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ABSTRACT
Background. Ischemic stroke frequently leads to a condition known as post-stroke
cognitive impairment (PSCI). Timely recognition of individuals susceptible to devel-
oping PSCI could facilitate the implementation of personalized strategies to mitigate
cognitive deterioration. High mobility group box 1 (HMGB1) is a protein released by
ischemic neurons and implicated in inflammation after stroke. Circulating levels of
HMGB1 could potentially serve as a prognostic indicator for the onset of cognitive
impairment following ischemic stroke.
Objective. To investigate the predictive value of circulating HMGB1 concentrations in
the acute phase of ischemic stroke for the development of cognitive dysfunction at the
3-month follow-up.
Methods. A total of 192 individuals experiencing their initial episode of acute cerebral
infarction were prospectively recruited for this longitudinal investigation. Concentra-
tions of circulating HMGB1 were quantified using an enzyme-linked immunosorbent
assay (ELISA) technique within the first 24 hours following hospital admission. Patients
underwent neurological evaluation including NIHSS scoring. Neuropsychological
evaluation was conducted at the 3-month follow-up after the cerebrovascular event,
employing theMontreal CognitiveAssessment (MoCA) as the primary tool for assessing
cognitive performance. Multivariable logistic regression models were employed to
investigate the relationship between circulating HMGB1 concentrations and cognitive
dysfunction following stroke, which was operationalized as a MoCA score below 26,
while controlling for potential confounders including demographic characteristics,
stroke severity, vascular risk factors, and laboratory parameters.
Results. Of 192 patients, 84 (44%) developed PSCI. CirculatingHMGB1 concentrations
were significantly elevated in individuals who developed cognitive dysfunction follow-
ing stroke compared to thosewhomaintained cognitive integrity (8.4± 1.2 ng/mLvs 4.6
± 0.5 ng/mL, respectively; p< 0.001). The prevalence of PSCI showed a dose-dependent
increase with higher HMGB1 quartiles. After controlling for potential confounders
such as demographic factors (age, gender, and education), stroke severity, vascular
risk factors, and laboratory parameters in a multivariable logistic regression model,
circulating HMGB1 concentrations emerged as a significant independent predictor of
cognitive dysfunction following stroke (regression coefficient = 0.236, p< 0.001).
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Conclusion. Circulating HMGB1 concentrations quantified within the first 24 hours
following acute cerebral infarction are significantly and independently correlated with
the likelihood of developing cognitive dysfunction at the 3-month follow-up, even
after accounting for potential confounding factors. HMGB1 may be a novel biomarker
to identify patients likely to develop post-stroke cognitive impairment for targeted
preventive interventions.

Subjects Immunology, Neurology, Pathology, Biomechanics
Keywords Ischemic stroke, Cognition, HMGB1, Biomarker, Cognitive impairment

INTRODUCTION
Post-stroke cognitive impairment (PSCI) is increasingly recognized as a major health issue,
affecting up to 64% of stroke survivors (Cumming & Brodtmann, 2011; Chen et al., 2022).
However, our ability to predict cognitive outcomes after stroke remains limited (Lees et al.,
2014). Identifying blood-based biomarkers associated with poststroke cognitive decline is
critically needed to allow early identification of patients at risk, guide treatment decisions,
and shed light on underlying mechanisms (Kisler et al., 2017). Serum biomarkers offer key
advantages as they can be measured easily in routine clinical practice using standardized
assays (Miao & Liao, 2014). Increased blood–brain barrier permeability after ischemia
allows brain-derived proteins like neurofilament light and tau to enter the bloodstream
(Skillbäck et al., 2014). Elevated serum levels of these neuronal damage markers after stroke
may predict more severe damage and a higher risk of later cognitive problems (Hesse et
al., 2000). Establishing reliable serum biomarkers for poststroke cognitive impairment will
accelerate prognostication, enable early targeted interventions, and ultimately improve
functional outcomes in this vulnerable patient population.

