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Abstract

Background: Cardiac arrest (CA) is a widespread public health problem with high mortality, severe neurological sequelae, and limited
pharmacological therapies. We investigated the neuroprotective effect of a novel drug, FPS-ZM1 (FPS), on CA and explored its potential
mechanism. Methods: A potassium chloride–induced CA was induced for 9.5 min in mice, with i.p. injections of FPS or vehicle
administered 24 and 1 h before induction. Postoperative assessments included survival rate, body weight change, neurological scores,
and neuronal pathological damage. The expression levels of the high mobility group box 1 (HMGB1)/receptor for advanced glycation
end products (RAGE) axis, pyroptosis-related molecules, oxidative stress markers, and the nuclear factor erythroid 2-related factor 2
(Nrf2)/heme oxygenase-1 (HO-1) axis were evaluated. Results: Post-CA brain injury (PCABI) activated the HMGB1/RAGE axis,
triggering intensified oxidative stress and aggravated pyroptosis. In contrast, pretreatment with FPS attenuated CA-induced injuries.
FPS pretreatment was found to suppress the activation of the HMGB1/RAGE axis, alleviate pyroptosis and the release of associated
inflammatory mediators, and enhance the Nrf2/HO-1 antioxidant axis after PCABI. Conclusion: FPS pretreatment mitigated PCABI
by concurrently modulating the HMGB1/RAGE inflammatory axis and the Nrf2/HO-1 antioxidant pathway, suggesting that RAGE
antagonism represents a promising therapeutic strategy for PCABI.
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1. Introduction
Cardiac arrest (CA) is characterized by high morbid-

ity, low survival rates (typically <10%), and elevated mor-
tality and disability outcomes [1]. Cardiopulmonary resus-
citation (CPR) and defibrillation have enhanced the likeli-
hood of initial resuscitation after CA [2], but vulnerabil-
ity of the cerebrovascular system to hypoxia often leads
to poor neurological outcomes. Although the brain con-
stitutes a relatively small portion of the body, it receives
about 20% of the cardiac output and is highly susceptible
to ischemia/reperfusion injury (IRI) [3,4]. Post-CA brain
injury (PCABI) affects nearly 80% of individuals who ini-
tially survive cardiac arrest, often resulting in coma, sig-
nificant neurological sequelae, or death [5]. At present, in-
ternational resuscitation guidelines advocate targeted tem-
perature management (TTM) as the sole neuroprotective
approach for managing PCABI after out-of-hospital CA
[6,7]. However, the outcomes of these interventions have
demonstrated limited success in both preclinical studies and
clinical trials [5]. However, despite early animal studies
suggesting neuroprotective potential, the large TTM1 and
TTM2 clinical trials failed to demonstrate a clear benefit of
TTM in the broader PCABI population [8,9]. Those find-
ings showed the limitations of current treatment strategies
and underscored the highly complex and incompletely elu-

cidated pathophysiology of PCABI. Therefore, the identifi-
cation of novel therapeutic targets or pharmacological inter-
ventions to attenuate CA-induced brain injury and improve
neurological outcomes has become a critical and urgent re-
search priority.

High mobility group box 1 (HMGB1) is an evo-
lutionarily conserved protein found in multiple species,
including both humans and rodents. It is widely ex-
pressed throughout the body, with significant expression
in brain tissue [10]. Under normal physiological con-
ditions, HMGB1 is essential for the formation of neu-
ronal synapses, damage repair, and cellular homeostasis
[10,11]. In response to cerebral injuries, such as hypoxia
and ischemia, HMGB1 is released into the extracellular
space, where it acts as a damage-associated molecular pat-
tern (DAMP). Once released into the extracellular space,
HMGB1 binds to pattern-recognition receptors, including
the receptor for advanced glycation end products (RAGE)
and toll-like receptor 4, potentially triggering sterile inflam-
mation [12,13]. RAGE, the first identified high-affinity re-
ceptor for HMGB1 [14], exhibits increased expression that
is primarily associated with exacerbated neuroinflamma-
tion after brain injury [15]. Research involving both hu-
man clinical trials and animal models has demonstrated in-
creased concentrations of HMGB1 in the blood and cere-
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brospinal fluid of individuals undergoing CA. These ele-
vated levels correlated significantly with adverse neurolog-
ical outcomes, suggesting that HMGB1 acts as a poten-
tial prognostic biomarker [16–18]. Furthermore, increased
HMGB1 expression in serum and brain tissue in post-CA
rats modulates the inflammatory response [18,19]. Given
that RAGE is persistently activated after hypoxic-ischemic
brain injury, thereby inducing neuroinflammation [20,21],
inhibiting the HMGB1/RAGE axis theoretically represents
a potentially effective therapeutic strategy for PCABI.

Pyroptosis is an inflammation-driven subtype of pro-
grammed cell death that occurs through activation of the
inflammasome complex. The assembly of inflammasome
complexes requires several key components, including
apoptosis-associated speck-like protein containing a cas-
pase recruitment domain (ASC) and pro-caspase 1. Upon
activation, gasdermin D (GSDMD) is cleaved, resulting in
the generation of transmembrane pores that disrupt cellu-
lar integrity. Consequently, inflammatory cytokines like
interleukin-1 beta (IL-1β) and IL-18 are released, initiat-
ing a strong inflammatory response and cell death [22,23].
After ischemic brain injury, pyroptosis occurs in neurons,
microglia, and astrocytes, among other cell types, and neu-
trophil extracellular traps are induced, contributing to irre-
versible brain damage [24,25]. Xu et al. [26] demonstrated
that HMGB1 exerted its effects through RAGE-dependent
endocytosis, subsequently triggering macrophage pyrop-
tosis. Furthermore, previous studies have suggested that
HMGB1 induces pyroptosis in endothelial cells and mi-
croglia via the HMGB1/RAGE/cathepsin B signaling path-
way [27,28]. Although these findings are well-established,
the specific role of pyroptosis in PCABI and the mecha-
nisms by which drugs modulate this process are still not
fully understood.

