarding the

control of FSP1 activation remains to be fully elucidated
to ascertain its precise mechanism further.

Conclusion

To summarize, the current study has offered empiri-
cal evidence that ferroptosis, triggered by GPX4 and
ESP1, serves as a crucial cellular regulatory mechanism
that could greatly impact EBI after SAH. For the initial
occasion, we disclosed that OA can control ferroptosis
through the Nrf2/GPX4 pathway and the CoQ10-FSP1
pathway. Additionally, we suggest a unique method for
examining the biological effects of OA. Therefore, fer-
roptosis could potentially serve as a promising thera-
peutic approach for EBI following SAH, while OA holds
significant clinical significance in the coming years and
may emerge as a crucial prognostic biomarker for SAH
individuals.
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CVS Cerebral vasospasm

EBI Early brain injury

ECA External carotid artery

ER Endoplasmic reticulum
GSH Glutathione

GPX4 Glutathione peroxidase 4
ICA Internal carotid artery

ICH Intracerebral hemorrhage
MDA Malondialdehyde



Chen et al. Journal of Neuroinflammation (2024) 21:116

Nrf-2 Nuclear factor erythroid 2-related factor 2
OA Orexin A

ROS Reactive oxygen species
RT-Qpcr  Real-time quantitative PCR
SAH Subarachnoid hemorrhage

SD Standard deviation
TNF-a Tumor necrosis factor-alpha

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512974-024-03099-3.

[ Supplementary Material 1 ]

Acknowledgements
We thank Bullet Edits Limited for the linguistic editing and proofreading of the
manuscript.

Author contributions

JC, ZS, and YW designed the experiments of the study. YW, JC, and WZ
contributed to the execution of experiments and manuscript composition.
JCand CZ collected and analyzed clinical data. JC, KX, and YW performed
animal and cell experiments. JC performed the statistical analysis. JC, KX, and
YW compiled the figures and wrote the manuscript. All authors discussed the
results, revised the manuscript, and read and approved the final manuscript.

Funding

This work was supported by the Natural Science Foundation of Hunan
Province (2023JJ40790). Natural Science Foundation of Jiangsu Province (Grant
No: BK20201140). Top Talent Support Program for young and middle-aged
people of Wuxi Health Committee (HB2023130). Wuxi Science and Technology
Development Foundation (Grant No: K20231050). Joint Logistic Support Force
of PLA key discipline (XK20240102).

Data availability
All data used or evaluated during the present research are accessible
following a valid request from the corresponding author.

Declarations

Competing interests
The authors declare no competing interests.

Ethics approval and consent to participate

The experiments were approved by the 904th Hospital of Joint Logistic
Support Force of PLA Institutional Animal Care and Use Committee (No. YXLL-
2020-013) and were performed according to the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health of the United States.

Consent for publication
Not applicable.

Received: 8 January 2024 / Accepted: 10 April 2024
Published online: 03 May 2024

References

1. Etminan N, Chang HS, Hackenberg K, de Rooij NK, Vergouwen MDI, Rinkel
GJE, Algra A. Worldwide Incidence of Aneurysmal Subarachnoid Hemorrhage
according to Region, Time Period, blood pressure, and Smoking Prevalence
in the Population: a systematic review and Meta-analysis. JAMA Neurol.
2019;76:588-97.

2. Korja M, Lehto H, Juvela S, Kaprio J. Incidence of subarachnoid hemor-
rhage is decreasing together with decreasing smoking rates. Neurology.
2016;87:1118-23.

3. Mackey J, Khoury JC, Alwell K, Moomaw CJ, Kissela BM, Flaherty ML, Adeoye
O, Woo D, Ferioli S, De Los Rios, La Rosa F, et al. Stable incidence but declining

20.

21.

22.

23.

24.

Page 18 of 19

case-fatality rates of subarachnoid hemorrhage in a population. Neurology.
2016;87:2192-7.

Macdonald RL, Higashida RT, Keller E, Mayer SA, Molyneux A, Raabe A,
Vajkoczy P, Wanke |, Bach D, Frey A, et al. Clazosentan, an endothelin receptor
antagonist, in patients with aneurysmal subarachnoid haemorrhage under-
going surgical clipping: a randomised, double-blind, placebo-controlled
phase 3 trial (CONSCIOUS-2). Lancet Neurol. 2011;10:618-25.