High mobility group box 1 (HMGB1) has been identified as a crucial player in
orchestrating detrimental inflammatory responses in various acute cerebral insults,
including stroke, and has also been implicated in the pathogenesis of several
neurodegenerative disorders. HMGB1 is a ubiquitous protein found in the nuclear and
cytoplasmic compartments of virtually all cell types, playing a crucial role in the regulation
of gene expression and the maintenance of chromatin architecture under homeostatic
conditions (Chen et al., 2019; Sun et al., 2019). However, during states of cellular damage
or stress, HMGB1 can be actively secreted or passively released into the extracellular
space where it triggers inflammatory pathways. Ischemic stroke leads to extensive HMGB1
release from dying neurons in the infarct core starting within 30 min of onset, followed by a
delayed second wave of active HMGB1 secretion from reactive astrocytes andmicroglia that
can persist for weeks (Hayakawa, Qiu & Lo, 2010; Chen et al., 2019). In both experimental
animal stroke models and clinical studies involving human subjects, elevated peripheral
blood concentrations of HMGB1 have been observed following acute cerebral ischemia,
which is thought to reflect the ongoing neuroinflammatory processes triggered by the
ischemic insult (Liu et al., 2007; Muhammad et al., 2008). There is growing evidence from
preclinical rodent studies that extracellular HMGB1 drives maladaptive pro-inflammatory
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processes during the acute phase of ischemia through receptors like RAGE, TLR2, and TLR4
which lead to expansion of infarct size and worsened functional outcomes (Muhammad
et al., 2008; Hayakawa, Qiu & Lo, 2010). HMGB1 is also implicated as a key mediator
of chronic neuroinflammation, white matter injury, neurovascular unit disruption, and
network dysfunction in the weeks to months after an initial stroke which may contribute
to secondary neurodegeneration and associated cognitive impairment (Sumbria, Boado
& Pardridge, 2012). While some studies have suggested an association between higher
circulating concentrations of HMGB1 and a greater likelihood of cognitive deterioration
following stroke in human subjects, the evidence remains inconclusive due to conflicting
results reported in the literature (Yang et al., 2010). Elucidating the specific mechanisms
by which HMGB1 signaling triggers subacute and long-term neuroinflammation that
may lead to post-stroke cognitive deficits is an important avenue for the development of
targeted therapies to improve functional outcomes after ischemic brain injury.

Despite emerging evidence linking early elevated HMGB1 levels with the risk of post-
stroke cognitive dysfunction, most prior studies had small sample sizes and measured
HMGB1 beyond the initial 24-hour period when neuroinflammatory processes rapidly
escalated. Additionally, detailed cognitive assessments were often lacking. Whether very
early HMGB1 levels are associated with later development of post-stroke cognitive
impairment requires further investigation. This study aimed to address critical gaps in
knowledge by evaluating serum HMGB1 levels drawn within 24 h of ischemic stroke as a
predictor of cognitive impairment determined by validated neuropsychological screening
at 3-month follow-up. We hypothesized that acute elevations in systemic HMGB1 would
independently predict the risk of post-stroke cognitive decline even after accounting for
potential confounding factors. Elucidating the prognostic utility of ultra-early HMGB1 for
the development of cognitive sequelae after ischemic stroke is an important step toward
identifying at-risk patients for targeted monitoring and preventative therapies, as well as
unraveling the complex mechanisms of post-stroke neuroinflammation and secondary
neurodegeneration.