Nuclear factor erythroid 2-related factor 2 (Nrf2) plays
a pivotal role in mediating the cellular antioxidant stress re-
sponse and can activate the expression of multiple down-
stream antioxidant enzymes [29,30]. Heme oxygenase-
1 (HO-1) is a classic downstream effector directly reg-
ulated by Nrf2; its expression is upregulated under var-
ious stress conditions and exerts pronounced antioxidant
and anti-inflammatory effects [31]. Stimulation of the
Nrf2/HO-1 signaling pathway has been shown to suppress
brain IRI-associated oxidative stress and inflammatory re-
sponses, thereby exerting neuroprotection [32,33]. FPS-
ZM1 (FPS), a non-toxic, high-affinity RAGE inhibitor, pre-
vents RAGE from interacting with its ligands, including
HMGB1 [34]. Shen et al. [35] showed that FPS enhanced
Nrf2 and HO-1 expression, reduced oxidative stress in mi-
croglia, and thereby offered protection [36]. However, the
effects of FPS administration on PCABI have not yet been
fully elucidated.

We designed a series of experiments to evaluate the
effects of FPS pretreatment on neurological outcomes in
a cardiac arrest/cardiopulmonary resuscitation (CA/CPR)

mouse model. Furthermore, we investigated the regula-
tory effects of FPS pretreatment on pyroptosis and oxidative
stress, as well as the underlying mechanisms in PCABI.

2. Materials and Methods
2.1 Animals

Adult male C57BL/6 mice (aged 8–10 weeks, weigh-
ing 22–25 g) were sourced from Hunan SJA Laboratory
Animal Co., Ltd. (Changsha, Hunan, China). Before the
experiment, all mice were given at least one week to habit-
uate to the colony room. During the study, the mice were
kept under standardized conditions, with constant tempera-
ture and humidity control, a 12–12 h alternating light–dark
cycle, and free access to standard rodent chow and water.

2.2 Randomization
Mice were randomly assigned to four experimental

groups (n = 13/group) using a computer-generated random-
ization sequence to minimize selection bias: (1) Sham + ve-
hicle; (2) Sham + FPS; (3) CA/CPR + vehicle; (4) CA/CPR
+ FPS. Randomization was performed by an investigator
(QL) who was not involved in subsequent data analysis.

2.3 Blinding
One designated investigator (QL) was responsible for

drug preparation and administration. All other investigators
involved in surgical procedures, neurological function as-
sessments, data collection, and statistical analysis remained
blind to the group allocation throughout the entire experi-
ment to minimize potential bias.

2.4 The CA model
The CA model was generated in accordance with the

protocol described previously [33,37]. In brief (Fig. 1),
micewereweighed to confirm adherence to standardweight
parameters. Anesthesia was induced using 5% isoflurane
(v/v; vol%; R510-22-10, RWD Life Science Co., Ltd.,
Shenzhen, Guangdong, China), followed by tracheal intu-
bation. Anesthesia was maintained by mechanical venti-
lation delivering 1.0%–1.5% isoflurane (v/v; vol%); a gas
evacuation apparatus (V101, RWD Life Science Co., Ltd.)
was used to remove anesthetic exhaust. Mice were venti-
lated through the tracheal tube at a tidal volume ranging
from 0.3 to 0.5 mL. Electrocardiogram (ECG) was con-
tinuously monitored using subcutaneously placed needle
electrodes and a PowerLab 26T system (PL26T04; ADIn-
struments Pty Ltd., Bella Vista, New South Wales, Aus-
tralia). Body temperature was kept at 37.0 ± 0.2 °C with
the assistance of a heating pad and lamp, with regulation
monitored by a rectal probe. For drug administration, a
PE10 catheter (424701, Becton, Dickinson and Company,
Franklin Lakes, NJ, USA) was placed into the right jugular
vein. After a 50 µL flush with heparinized saline (9041-08-
1, 0.9%, Sinopharm Chemical Reagent Co., Ltd., Shang-
hai, China), CA was triggered by injecting 0.5 M potassium
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Fig. 1. Mouse experimental procedure. (A) Mice received CPR after 9.5 min of CA. FPS (RAGE inhibitor, 10 mg/kg) or an equivalent
dose of vehicle (saline) was injected intraperitoneally on the day before surgery, and another dose again one h before CA. Impact of FPS
on HMGB1/RAGE pathway modulation, as well as oxidative stress and pyroptosis-related signaling pathways induced by CA/CPR, was
assessed 1 day after CA/CPR. The neuroprotective impact of FPS-ZM1 (FPS) was assessed 3 days after CA/CPR. Groups: (1) Sham
+ vehicle; (2) Sham + FPS; (3) CA/CPR + vehicle; (4) CA/CPR + FPS (n = 13/group). (B) The process of establishing a KCl-induced
CA model in mice included the following steps: anesthesia; tracheal intubation; jugular vein catheterization; temperature and electro-
cardiogram monitoring; drug infusion; and postoperative targeted temperature management (TTM). (C) ECG monitoring was performed
throughout the procedure, capturing representative waveform patterns. CA, cardiac arrest; CPR, cardiopulmonary resuscitation; ROSC,
return of spontaneous circulation; RR, respiratory recovery; WB, Western Blot; IF, immunofluorescence; ROS, reactive oxygen species;
MDA, malondialdehyde; SOD, superoxide dismutase; ELISA, enzyme-linked immunosorbent assay; NDS, neurological deficit score;
H&E, Hematoxylin-eosin; FJB, Fluoro-Jade B; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling; KCl, potassium
chloride; Adr, adrenaline; ECG, electrocardiogram; HMGB1, high mobility group box 1; RAGE, receptor for advanced glycation end
products; TEM, transmission electron microscopy.