Chen J,Li M, Zhu X, Chen L, Yang S, Zhang C, Wu T, Feng X, Wang Y, Chen Q.
Atorvastatin reduces cerebral vasospasm and infarction after aneurysmal
subarachnoid hemorrhage in elderly Chinese adults. Aging. 2020;12:2939-51.
Chen J, XuanY, ChenY,WuT, Chen L, Guan H, Yang S, He J, Shi D, Wang Y.
Netrin-1 alleviates subarachnoid haemorrhage-induced brain injury via the
PPARy/NF-KB signalling pathway. J Cell Mol Med. 2019;23:2256-62.

Chen JH,WuT, Yang LK, Chen L, Zhu J, Li PP, Hu X, Wang YH. Protective effects
of atorvastatin on cerebral vessel autoregulation in an experimental rabbit
model of subarachnoid hemorrhage. Mol Med Rep. 2018;17:1651-9.

Chen JH, Yang LK, Chen L, Wang YH, Wu Y, Jiang BJ, Zhu J, Li PP. Atorvastatin
ameliorates early brain injury after subarachnoid hemorrhage via inhibition
of AQP4 expression in rabbits. Int J Mol Med. 2016;37:1059-66.

Chen JH, WuT, Xia WY, Shi ZH, Zhang CL, Chen L, Chen QX, Wang YH. An early
neuroprotective effect of atorvastatin against subarachnoid hemorrhage.
Neural Regen Res. 2020;15:1947-54.

Cahill J, Zhang JH. Subarachnoid hemorrhage: is it time for a new direction?
Stroke. 2009;40:586-87.

DongY, Fan C, HuW, Jiang S, Ma Z, Yan X, Deng C, Di S, Xin Z, Wu G, et al.
Melatonin attenuated early brain injury induced by subarachnoid hemor-
rhage via regulating NLRP3 inflammasome and apoptosis signaling. J Pineal
Res. 2016,60:253-62.

Kenny EM, Fidan E, Yang Q, Anthonymuthu TS, New LA, Meyer EA, Wang H,
Kochanek PM, Dixon CE, Kagan VE, Bayir H. Ferroptosis contributes to neuro-
nal death and functional Outcome after traumatic brain Injury. Crit Care Med.
2019;47:410-8.

Zille M, Karuppagounder SS, Chen'Y, Gough PJ, Bertin J, Finger J, Milner TA,
Jonas EA, Ratan RR. Neuronal death after hemorrhagic stroke in Vitro and in
vivo shares features of ferroptosis and Necroptosis. Stroke. 2017;48:1033-43.
Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason CE,
Patel DN, Bauer AJ, Cantley AM, Yang WS, et al. Ferroptosis: an iron-depen-
dent form of nonapoptotic cell death. Cell. 2012;149:1060-72.
CJCMLXZLCSY. Z, TW, X F, YW, Q C: Atorvastatin reduces cerebral vasospasm
and infarction after aneurysmal subarachnoid hemorrhage in elderly Chinese
adults. Aging 2020, 12.

Tuo QZ, Lei P, Jackman KA, Li XL, Xiong H, Li XL, Liuyang ZY, Roisman L, Zhang
ST, Ayton S, et al. Tau-mediated iron export prevents ferroptotic damage after
ischemic stroke. Mol Psychiatry. 2017,22:1520-30.

Chen J,Wang Y, Li M, Zhu X, Liu Z, Chen Q, Xiong K. Netrin-1 alleviates early
Brain Injury by regulating ferroptosis via the PPARy/Nrf2/GPX4 signaling path-
way following subarachnoid hemorrhage. Trans| Stroke Res. 2024;15:219-37.
Shin D, Kim EH, Lee J, Roh JL. Nrf2 inhibition reverses resistance to GPX4
inhibitor-induced ferroptosis in head and neck cancer. Free Radic Biol Med.
2018;129:454-62.

Dixon SJ, Stockwell BR. The role of iron and reactive oxygen species in cell
death. Nat Chem Biol. 2014;10:9-17.

Duan C, Jiao D, Wang H, Wu Q, Men W, Yan H, Li C. Activation of the PPARy
prevents Ferroptosis-Induced neuronal loss in response to Intracerebral
Hemorrhage through synergistic actions with the Nrf2. Front Pharmacol.
2022;13:869300.

Liang H, Tang T, Huang H, Li T, Gao C, Han Y, Yuan B, Gao S, Wang H, Zhou ML.
Peroxisome proliferator-activated receptor-y ameliorates neuronal ferroptosis
after traumatic brain injury in mice by inhibiting cyclooxygenase-2. Exp
Neurol. 2022;354:114100.