MATERIAL AND METHODS
Study participants
This longitudinal investigation recruited individuals hospitalized at the Qingpu Branch
of Zhongshan Hospital due to an initial episode of acute cerebral infarction, which was
corroborated by neuroimaging findings. Inclusion criteria were age≥18 years, stroke onset
<7 days before admission, and no prior dementia/cognitive impairment. Patients were
excluded if they had hemorrhagic stroke, severe aphasia, inability to complete cognitive
testing, history of central nervous system disease, presence of infection/inflammatory
or autoimmune disorder, chronic liver/kidney disease, alcoholism, substance abuse, use
of medications affecting cognition, lacked serum HMGB1 measurement within 24 h, or
could not complete 3-month follow-up. Prior to enrollment, all subjects or their legally
designated surrogates provided written consent after being fully informed about the study.
The investigation was conducted in compliance with the ethical principles outlined in the
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Declaration of Helsinki and received approval from the Institutional Review Board of Jinan
First People’s Hospital (reference number: JNFH-20210069).

Figure 1 employed a schematic diagram to illustrate the subject recruitment and inclusion
criteria for a longitudinal investigation assessing the predictive value of circulating HMGB1
concentrations in the development of cognitive dysfunction following acute ischemic
stroke. The flowchart starts with 315 patients with first-ever acute ischemic stroke screened
for eligibility. 18 patients were excluded for reasons like hemorrhagic stroke, severe
aphasia, inability to undergo cognitive testing, prior central nervous system disease,
active infections, chronic organ disease, and substance abuse. Another 105 patients were
excluded due to lack of blood sample forHMGB1 testing, loss to follow-up, withdrawal, new
neurological/psychiatric illnesses, or use of medications affecting cognition. The remaining
192 eligible patients were enrolled and underwent baseline assessments including NIHSS
scores, brain imaging, laboratory tests, and measurement of serum HMGB1 levels over
24 h. Neuropsychological evaluation was conducted at the 3-month post-stroke time
point, employing the Montreal Cognitive Assessment (MoCA) as the primary tool for
measuring cognitive performance. MOCA score <26 was categorized as post-stroke
cognitive impairment (PSCI) group (n= 84), and MOCA score ≥26 was categorized as
non-PSCI group (n= 108). Lastly, circulating HMGB1 concentrations were contrasted
between individuals who developed cognitive dysfunction following stroke and those who
maintained cognitive integrity to evaluate the potential of this biomarker in forecasting the
occurrence of neuropsychological deficits in the post-stroke period.

Baseline characteristics
Upon inclusion in the study, demographic and background information was gathered
for each participant. The data collected encompassed factors such as chronological age,
biological sex, and the extent of formal schooling. The demographic and clinical data of
each enrolled subject were meticulously documented by trained personnel to facilitate
subsequent statistical evaluation. Baseline data collection included demographics, stroke
severity (NIHSS score), vascular risk factors, lab results, and serum HMGB1 levels within
24 h of admission. Follow-up at 3 months assessed cognitive function using the Montreal
Cognitive Assessment.

Blood samples test
Within the first 24 h of hospitalization, a sample of fasting peripheral venous blood was
obtained from each participant. The blood collected in the serum separation tube (SST)
was allowed to clot at room temperature for 30 min before being centrifuged at 1,000 × g
for a quarter of an hour. All participants were instructed to fast for at least 12 h prior to
blood sample collection, abstaining from food and beverages other than water during this
period. The serum from each subject was either used immediately for analysis or divided
into aliquots and stored at −20 ◦C for future use. The levels of HMGB1 in the serum were
quantified using an enzyme-linked immunosorbent assay (ELISA) kit (Abcam, Cambridge,
MA, USA) following the protocol provided by the manufacturer. In summary, the assay
involved the following steps: first, microtiter plates pre-coated with capture antibodies
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Figure 1 The flowchart showing the patient selection process for the serumHMGB1 study predicting
post-stroke cognitive impairment.