chloride (7447-40-7, [KCl], Sinopharm Chemical Reagent
Co., Ltd.), 30 µL at 4 °C, followed by cessation of mechan-
ical ventilation (MV). CA was verified by observing asys-
tole on the ECG, cessation of spontaneous breathing, and
the occurrence of urinary incontinence. Resuscitation was
initiated 9.5 min after CA induction, and consisted of the re-
sumption ofmechanical ventilationwith 100%oxygen, ces-
sation of the warming protocol, and administration of 100
µL of epinephrine (61-76-7, 32 µg/mL, Sinopharm Chem-

ical Reagent Co., Ltd.). Chest compressions were carried
out at 300 beats/min. The return of spontaneous circula-
tion (ROSC) was determined by the presence of a sustained
sinus rhythm on the ECG. CPR was terminated if ROSC
did not occur within 4 min. Upon the return of sponta-
neous respiration, the inspired gas mixture was gradually
adjusted from 100% oxygen to a 1:1 oxygen-nitrogen ratio.
After stabilization, independent respiration was achieved,
and surgical sites were sutured. The tracheal tube was then
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removed, and the mice were transferred to a thermal incu-
bator set at 33.0 °C for a 2-h recovery period before be-
ing returned to their standard housing. Sham mice under-
went identical anesthesia and surgical exposure of the jugu-
lar vein, but did not receive CA and CPR.

2.5 Drug Administrations and Experimental Design
Compound FPS (RAGE inhibitor, 10 mg/kg, HY-

19370, MedChemExpress LLC, Monmouth Junction, NJ,
USA) was administered via i.p. injection 24 h pre-surgery,
and again 1 h before the surgical procedure. The dosing pro-
tocol for the administration was based on previous research
findings [38]. Fig. 1A displays the experimental protocol.

2.6 Neurological Function Assessment
Neurological function was comprehensively assessed

using two distinct scoring systems (Supplementary Tables
1,2). First, a 12-point scale [39] was used to assess the
mice across six critical domains: responsiveness to stim-
uli; corneal reflex; respiration; righting reflex; coordina-
tion; and movement. Each domain was rated using a scale
from 0 to 2, with 0 signifying severe impairment and 2 sig-
nifying normal function. Second, a 9-point grading scale
[40]was used to evaluate neurological deficits based onmo-
tor performance. Mice were tested for their ability to climb
a vertical grid, balance on a horizontal bar, and hang from
a rope. Each task was scored from 0 to 3, where 0 rep-
resented severe disability and 3 represented normal func-
tion. Assessments were performed under standardized con-
ditions (quiet room, consistent illumination, and minimal
handling). Scoring was conducted independently by two
investigators who were blind to group allocation and study
hypotheses. When the discrepancy was ≥1 point, a third
senior investigator with extensive experience in behavioral
assessment re-evaluated the mouse, and the final score was
determined based on the third rating and consensus.

2.7 Hematoxylin-Eosin (H&E) Staining
Abnormal neuronal morphology was evaluated

through H&E staining. Mice were anesthetized by in-
duction in an anesthesia box with 5% isoflurane with
the inspired gas mixture at a 7:3 oxygen-nitrogen ratio.
After the mice were anesthetized, intracardiac perfusion
with 0.9% NaCl was performed, followed by fixation
in 4% paraformaldehyde (PFA, G1101, Wuhan Service-
bio Technology Co., Ltd., Wuhan, Hubei, China). The
brains were fixed overnight at 4 °C in 4% PFA, then
dehydrated and embedded in paraffin (Wuhan Servicebio
Technology Co., Ltd.). Serial coronal sections (4 µm) were
sliced, deparaffinized, stained using H&E, and examined
under an Olympus microscope (Olympus Corporation,
Hachioji-shi, Tokyo, Japan). Image analysis was per-
formed using ImageJ2 (version 2.16.0, Laboratory for
Optical and Computational Instrumentation, University of
Wisconsin–Madison, Madison, WI, USA).

2.8 Nissl Staining
Nissl staining was used in order to quantify the density

of cortical neurons. Brain tissue was extracted from anes-
thetized mice after decapitation and fixed in 4% PFA. After
fixation, the specimens were embedded in paraffin and sec-
tioned coronally at a thickness of 4 µm. The slices were
then dewaxed, rehydrated, and stained by immersing them
in a 0.2% cresyl violet solution (G1086, Wuhan Service-
bio Technology Co., Ltd.) for 10 min. Images of the brain
sections were obtained with an Olympus microscope. Nissl
body counting was performed using ImageJ software.

2.9 Terminal Deoxynucleotidyl Transferase dUTP Nick
End Labeling (TUNEL) Assay

The TUNEL assay was used to identify apoptotic
neurons, according to the protocol included with the In
Situ Cell-Death Detection Kit (PN0017, Wuhan Pinuofei
Biotechnology Co., Ltd., Wuhan, Hubei, China). Paraffin-
embedded brain-tissue sections were deparaffinized and
subsequently exposed to proteinase K (Wuhan Pinuofei
Biotechnology Co., Ltd.) to increase cellular membrane
permeability. Thereafter, the sections were incubated with
the TUNEL reaction solution at room temperature for 1 h
to facilitate the detection process. After DAPI (Wuhan Pin-
uofei Biotechnology Co., Ltd.) staining to label the nuclei,
the slides were then coverslipped using an anti-fade mount-
ing medium (Wuhan Pinuofei Biotechnology Co., Ltd.).
The tissue sections were examined under an Olympus mi-
croscope, and images were captured for quantification of
cortical apoptotic cells per slide.

2.10 Fluoro-Jade B (FJB) Staining
FJB staining was used to evaluate neuronal degenera-

tion and apoptosis. Brain sections were initially immersed
in 0.06% potassium permanganate for 10 min, followed
by incubation at room temperature for 20 min in 0.004%
FJB solution (Merck Millipore, AG310, Merck Millipore,
Darmstadt, Germany). After thorough rinsing and dry-
ing, the samples were coverslipped and analyzed using an
Olympus microscope. The FJB-positive cell count within
the cortical region was manually quantified using ImageJ
software.