Liu S, Shi J,Wang L, Huang Y, Zhao B, Ding H, Liu Y, Wang W, Chen Z, Yang J.
Loss of EMP1 promotes the metastasis of human bladder cancer cells by pro-
moting migration and conferring resistance to ferroptosis through activation
of PPAR gamma signaling. Free Radic Biol Med. 2022;189:42-57.

Miao W, Jiang L, Xu F, Lyu J, Jiang X, He M, Liu Y, Yang T, Leak RK, Stetler RA, et
al. Adiponectin ameliorates hypoperfusive cognitive deficits by boosting a
neuroprotective microglial response. Prog Neurobiol. 2021;205:102125.

Wu H, Zheng J, Xu S, Fang Y, Wu Y, Zeng J, Shao A, Shi L, Lu J, Mei S, et al. Mer
regulates microglial/macrophage M1/M2 polarization and alleviates neuroin-
flammation following traumatic brain injury. J Neuroinflammation. 2021;18:2.


https://doi.org/10.1186/s12974-024-03099-3
https://doi.org/10.1186/s12974-024-03099-3

Chen et al. Journal of Neuroinflammation

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

(2024) 21:116

Hsu CH, Pan YJ, Zheng YT, Lo RY, Yang FY. Ultrasound reduces inflammation
by modulating M1/M2 polarization of microglia through STAT1/STAT6/PPARy
signaling pathways. CNS Neurosci Ther. 2023;29:4113-23.

Chen X, He X, Xu F, Xu N, Sharifi NH, Zhang P, Flores JJ, Wu L, He Q, Kana-
maru H, et al. Fractalkine enhances Hematoma Resolution and improves
neurological function via CX3CR1/AMPK/PPARY pathway after GMH. Stroke.
2023;54:2420-33.

Garcia-Ruiz I, Solis-Mufioz P, Gomez-Izquierdo E, Mufoz-Yagle MT, Valverde
AM, Solis-Herruzo JA. Protein-tyrosine phosphatases are involved in inter-
feron resistance associated with insulin resistance in HepG2 cells and obese
mice. J Biol Chem. 2012;287:19564-73.

He J, Du L, Bao M, Zhang B, Qian H, Zhou Q, Cao Z. Oroxin A inhibits breast
cancer cell growth by inducing robust endoplasmic reticulum stress and
senescence. Anticancer Drugs. 2016;27:204-15.

SunW, Zhang B, Yu X, Zhuang C, Li X, Sun J, Xing Y, Xiu Z, Dong Y. Oroxin

A from Oroxylum indicum prevents the progression from prediabetes to
diabetes in streptozotocin and high-fat diet induced mice. Phytomedicine.
2018;38:24-34.

Huang J, Chen C, Xie J, Zhai K, Wei S, Cheng X, Zhang R. Oroxin A ameliorates
the oleic acid-induced A549 cell injury through the suppression of pyroptosis
and degradation of alveolar surfactant. Acad Bras Cienc. 2022,94:20211400.
Chen J, Zhang C,YanT, Yang L, Wang Y, Shi Z, Li M, Chen Q. Atorvastatin
ameliorates early brain injury after subarachnoid hemorrhage via inhibition
of pyroptosis and neuroinflammation. J Cell Physiol. 2021;236:6920-31.
Garcia JH, Wagner S, Liu KF, Hu XJ. Neurological deficit and extent of neuronal
necrosis attributable to middle cerebral artery occlusion in rats. Statistical
validation. Stroke. 1995;26:627-34. discussion 635.

Alim 1, Caulfield JT, ChenY, Swarup V, Geschwind DH, lvanova E, Sera-

valli J, AiY, Sansing LH, Ste Marie EJ, et al. Selenium drives a Transcrip-

tional Adaptive Program to Block Ferroptosis and treat stroke. Cell.
2019;177:1262-e12791225.

Cheng X, Huang T, Wang C, Hao S, Shu L, Wang S, Cheng G, Zhang Q, Huang
J, Chen C. Natural compound Library Screening identifies Oroxin A for the
treatment of myocardial Ischemia/Reperfusion Injury. Front Pharmacol.
2022;13:894899.

Wang W, Green M, Choi JE, Gijon M, Kennedy PD, Johnson JK; Liao P, Lang

X, Kryczek |, Sell A, et al. CD8(+) T cells regulate tumour ferroptosis during
cancer immunotherapy. Nature. 2019,569:270-4.