Full-size DOI: 10.7717/peerj.17309/fig-1

were incubated with standards and appropriately diluted serum samples in assay buffer
for 2 h at ambient temperature. After a washing step, the plates were then incubated
with HRP-conjugated detection antibodies for 2 h, followed by a 1-hour incubation with
streptavidin-HRP. TMB substrate was added for color development which was stopped
using 2N H2SO4. Absorbance was measured at 450nm. Standard curves were plotted
using 4-parameter logistic regression and sample concentrations were interpolated from
the standard curve. Before the addition of samples, capture antibodies were diluted in
carbonate-bicarbonate buffer and incubated at 4 ◦C for 12 h. Subsequently, the plates were
blocked with PBS containing 1%BSA for 60min. Following each incubation step, the plates
were washed thrice using PBS-Tween 20 wash buffer with the aid of an automated plate
washing system. All samples were assayed in duplicate and average values were reported.

Other clinical laboratory tests were assayed from blood samples using standardmethods.
For example, fasting blood glucose (FBG) was measured using the hexokinase method on
an automated analyzer. The concentrations of high-density lipoprotein (HDL) and low-
density lipoprotein (LDL) cholesterol, as part of the lipid panel, were quantified employing
enzyme-based colorimetric techniques performed on an automated analytical system.
Complete blood count including hemoglobin and leukocyte count was analyzed using
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a hematology analyzer. Following a 5-minute period of seated rest, both systolic blood
pressure (SBP) and diastolic blood pressure (DBP) were measured using a conventional
mercury-based sphygmomanometer. All clinical laboratory tests were performed by
experienced technicians with no knowledge of the clinical data. Commercial quality
control materials were used to validate test procedures and reliability.

Neurological assessment
The severity of the stroke was evaluated by a minimum of two qualified neurologists within
the first 24 h of hospitalization, employing the National Institutes of Health Stroke Scale
(NIHSS) as the primary assessment tool. The NIHSS is a comprehensive assessment tool
that assesses the degree of neurological deficit across 11 distinct categories, which include
level of consciousness, gaze, visual fields, facial paralysis, motor function, coordination,
sensory perception, language, speech articulation, and spatial attention. Each domain
scores between 0–4 with 0 being normal and higher scores indicating greater deficit
severity. Total NIHSS scores range from 0–42 with scores of 0–6 indicating mild stroke,
7–15 moderate stroke, and 15–42 severe stroke. Certified raters followed standardized
instructions for administering the NIHSS. Scores were based on observed performance and
neurological examination. The NIHSS took approximately 5–10 min to administer and
score. To minimize potential biases associated with the subjective nature of the NIHSS,
all neurological assessments were performed by trained and certified neurologists. The
neurologists underwent standardized training to ensure consistency in the administration
and scoring of the NIHSS. Regular quality control measures, such as inter-rater reliability
assessments, were conducted to maintain high levels of consistency across evaluators.

Cognitive assessment
Neuropsychological status was assessed at the 3-month follow-up after the cerebrovascular
event by a minimum of two qualified neuropsychologists, employing the Montreal
Cognitive Assessment (MoCA) as the primary evaluation tool. The MoCA is a
comprehensive cognitive screening tool that evaluates performance across eight distinct
neuropsychological domains, utilizing a total of 30 items. These domains and their
corresponding maximum scores include: visuospatial/executive abilities (5 points), object
naming (3 points), memory encoding (5 points), attentional capacity (6 points), language
processing (3 points), abstract reasoning (2 points), delayed memory retrieval (5 points),
and spatial and temporal orientation (6 points). Each item scores 1 point for correct
responses with a total possible score of 30. In accordance with established criteria,
individuals who obtained scores of 26 or higher on the MoCA were classified as having
intact cognitive function, whereas those with scores below the 26-point threshold were
considered to have cognitive deficits, indicative of post-stroke cognitive impairment
(PSCI). An extra point was given to subjects with ≤12 years of education to account for
educational bias. The MoCA examination took approximately 10–15 min to administer.
Standardized instructions were provided in the subjects’ native languages using validated
translated MoCA versions. Subjects were allowed to use necessary assistive devices like
hearing aids and glasses. We have obtained the written permission to use the MoCA from
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the copyright holder. To reduce potential biases related to the subjective nature of the
MoCA, all cognitive assessments were conducted by experienced neuropsychologists who
were blinded to the participants’ clinical information. The neuropsychologists received
standardized training in the administration and scoring of theMoCA to ensure consistency.
Regularly scheduled calibration sessions were held to maintain inter-rater reliability and
minimize variability in scoring.