2.11 Immunofluorescent Staining
After deparaffinization, rehydration, and antigen re-

trieval, tissue sections were delineated and then treated with
3% bovine serum albumin (GC305010, Wuhan Servicebio
Technology Co., Ltd.). Carefully prepared primary anti-
bodies, sourced from the following suppliers, were then ap-
plied to the samples: HMGB1 (GB11103, Wuhan Service-
bio Technology Co., Ltd.,1:500); RAGE (TC52809S, Ab-
mart, Shanghai, China, 1:500); Nrf2 (#12721, Cell Signal-
ing Technology, Danvers, MA, USA, 1:500); and caspase-
1 (341030, Chengdu Zen Bioscience Co., Ltd., Chengdu,
Sichuan, China, 1:500). The tissue slices were kept in a
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humidified chamber and incubated at 4 °C overnight to en-
sure adequate antibody binding. Next, the samples were
exposed to the corresponding secondary antibody (#4412
and #4408, Cell Signaling Technology, 1:1000) at room
temperature for 1 h. Fluorescence intensity was analyzed
with ImageJ software. HMGB1/RAGE colocalization anal-
ysis was as follows. Briefly, double immunofluores-
cence images were analyzed using ImageJ. For each group,
three mice were included; for each mouse, three sections
were analyzed, and one scanning field covering the corti-
cal region per section was quantified. Within predefined
cortical regions of interest (ROIs), HMGB1 and RAGE-
positive cells were identified using a consistent threshold-
ing strategy, and HMGB1+RAGE+ double-positive cells
were confirmed on individual channels and merged im-
ages. Colocalization was quantified as the percentage of
HMGB1+RAGE+double-positive cells among total cells,
with total cell number defined as the number of DAPI-
positive nuclei within the ROI.

2.12 Transmission Electron Microscopy (TEM)

After cardiac perfusion with physiological saline, we
immediately performed perfusion fixation using pre-chilled
2.5% glutaraldehyde fixative (G1102, Wuhan Servicebio
Technology Co., Ltd.). The target cortical region was
rapidly excised and sectioned into approximately 1 mm3

cubes using a sharp blade. These were transferred into
EP tubes containing the aforementioned fixative solution
for post-fixation at 4 °C for 4–6 h. Ultrastructural alter-
ations in mouse cortical neurons were imaged using a TEM
(HT7700, Hitachi High-Tech Corporation, Tokyo, Japan).
Neurons were identified by systematic scanning from low
to high magnification based on ultrastructural characteris-
tics.

2.13 Detection of Reactive Oxygen Species (ROS)
Generation

After rapid cryopreservation in liquid nitrogen, brain
tissue was embedded in OCT (G6059, Wuhan Servicebio
Technology Co., Ltd.) and sliced coronally. To visual-
ize ROS, sections were treated with dihydroethidium stain
(D7008, Sigma-Aldrich, St. Louis, MO,USA) for 30min at
room temperature in darkness. Images were acquired with
an Olympus microscope, and the fluorescence signals were
analyzed and quantified using ImageJ software.

2.14 Malondialdehyde (MDA) Assay and Superoxide
Dismutase (SOD) Assay

The level of lipid peroxidation was quantified using
the MDA assay, and SOD activity was measured as an in-
dicator of cellular capacity to neutralize ROS. Brain cortex
samples were carefully dissected, homogenized in saline,
and then subjected to centrifugation to obtain the super-
natant. The activities of SOD andMDAwere then assessed
using commercial assay kits (A001-3-2 andA003-1-2, Nan-

jing Jiancheng Bioengineering Institute, Nanjing, Jiangsu,
China) following the guidelines provided by the manufac-
turer.

2.15 Western Blot
To extract proteins, mouse brain cortex samples were

extensively homogenized in a lysis buffer (G2002, Wuhan
Servicebio Technology Co., Ltd.) using an ultrasonic
cell processor (Ningbo Scientz Biotechnology Co., Ltd.,
Ningbo, Zhejiang, China). The extracted protein sam-
ples were combined with 5× loading buffer, heated at 95
°C for 5 min, and subjected to electrophoresis on 10–
12% glycine gels (PG112-113, Epizyme Biotech Co., Ltd.,
Shanghai, China) for separation. The separated protein
bands were transferred onto the polyvinylidene fluoride
membrane (IPVH00010, MerckMillipore, Darmstadt, Ger-
many). Membranes were blocked using either a rapid
blocking buffer (PS108P, Epizyme Biotech Co., Ltd.) for
20 min or 5% skimmed milk powder in PBS for 1 h.
Then they were exposed to the appropriate primary anti-
body and incubated overnight at 4 °C: HMGB1 (GB11103,
Wuhan Servicebio Technology Co., Ltd., 1:1000); RAGE
(TC52809S, Abmart, 1:1000); and caspase-1 (341030,
Chengdu Zen Bioscience Co., Ltd., 1:500); gasdermin
D ( ER1907-37; HUABIO, Hangzhou, Zhejiang, China,
1:1000); Nrf2 (#12721, Cell Signaling Technology, 1:500);
or HO-1 (ab68477, Abcam, Cambridge, UK, 1:500). Af-
ter washing, the membranes were exposed to the respec-
tive secondary antibodies (#7074 and #7076, Cell Signal-
ing Technology, 1:10,000) and maintained at room temper-
ature for 1 h. To facilitate the detection of proteins with
varying molecular weights, membranes were horizontally
sectioned as needed. After three additional washes, pro-
tein signals were detected using an enhanced chemilumi-
nescence (ECL) kit (HY-K1005, MedChemExpress LLC)
and imaged with a Bio-Rad imaging system (Bio-Rad Lab-
oratories, Inc., Hercules, California, USA). Protein expres-
sion levels were analyzed semi-quantitatively by ImageJ
software.

2.16 Enzyme-Linked Immunosorbent Assay (ELISA)
Brain samples and peripheral blood were harvested

in sterile tubes and stored at –80 °C. Levels of cytokine
(IL-1β, IL-18, HMGB1, and RAGE) were quantified
with the use of ELISA kits: Mouse HMGB1 (MU30043,
Wuhan BioswampBiotechnology Co., Ltd., Wuhan, Hubei,
China); RAGE (MU31640, Wuhan Bioswamp Biotechnol-
ogy Co., Ltd.); IL-1β (JL18442, Shanghai Jianglai Indus-
trial Co., Ltd., Shanghai, China); and IL-18 (JL20253,
Shanghai Jianglai Industrial Co., Ltd.). Samples obtained
after the previously described procedure were processed,
with absorbance measured at 450 nm for all wells within
each subgroup. The concentrations of cytokines were then
determined by extrapolating values from the established
standard curve.