Das S, Chattopadhyay D, Chatterjee SK, Mondal SA, Majumdar SS, Mukhopad-
hyay S, Saha N, Velayutham R, Bhattacharya S, Mukherjee S. Increase in PPARy
inhibitory phosphorylation by Fetuin-A through the activation of Ras-MEK-
ERK pathway causes insulin resistance. Biochim Biophys Acta Mol Basis Dis.
2021;1867:166050.

Hayes JD, Dinkova-Kostova AT. Epigenetic Control of NRF2-Directed Cellular
antioxidant status in Dictating Life-Death decisions. Mol Cell. 2017,68:5-7.
Dodson M, Castro-Portuguez R, Zhang DD. NRF2 plays a critical role in miti-
gating lipid peroxidation and ferroptosis. Redox Biol. 2019;23:101107.

Zhao Z,Lu C, LiT, Wang W, Ye W, Zeng R, Ni L, Lai Z, Wang X, Liu C. The
protective effect of melatonin on brain ischemia and reperfusion in rats and
humans: in vivo assessment and a randomized controlled trial. J Pineal Res.
2018;65:212521.

Kleszczyniski K, Zillikens D, Fischer TW. Melatonin enhances mitochondrial
ATP synthesis, reduces reactive oxygen species formation, and mediates
translocation of the nuclear erythroid 2-related factor 2 resulting in activa-
tion of phase-2 antioxidant enzymes (y-GCS, HO-1, NQO1) in ultraviolet
radiation-treated normal human epidermal keratinocytes (NHEK). J Pineal
Res. 2016,61:187-97.

Tjerkstra MA, Post R, Germans MR, Vergouwen MDI, Jellema K, Koot RW,
Kruyt ND, Willems PWA, Wolfs JFC, de Beer FC, et al. Tranexamic Acid after
Aneurysmal Subarachnoid Hemorrhage: Post Hoc Analysis of the ULTRA Trial.
Neurology. 2022,99:e2605-14.

CuiY, Zhang Y, Zhao X, Shao L, Liu G, Sun C, Xu R, Zhang Z. ACSL4 exacer-
bates ischemic stroke by promoting ferroptosis-induced brain injury and
neuroinflammation. Brain Behav Immun. 2021;93:312-21.

Fang Y, Chen X, Tan Q, Zhou H, Xu J, Gu Q. Inhibiting ferroptosis through
disrupting the NCOA4-FTH1 Interaction: a new mechanism of action. ACS
Cent Sci. 2021,7:980-9.

45.

46.

47.

48.

49.

50.

5T

52.

53.

54.

55.

56.

57.

58.

59.

Page 19 of 19

Tuo QZ, Masaldan S, Southon A, Mawal C, Ayton S, Bush Al Lei P, Belaidi AA.
Characterization of Selenium compounds for anti-ferroptotic activity in neu-
ronal cells and after cerebral ischemia-reperfusion Injury. Neurotherapeutics.
2021;18:2682-91.

Karuppagounder SS, Alin L, Chen'Y, Brand D, Bourassa MW, Dietrich K,
Wilkinson CM, Nadeau CA, Kumar A, Perry S, et al. N-acetylcysteine targets 5
lipoxygenase-derived, toxic lipids and can synergize with prostaglandin E(2)
to inhibit ferroptosis and improve outcomes following hemorrhagic stroke in
mice. Ann Neurol. 2018,84:854-72.

Duan L, ZhangY,Yang Y, SuS, Zhou L, Lo PC, Cai J, Qiao Y, Li M, Huang S, et
al. Baicalin inhibits ferroptosis in Intracerebral Hemorrhage. Front Pharmacol.
2021;12:629379.

Xia Q Gao S, HanT, Mao M, Zhan G,Wang Y, Li X. Sirtuin 5 aggravates microg-
lia-induced neuroinflammation following ischaemic stroke by modulating
the desuccinylation of Annexin-A1. J Neuroinflammation. 2022;19:301.
Milbrandt EB, Deppen S, Harrison PL, Shintani AK, Speroff T, Stiles RA, Truman
B, Bernard GR, Dittus RS, Ely EW. Costs associated with delirium in mechani-
cally ventilated patients. Crit Care Med. 2004;32:955-62.

JiJ, Xue TF, Guo XD, Yang J, Guo RB, Wang J, Huang JY, Zhao XJ, Sun XL.
Antagonizing peroxisome proliferator-activated receptor y facilitates M1-to-
M2 shift of microglia by enhancing autophagy via the LKB1-AMPK signaling
pathway. Aging Cell. 2018;17:e12774.

Hughes CG, Patel MB, Pandharipande PP. Pathophysiology of acute brain
dysfunction: what's the cause of all this confusion? Curr Opin Crit Care.
2012;18:518-26.