Logistic regression analysis
To assess the association between serum HMGB1 levels and risk of post-stroke cognitive
impairment, multivariate logistic regression models were constructed with PSCI as
the dependent variable. First, a foundational model was constructed, accounting for
demographic characteristics (age, sex, educational attainment), cardiovascular risk factors
(elevated blood pressure, diabetes mellitus, tobacco use), and the extent of neurological
deficits as assessed by the NIHSS. A second model with additional adjustment for lipid
levels was then created to account for potential confounding by these metabolic factors.
Finally, a fully adjusted model controlling for all potential confounders was created. This
included the demographic factors, vascular risk factors, NIHSS score, lipid levels as well
as other laboratory parameters like hemoglobin and leukocyte counts. Serum HMGB1
was modeled both as a continuous variable and categorically by quartiles in the regression
analyses to assess for dose-dependent relationships. To quantify the relationship between
circulating HMGB1 concentrations and the likelihood of developing post-stroke cognitive
impairment, odds ratios and their corresponding 95% confidence intervals were derived.
Statistical significance was set at a threshold of 0.05 for two-tailed tests. The logistic
regression models were constructed and analyzed using the 23th iteration of the Statistical
Package for the Social Sciences (SPSS) software (IBM Corp., Armonk, NY, USA).

Statistical analysis
Continuous data were presented as mean ± standard deviation for variables following a
normal distribution, while those with a non-normal distribution were reported as median
(interquartile range). Categorical data were expressed as percentages. Comparisons between
groups were performed using the following statistical tests: Student’s t -test for normally
distributed continuous variables, Mann–Whitney U test for continuous variables with a
skewed distribution, and chi-square test for categorical variables. Statistical analyses were
conducted using the 23rd version of the Statistical Package for the Social Sciences (SPSS)
software (IBM Corp., Armonk, NY, USA). The threshold for statistical significance was set
at a p-value below 0.05 for two-sided tests.

RESULTS
Baseline assessment of patients’ cognitive functional capacities
The present cohort study encompassed 192 individuals diagnosed with acute ischemic
stroke (AIS). At baseline, we documented the following patient attributes: chronological age,
biological sex, years of formal schooling, systolic blood pressure, diastolic blood pressure,
fasting blood glucose levels, high-density lipoprotein cholesterol, low-density lipoprotein
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Table 1 Baseline information based on patients’ cognitive function.

PSCI (n= 84) Non-PSCI (n= 108) P

Age, years 67.1± 6.0 66.8± 7.4 0.763
Gender, male, n (%) 56 (66.7) 77 (71.3) 0.490
Formal education, years 9.2± 1.4 9.4± 1.5 0.347

SBP, mmHg 136.8± 5.9 136.3± 6.1 0.568
DBP, mmHg 89.7± 6.5 89.2± 6.8 0.607
FBG, mmol/L 6.3± 0.8 6.1± 0.9 0.111
HDL, mmol/L 1.3± 0.2 1.2± 0.3 0.009
LDL, mmol/L 2.6± 0.4 2.5± 0.5 0.003

Hemoglobin, g/L 128.3± 11.2 127.9± 11.7 0.811
Leukocyte, 109/L 6.8± 0.6 6.7± 0.8 0.341

MoCA, points 23.2± 1.7 27.4± 1.3 <0.001

HMGB1, ng/mL 8.4± 1.2 4.6± 0.5 <0.001

Notes.
PSCI, poststroke cognitive impairment; SBP, systolic blood pressure; DBP, diastolic blood pressure; FBG, fasting blood
glucose; HDL, high-density lipoprotein; LDL, low-density lipoprotein; MoCA, Montreal Cognitive Assessment; HMBG1,
High Mobility Group Protein B1.