5

https://www.imrpress.com


Fig. 2. The HMGB1/RAGE axis is activated by CA/CPR. (A) Typical immunofluorescence pictures of HMGB1. (B) Statistics of the
proportion of HMGB1-positive cells across different groups. (C) Typical immunofluorescence pictures of RAGE. (D) Statistics of the
proportion of RAGE-positive cells across different groups. (E,F) ELISA quantification of HMGB1 levels in serum and cortex in different
groups. (G,H) ELISA quantification of RAGE levels in serum and cortex in different groups. Data are depicted as mean ± SEM. Scale
bar = 50 µm (n = 3/group). ****p < 0.0001, ***p < 0.001, **p < 0.01. SEM, standard error of the mean.

2.17 Statistical Analysis
All collected experimental results were subjected

to statistical analysis using GraphPad Prism (version
9.0.0.121, GraphPad Software, LLC, Boston, MA, USA),
and the findings are presented as mean ± standard error of
the mean (SEM). For comparisons between two groups, an
independent two-tailed Student’s t-test was used. For com-
parisons among multiple groups, one-way ANOVA was
performed. When the ANOVA indicated an overall sig-

nificant difference, Tukey’s multiple comparisons test was
applied for post-hoc pairwise comparisons across groups.
Statistical significance was set at p ≤ 0.05.

3. Results
3.1 The HMGB1/RAGE Axis was Activated by CA/CPR

To investigate alterations in RAGE and HMGB1 ex-
pression in mice after CA/CPR, cortical brain tissue and
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Fig. 3. FPS pretreatment prevented activation of the HMGB1/RAGE axis induced by CA/CPR. (A) Typical pictures of HMGB1
and RAGE double immunofluorescence staining. (B) Statistics of the proportion of HMGB1 and RAGE double-positive cells across
different groups. (C) Typical protein immunoblotting bands of HMGB1 and RAGE. (D,E) Relative protein expression semiquantitative
analysis of HMGB1 and RAGE across different groups. (F,G) ELISA quantification of HMGB1 levels in serum and cortex in different
groups. (H,I) ELISA quantification of RAGE levels in serum and cortex in different groups. Data are depicted as mean ± SEM. Scale
bar = 50 µm (n = 3/group). ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.

serum samples were analyzed using immunofluorescence
and ELISA 24 h post-CA. Immunofluorescence results re-
vealed a marked increase in RAGE and HMGB1 expres-
sion within the cerebral cortex of CA/CPR mice (Fig. 2A–
D). Subsequent ELISA assays further confirmed that serum
HMGB1 levels were significantly higher in the CA/CPR
group than in the sham group (Fig. 2E,F). Similarly, serum
RAGE levels were markedly higher in CA mice than in the

sham group (Fig. 2G,H). These results indicated that both
RAGE and HMGB1 were substantially upregulated during
PCABI, suggesting activation of the HMGB1/RAGE axis
and its potential involvement in the pathogenesis of PCABI.
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Fig. 4. FPS pretreatment attenuated the level of pyroptosis after CA/CPR. (A) Typical pictures of caspase-1 immunofluorescence
staining. (B) Quantitative assessment of caspase-1 fluorescence intensity in different groups. (C) Typical pictures of TUNEL immunoflu-
orescence staining. (D) Statistics of the proportion of TUNEL-positive cells in different groups. (E) Typical TEM pictures of cortical
tissue (n = 3/group). Scale bar = 2 µm (low magnification) and 500 nm (high magnification). Arrows indicate pyroptotic neurons ex-
hibiting cell membrane rupture (red) or organelle damage (orange). (F,G) ELISA quantification of the inflammatory cytokine IL-1β
and IL-18 levels in serum and cortex in different groups. (H) Typical protein immunoblotting bands: Pro-caspase-1; cleaved-caspase-1;
GSDMD; and N-GSDMD. (I–L) Relative protein expression semiquantitative analysis of pro-caspase-1, cleaved-caspase-1, GSDMD,
and N-GSDMD in different groups. Data are depicted as mean ± SEM. Scale bar = 50 µm (n = 3/group). ****p < 0.0001, ***p <

0.001, **p < 0.01, *p < 0.05, ns: not significant. IL-1β, interleukin-1 beta; GSDMD, gasdermin D.
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Fig. 5. FPS pretreatment reduced oxidative stress after CA/CPR. (A) Typical pictures of ROS immunofluorescence staining. (B)
Quantitative assessment of ROS fluorescence intensity in different groups. (C,D) Evaluation of SOD activity and MDA levels. Data are
depicted as mean ± SEM. Scale bar = 50 µm (n = 3/group). ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.

3.2 FPS Pretreatment Prevented Activation of the
HMGB1/RAGE Axis Induced by CA/CPR

Although FPS is considered a specific RAGE in-
hibitor, the mechanistic basis for its suppression of RAGE
activity in mouse brain tissue remains unclear. In the
present study, immunofluorescence analysis revealed that,
under physiological conditions, HMGB1 and RAGE ex-
hibited only partial overlap in the mouse cerebral cor-
tex, indicating a relatively low degree of colocalization
(Fig. 3A). The CA/CPR + FPS group showed markedly less
HMGB1/RAGE colocalization than did the CA/CPR + ve-
hicle group (p = 0.0009, Fig. 3B). Consistent with the above
observations, Western Blot analysis (Fig. 3C, the original
Western blot image can be seen in the Supplementary
Material-Western Blot) demonstrated significantly lower

HMGB1 protein levels in cortex of the CA/CPR + FPS-
pretreated group than in the CA/CPR + vehicle group (p =
0.0299, Fig. 3D), accompanied by a substantial decrease in
RAGE protein levels (Fig. 3E). Furthermore, ELISA anal-
ysis revealed that HMGB1 and RAGE levels in both serum
and cortex were significantly lower in the FPS–pretreated
group than in the CA/CPR + vehicle group (Fig. 3F–I).
Taken together, these findings suggested that FPS pre-
treatment exerted its effects, at least in part, by inhibiting
CA/CPR-induced activation of the HMGB1/RAGE signal-
ing pathway.
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Fig. 6. FPS pretreatment upregulated Nrf2 and HO-1 expression after CA/CPR. (A) Typical pictures of Nrf2 immunofluorescence
staining. (B) Statistics of the proportion of Nrf2-positive cells in different groups. (C) Typical protein immunoblotting bands of Nrf2
and HO-1. (D,E) Relative protein expression semiquantitative analysis of Nrf2 and HO-1 in different groups. Data are depicted as mean
± SEM. Scale bar = 50 µm (n = 3/group). ****p < 0.0001, **p < 0.01, *p < 0.05.