Su'Y, Gao J, Kaur P Wang Z. Neutrophils and macrophages as targets for
development of Nanotherapeutics in Inflammatory diseases. Pharmaceutics
2020, 12.

Zeng Z, Xie J, Luo G, Tao Z, Zhang Q. Host-guest interaction of cucurbit[8]
uril with oroxin A and its effect on the properties of oroxin A. Beilstein J Org
Chem. 2020;16:2332-7.

Ushida Y, Talalay P. Sulforaphane accelerates acetaldehyde metabolism by
inducing aldehyde dehydrogenases: relevance to ethanol intolerance. Alco-
hol Alcohol. 2013:48:526-34.

Xie LW, Cai S, Zhao TS, Li M, Tian Y. Green tea derivative (-)-epigallocatechin-
3-gallate (EGCG) confers protection against ionizing radiation-induced
intestinal epithelial cell death both in vitro and in vivo. Free Radic Biol Med.
2020;161:175-86.

Roh JL, Kim EH, Jang H, Shin D. Nrf2 inhibition reverses the resistance of
cisplatin-resistant head and neck cancer cells to artesunate-induced ferrop-
tosis. Redox Biol. 2017;11:254-62.

Ge MH, Tian H, Mao L, Li DY, Lin JQ, Hu HS, Huang SC, Zhang CJ, Mei XF. Zinc
attenuates ferroptosis and promotes functional recovery in contusion spinal
cord injury by activating Nrf2/GPX4 defense pathway. CNS Neurosci Ther.
2021;27:1023-40.

Tonnus W, Meyer C, Steinebach C, Belavgeni A, von Méssenhausen A, Gon-
zalez NZ, Maremonti F, Gembardt F, Himmerkus N, Latk M, et al. Dysfunction
of the key ferroptosis-surveilling systems hypersensitizes mice to tubular
necrosis during acute kidney injury. Nat Commun. 2021;12:4402.

Bersuker K, Hendricks JM, Li Z, Magtanong L, Ford B, Tang PH, Roberts MA,
Tong B, Maimone TJ, Zoncu R, et al. The CoQ oxidoreductase FSP1 acts paral-
lel to GPX4 to inhibit ferroptosis. Nature. 2019;575:688-92.

Dar HH, Anthonymuthu TS, Ponomareva LA, Souryavong AB, Shurin GV,
Kapralov AO, Tyurin VA, Lee JS, Mallampalli RK, Wenzel SE, et al. A new
thiol-independent mechanism of epithelial host defense against Pseudo-
monas aeruginosa: iNOS/NO(:) sabotage of theft-ferroptosis. Redox Biol.
2021;45:102045.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Oroxin A alleviates early brain injury after subarachnoid hemorrhage by regulating ferroptosis and neuroinflammation
	﻿Abstract
	﻿Introduction
	﻿Experimental model and subject details
	﻿Animals
	﻿SAH model in mice
	﻿Mortality and neurological deficits
	﻿Brain water content
	﻿Cultured cell line
	﻿SAH model in HT22 cells
	﻿Drug administration
	﻿Small interfering RNA (siRNA) manipulation in vivo and in vitro
	﻿RNA extraction and quantitative real-time PCR
	﻿Liperfluo staining
	﻿Malondialdehyde (MDA), GSH, and iron assessment
	﻿Flow cytometry detection of ROS
	﻿Ferroxidase assay
	﻿Determination of cytokines
	﻿Cell viability detection
	﻿Dead/Live assay for HT22 cells
	﻿TUNEL assay
	﻿Double immunofluorescence staining
	﻿Western blot analysis
	﻿Statistical analysis

	﻿Results
	﻿Ferroptosis assumes a critical role in SAH and hemin-induced neuronal injury in vitro
	﻿OA alleviates EBI and neuronal damage after SAH in vitro and in vivo
	﻿OA against ferroptosis after SAH in vivo
	﻿OA against ferroptosis after SAH in vitro
	﻿OA treatment inhibited microglial activation and ameliorated neuroinflammation following SAH
	﻿OA as a neuroprotection involving the transcriptional regulator Nrf2
	﻿Knockout of Nrf2 promotes ferroptosis and reverses the neuroprotection of OA after SAH
	﻿Knockout of Nrf2 reversed the neuroprotection and revoked the anti-neuroinflammation of OA
	﻿OA drives the transcriptional regulator Nrf2 to upregulate GPX4 and FSP1

	﻿Discussion
	﻿Conclusion
	﻿References