cholesterol, hemoglobin concentration, leukocyte count, Montreal Cognitive Assessment
(MoCA) scores, and high mobility group box 1 (HMGB1) levels. At the three-month
mark following the acute ischemic stroke (AIS) event, we utilized the Montreal Cognitive
Assessment (MoCA) instrument to assess cognitive functioning across the entire AIS patient
cohort. Based on their MoCA performance scores, we stratified the AIS patients into two
distinct subgroups: those exhibiting post-stroke cognitive impairment (PSCI cohort,
n= 84) and those without cognitive deficits (non-PSCI cohort, n= 108). Upon contrasting
the baseline demographic and clinical profiles between the two subgroups, our analysis
revealed no discernible differences that attained statistical significance (p> 0.05) across
the array of parameters evaluated. The montreal cognitive assessment (MoCA) score in the
PSCI group (23.2 ± 1.7) was significantly lower compared to that in the non-PSCI group
(27.4 ± 1.3). Quantification of circulating HMGB1 concentrations unveiled markedly
elevated serum levels of this inflammatory mediator in the PSCI subgroup, registering at
(8.4± 1.2) ng/mL, as opposed to the non-PSCI counterparts who exhibited comparatively
lower values of (4.6 ± 0.5) ng/mL. Our analysis unveiled a remarkably higher circulating
HMGB1 burden among individuals in the PSCI subgroup when contrasted against their
non-cognitively impaired counterparts, with this disparity in serum levels proving to be
statistically significant (p< 0.001). The demographic and clinical characteristics of the
acute ischemic stroke (AIS) patient cohort at study entry are comprehensively delineated
in Table 1.

Association between circulating HMGB1 burden and post-stroke
cognitive outcomes
Table 2 depicts the incidence rates of PSCI stratified according to quartiles of serum high
mobility group box 1 (HMGB1) concentrations observed within our cohort. Our analyses
unveiled a distinct linear trend, wherein the risk of developing post-stroke cognitive
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Table 2 Correlation between prevalence of PSCI and serumHMBG1 levels.

Variable PSCI, n (%) p for trend

Q1 (n= 48) Q2 (n= 48) Q3 (n= 48) Q4 (n= 48)

PSCI, n (%) 13 17 23 31 <0.05

Notes.
PSCI, poststroke cognitive impairment; HMBG1, High Mobility Group Protein B1.

Table 3 Regression analysis of correlation between serumHMGB1 levels and PSCI.

Variables Regression coefficient P values

Model 1 0.314 <0.001
Model 2 0.287 <0.001
Model 3 0.236 <0.001

Notes.
Model 1 adjusted for age, gender, formal education, SBP, DBP, FBG, Hemoglobin and Leukocyte. Model 2 adjusted for model
1, HDL and LDL. Model 3 adjusted for model 2 and HMGB1.
HMBG1, High Mobility Group Protein B1; PSCI, poststroke cognitive impairment; SBP, systolic blood pressure; DBP, di-
astolic blood pressure; FBG, fasting blood glucose; HDL, high-density lipoprotein; LDL, low-density lipoprotein.

impairment escalated in lockstep with higher baseline circulating HMGB1 levels across the
defined quartile strata among acute ischemic stroke patients (p< 0.001).