3.3 FPS Pretreatment Attenuated the Level of Pyroptosis
After CA/CPR

Recent research has demonstrated that the
HMGB1/RAGE axis is critically involved in mediat-
ing pyroptosis in neonatal hypoxic-ischemic brain injury
and Kawasaki disease. Pretreatment with FPS has been
shown to inhibit pyroptosis under these pathological
conditions [27,28]. Building on these findings, the
present study investigated whether FPS pretreatment
could similarly attenuate CA/CPR-induced pyroptosis.
Immunofluorescence (Fig. 4A–D) analysis revealed that,
after CA/CPR, levels of activated caspase-1 and the
proportion of TUNEL-positive cells in the mouse cerebral
cortex were significantly increased. By contrast, FPS
pretreatment markedly reduced activated caspase-1 levels
and the number of TUNEL-positive cells. Notably, we
used TUNEL as an indicator of DNA fragmentation and
overall cell-death burden. To further explore pyroptosis,
TEM revealed prominent ultrastructural cortical neuronal
damage after CA/CPR, including membrane disruption,
nuclear condensation, and severe organelle injury, which
were alleviated by FPS pretreatment (Fig. 4E). As ex-
pected, ELISA (Fig. 4F,G) assays demonstrated that the
concentrations of the cytokines IL-1β and IL-18 in the

serum and brain tissue were significantly higher after
CA/CPR. However, FPS pretreatment significantly blunted
this increase. Protein analysis (Fig. 4H–L, the original
Western Blot image can be seen in the Supplementary
Material-Western Blot) showed that CA/CPR mice ex-
pressed higher levels of cleaved caspase-1 p20, GSDMD,
and its N-terminal fragment N-GSDMD than did the sham
group. It is important to note that FPS pretreatment sub-
stantially downregulated these protein levels. These results
suggested that FPS pretreatment effectively suppressed
CA/CPR-induced pyroptosis.

3.4 FPS Pretreatment Reduced Oxidative Stress After
CA/CPR

To further elucidate the molecular mechanisms
through which FPS mitigates PCABI, we measured ox-
idative stress levels induced by CA/CPR. As illustrated
in Fig. 5A,B, immunofluorescence analysis demonstrated
that CA/CPR significantly elevated ROS production in the
cerebral cortex; whereas this effect was diminished by
pretreatment with FPS. In addition, cortical SOD activity
was markedly higher in the FPS-pretreated group than the
CA/CPR + vehicle group (p = 0.0495, Fig. 5C), and ac-
companied by a substantial reduction in MDA levels (p =
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Fig. 7. FPS pretreatment reduced neuron damage after CA/CPR. The mouse brain cortex was stained with H&E, Nissl, and FJB 3
days after CA/CPR to assess neuropathological damage. (A) Typical pictures of H&E staining. (B) Number of dead cortical neurons.
(C) Typical pictures of Nissl staining. (D) Quantification of Nissl-positive cells. (E) Typical pictures of FJB staining. (F) Quantification
of FJB-positive cells. Data are depicted as mean ± SEM. Scale bar = 50 µm (n = 3/group). ****p < 0.0001, **p < 0.01.

0.0001, Fig. 5D). Collectively, these findings indicated that
FPS pretreatment significantly alleviated CA/CPR-induced
oxidative stress.

3.5 FPS Pretreatment Upregulated Nrf2 and HO-1
Expression After CA/CPR

Previous research demonstrated that FPS possesses
antioxidant properties and can upregulate Nrf2 and HO-1
levels in a dose-dependent fashion, thereby providing pro-
tective effects [35]. Based on those findings, we hypoth-
esized that FPS pretreatment attenuates CA/CPR-induced
oxidative injury by modulating the Nrf2-HO1 axis. To
examine changes in Nrf2 and its downstream antioxi-
dant signaling, we performed immunofluorescence stain-
ing (Fig. 6A,B) and Western Blot analysis (Fig. 6C–E, the
originalWestern Blot image can be seen in the Supplemen-
taryMaterial-WesternBlot). Immunofluorescence exam-
ination revealed that Nrf2 expression exhibited a slight el-
evation after CA/CPR. This suggested that CA/CPR ma-

nipulation stimulated Nrf2 expression to a modest increase,
although it did not produce a sufficient protective effect.
Notably, FPS pretreatment markedly increased the overall
Nrf2 protein signal after CA/CPR. Consistent with these
findings, Western Blot analysis further confirmed that FPS
pretreatment significantly upregulated total Nrf2 protein
levels as well as the key downstream effector HO-1 after
CA/CPR. Collectively, these results indicated that FPS pre-
treatment strongly enhanced Nrf2 protein expression after
CA/CPR, accompanied by upregulation of the antioxidant
protein HO-1. These results are consistent with the effect
of FPS pretreatment in reducing oxidative stress, suggest-
ing that the Nrf2/HO-1 signaling axis may be involved in
its protective effect against oxidative stress after CA/CPR.

3.6 FPS Pretreatment Reduced Neuron Damage After
CA/CPR

To further characterize the neuropathological alter-
ations in the brain after CA/CPR, brain samples were har-
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Fig. 8. FPS pretreatment ameliorated neurological function and survival after CA/CPR. (A) Survival percentage of mice was
measured 3 days. Survival curves were generated using the Kaplan–Meier method and compared by the log-rank (Mantel–Cox) test.
(B,C) 9-point and 12-point scoring systems at 1 and 3 days. (D) Body weight reduction in mice was observed at 1 and 3 days. Data are
depicted as mean ± SEM (n = 13/group). ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.

vested on postoperative day 3 and subjected to H&E, Nissl,
and FJB staining. The H&E (Fig. 7A,B) results showed
that neurons in the sham group displayed clear, intact mor-
phology. In contrast, the CA/CPR + vehicle group neu-
rons were atrophied, with a reduced cytoplasmic volume,
and nuclei and nucleoli were blurred. In the CA/CPR +
FPS group, the majority of neurons retained relatively nor-
mal cytoplasmic and nuclear architecture, and only a small
proportion of cells showed mild shrinkage, characterized
by decreased cytoplasm and atypical nuclei. Nissl stain-
ing further demonstrated pronounced neuronal damage in
the CA/CPR + vehicle group, characterized by pyknosis,
karyorrhexis, and karyolysis, a notable loss of Nissl bodies,
and a reduction in Nissl-positive neuronal counts compared
with the sham group (p< 0.0001, Fig. 7C,D). Notably, FPS
pretreatment resulted in a markedly higher count of Nissl-
positive neurons than in the CA/CPR + vehicle group (p
= 0.0065, Fig. 7C,D). FJB staining revealed a lower num-
ber of FJB-positive cells in the FPS pretreatment group,
indicating less neuronal degeneration and better neuronal
survival than in the CA/CPR + vehicle group (p < 0.0001,
Fig. 7E,F). Taken together, these data showed that FPS al-
leviated PCABI and conferred a neuroprotective effect.

3.7 FPS Pretreatment Ameliorated Neurological Function
and Survival After CA/CPR

Neurological outcomes after CA/CPR were assessed
using 9- and 12-point neurological-function scoring sys-
tems. Body weight changes were monitored on days 1

and 3 after resuscitation, and survival rates were recorded
daily. Survival analysis (Fig. 8A) showed that the FPS
pretreatment group showed markedly better survival rates
than did the CA/CPR + vehicle group, with higher sur-
vival rates at 1 day (69.23% vs. 46.15%), 2 days (69.23%
vs. 30.77%), and 3 days (53.85% vs. 23.08%). Analysis
of neurological-function scores indicated pronounced func-
tional impairment in the CA/CPR group relative to the sham
group at both time points. On the 9-point scale (Fig. 8B),
the mean scores in the CA/CPR group were 1.00 on day 1
and 0.33 on day 3, whereas on the 12-point scale (Fig. 8C),
the corresponding scores were 6.17 on day 1 and 3.33 on
day 3. In contrast, mice receiving FPS pretreatment exhib-
ited significantly better neurological performance than did
the CA/CPR + vehicle group: the 9-point scores increased
to 2.22 on day 1 (p = 0.0079) and 1.86 on day 3 (p = 0.0128),
and the 12-point scores rose to 7.56 on day 1 (p = 0.0005)
and 6.43 on day 3 (p < 0.0001). Furthermore, analysis of
weight changes (Fig. 8D) revealed that mice in the FPS pre-
treatment group experienced significantly less weight loss
than did the CA/CPR + vehicle group on both day 1 (1.46
g vs. 2.78 g, p = 0.018) and day 3 (2.53 g vs. 4.31 g, p
= 0.0109). In summary, these data suggested that FPS im-
proved neurological outcomes in mice after CA/CPR.

4. Discussion
In the present study, we demonstrated that the

HMGB1/RAGE axis was activated after CA/CPR. Pharma-
cological inhibition of this axis with FPS pretreatment sig-
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nificantly reduced pyroptosis, ROS accumulation, and sup-
pressed the release of inflammatory mediators. These find-
ings demonstrated that FPS exerted both anti-inflammatory
and antioxidant actions. Additional experiments further in-
dicated that the antioxidant properties of FPS might be me-
diated, at least in part, by activation of the Nrf2/HO-1.

The pathophysiology of PCABI consists of two
phases: global cerebral ischemia and subsequent reperfu-
sion after ROSC [41]. In the early phase of reperfusion, lev-
els of ROS rise sharply, and ischemic necrotic neurons re-
lease large amounts of DAMPs. They are recognized by the
innate immune system and trigger an inflammatory cascade
that exacerbates PCABI [42,43]. Previous studies have
shown that the binding of HMGB1 to its receptor, RAGE,
activates multiple downstream signaling molecules, includ-
ing nuclear factor kappa B (NF-κB), p38, and extracellular
signal-regulated kinase 1/2 (ERK1/2) [44]. Moreover, ex-
cessive activation of RAGE promotes neuronal apoptosis
[14]. Clinical evidence also supports the pivotal role of this
pathway in brain injury: in patients with stroke, circulat-
ing levels of RAGE and HMGB1, as well as their interac-
tion, are markedly elevated [14], and increased plasma con-
centrations of HMGB1 and the cleaved RAGE are closely
associated with poor outcomes after ischemic brain injury
[45,46]. Those findings suggest that the HMGB1/RAGE
axis represents a critical regulatory node in ischemic brain
injury. On this basis, we used a KCl-induced CA mouse
model to evaluate changes in the HMGB1/RAGE axis af-
ter CA/CPR and their association with neurological out-
comes. Our results showed that PCABI caused severe im-
pairment of neural function. Concurrently, HMGB1 and
RAGE were strongly co-expressed in cortical neurons, and
their release levels in brain tissue and serum were signif-
icantly increased. By pharmacologically blocking the in-
teraction between HMGB1 and RAGE, we found that CA-
induced upregulation and increased release of HMGB1 and
RAGE could be effectively reversed. Furthermore, inhibit-
ing the HMGB1/RAGE axis significantly improved neu-
rological outcomes in mice post-CA/CPR. These findings
suggested aberrant activation of the HMGB1/RAGE axis
after CA/CPRmight contribute to the onset and progression
of PCABI, and that therapeutic strategies targeting this sig-
naling axis could exert a protective effect against PCABI.

Pharmacological inhibition of RAGE can mitigate
myocardial IRI in rats [47]. Singh and Agrawal [34]
showed that FPS treatment reduced the interaction between
RAGE and its ligand HMGB1, thereby reducing HMGB1
expression. Thus, it reduced neuroinflammation and ex-
erted a neuroprotective effect in ischemic brain injury [48].
FPS is highly effective, well-tolerated, and readily crosses
the blood-brain barrier; it is therefore considered a novel
therapeutic candidate with substantial translational poten-
tial [49]. Our findings demonstrated that FPS pretreatment
suppressed the upregulation of the HMGB1/RAGE axis af-
ter CA. In addition, FPS administration significantly im-

proved overall outcomes after CA, including increased sur-
vival, enhanced neurological recovery, and reduced body
weight loss. Histological analyses further provided mor-
phological evidence for its neuroprotective effects: H&E,
Nissl, and FJB staining showed that FPS pretreatment at-
tenuated structural damage, increased the number of sur-
viving neurons, and reduced apoptotic cell death, indicat-
ing a marked reduction in neuronal degeneration and loss.
In summary, this study emphasized that FPS, through mod-
ulation of the HMGB1/RAGE axis, might represent a po-
tential therapeutic agent in mitigating IRI induced by CA.

Pyroptosis is a key contributor to the initiation and de-
velopment of PCABI [50–52]. Once released extracellu-
larly, either actively or passively, HMGB1 binds to RAGE
receptors on macrophages, triggering a dynamic, receptor-
mediated endocytosis. That then leads to inflammasome
activation, pyroptosis, and the release of inflammatory me-
diators [26,53]. Based on these findings, our study inves-
tigated whether FPS pretreatment alleviated neuronal py-
roptosis after CA/CPR by inhibiting the HMGB1/RAGE
axis. Our results demonstrated that CA/CPR indeed in-
duced significant neuronal pyroptosis in mice, as indicated
by a marked upregulation of key pyroptosis-related pro-
teins (cleaved caspase-1, GSDMD, N-GSDMD) and down-
stream inflammatory cytokines (IL-1β, IL-18). However,
pretreatment with FPS downregulated these pyroptosis-
related proteins and inflammatory cytokines. These find-
ings collectively suggested that FPS pretreatment conferred
neuroprotection after CA, at least in part by mitigating py-
roptosis. However, the precise mechanistic link between
the FPS-regulated HMGB1/RAGE axis and pyroptosis re-
mains to be further elucidated through additional experi-
ments.

At present, ROS-mediated oxidative stress is essen-
tial in PCABI [54,55]. The Nrf2 pathway has been shown
to mitigate ROS-driven oxidative stress and improve neu-
rological recovery after CA resuscitation [56–58]. RAGE
activation may be closely associated with the accumula-
tion of ROS in the nervous system [59]. FPS has been re-
ported to inhibit NADPH oxidase activation and subsequent
ROS production [60]. Consistent with previous findings,
the present study showed that FPS notably upregulated the
Nrf2/HO-1 antioxidant, reduced ROS accumulation, and al-
leviated oxidative stress after CA. However, this study did
not include causal validation of the involved signaling path-
ways through in vivo gene-knockout experiments. There-
fore, additional investigations are necessary to clarify the
precise protective mechanism of FPS in PCABI.

This study had several limitations: (1) We evaluated
the relationship between the action of FPS and pyroptosis
after CA. However, we could not exclude the possibility
that the HMGB1/RAGE pathway regulated by FPS may
contribute to themodulation of other types of cell death. For
instance, studies have demonstrated HMGB1/RAGE axis
exacerbates myocardial IRI in mice by regulating apoptosis
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and autophagy [53]. (2) We only investigated short-term
changes to the HMGB1/RAGE pathway and the effect of
FPS pretreatment after CA/CPR and did not assess long-
term outcomes. Future studies should include additional
long-term assessment time points (e.g., 7 and 14 days af-
ter CA) to systematically evaluate the dynamic changes as-
sociated with persistent activation of the HMGB1/RAGE
axis and the sustained effects of FPS. Previous research has
demonstrated that HMGB1 protein levels in rat hippocam-
pus are significantly increased at 1 day after CA and con-
tinue to rise over the next 7 days [61], suggesting that this
pathway may contribute to brain injury over a longer time.
(3) The assessment of inflammation in the present studywas
not exhaustive. We only analyzed IL-18 and IL-1β lev-
els, which are closely associated with pyroptosis, but did
not characterize the broader network of inflammatory me-
diators downstream of the HMGB1/RAGE axis. However,
studies have shown that activation of the HMGB1/RAGE
axis leads to the upregulation of additional proinflamma-
tory cytokines (e.g., IL-6 and tumor necrosis factor alpha
[TNF-α]) via the classical pro-inflammatory NF-κB path-
way, generating a positive feedback loop. This worsens
pyroptosis by intensifying the inflammatory response and
triggering inflammasome activation [13]. Therefore, fu-
ture studies should incorporate additional lines of evidence,
such as measurements of TNF-α, IL-6, NF-κB activation,
and other downstream mediators, to comprehensively char-
acterize the HMGB1/RAGE axis-driven inflammatory net-
work and delineate its role in PCABI. (4) FPS was ad-
ministered prior to CA in the present study, which repre-
sented a pretreatment paradigm and did not fully recapitu-
late clinical practice, where interventions are typically ini-
tiated after ROSC. Therefore, our findings should be inter-
preted primarily as pharmacological proof-of-concept sup-
porting the HMGB1/RAGE axis as a druggable pathway
in PCABI. Future studies should determine the therapeutic
time window and optimal regimen for post-ROSC adminis-
tration (e.g., different treatment delays and repeated dosing)
to strengthen translational relevance.

5. Conclusion
In summary, pretreatment with FPS in a CA model

was found to exert neuroprotective function by regulating
the HMGB1/RAGE axis. It attenuated oxidative stress and
pyroptosis associated with PCABI, thereby reducing cere-
bral damage and improving neurological outcomes.
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