Logistic regression modeling to evaluate the link between HMGB1 and
post-stroke cognitive impairment
To investigate the potential utility of circulating HMGB1 as a prognostic biomarker for
post-stroke cognitive impairment (PSCI), we conducted multivariate logistic regression
modeling adjusted for relevant covariates. The results emanating from the logistic regression
analyses are comprehensively delineated in Table 3. Even after accounting for potential
confounding influences of age, gender, years of formal education, systolic and diastolic
blood pressure, fasting blood glucose, hemoglobin, and leukocyte counts in Model 1,
elevated serum HMGB1 levels emerged as an independent risk predictor for post-stroke
cognitive impairment (regression coefficient = 0.314, p< 0.001). Additionally, in Model
2, which incorporated HDL and LDL cholesterol levels as covariates in addition to the
variables adjusted for in Model 1, elevated circulating HMGB1 continued to exhibit a
robust independent association with an increased risk of post-stroke cognitive impairment
(regression coefficient = 0.287, p< 0.001). Even in the fully adjusted Model 3, which
accounted for the covariates incorporated in Model 2 as well as HMGB1 levels, elevated
circulating HMGB1 retained its status as an independent risk predictor for post-stroke
cognitive impairment (regression coefficient = 0.236, p< 0.001). Collectively, these
findings underscore the robust association between heightened HMGB1 burden and an
increased vulnerability to developing cognitive deficits following acute ischemic stroke.

DISCUSSION
In this prospective cohort investigation, we discovered that serum concentrations of
HMGB1 assessed within the first 24 h following acute ischemic stroke onset were correlated
with an increased likelihood of developing cognitive dysfunction at the 3-month follow-up.
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Among 192 patientswith first-ever ischemic stroke, elevatedHMGB1 levels early after stroke
were an independent predictor of poorer cognitive performance on theMontreal Cognitive
Assessment at 3-month follow-up. The study revealed a direct proportional association
between HMGB1 concentrations and the incidence of cognitive dysfunction, with elevated
levels correlating to a heightened probability of experiencing cognitive deficits. The results
of this study indicate thatHMGB1 could potentially serve as an innovative biologicalmarker
to pinpoint individuals who are more susceptible to experiencing cognitive deterioration
following a stroke, and who might gain from timely therapeutic interventions.

The key discovery that heightened HMGB1 concentrations in the acute phase following
ischemic stroke correlate with an amplified probability of developing PSCI is consistent
with and expands upon the findings reported by multiple prior investigations. Several
previous studies have described associations between circulating HMGB1 levels measured
during the initial days to weeks following a cerebrovascular accident and the subsequent
emergence of cognitive impairments (Liu et al., 2007; Yang et al., 2010; Tian et al., 2017;
Qiu et al., 2023). For example, Shan et al. (2022) discovered that HMGB1 concentrations
assessed at the 72-hour mark post-stroke were associated with performance on the Mini-
Mental State Exam (MMSE) administered 3 months later in a cohort of 56 individuals
who had experienced a cerebrovascular event. Furthermore, heightened levels of HMGB1
have been implicated in the development of cognitive deficits in preclinical studies utilizing
animalmodels of ischemic brain injury (Muhammad et al., 2008), while HMGB1 inhibition
resulted in improved memory and learning post-stroke in rodents (Mazarati et al., 2011).
Moreover, HMGB1 has been implicated in the pathogenesis of cognitive impairments
across a spectrum of neurological conditions, including epileptic disorders, Alzheimer’s
disease, and various other neurodegenerative processes (Yang et al., 2015; Paudel et al.,
2019). From a mechanistic standpoint, HMGB1 is recognized as a potent activator of
neuroinflammatory cascades that compromise the blood–brain barrier’s structural and
functional integrity, ultimately resulting inwhitematter injury (Hayakawa, Qiu & Lo, 2010;
Sumbria, Boado & Pardridge, 2012). HMGB1 levels positively correlated with markers of
neural damage like S100B and NSE in stroke patients (Oda et al., 2012). The temporal
relationship and dose–response effects observed in this study provide added evidence that
HMGB1 may play a causal role in mechanisms underlying PSCI.

HMGB1 has been strongly implicated in triggering neuroinflammatory responses that
lead to neuronal injury and cognitive decline after ischemic stroke through multiple
signaling mechanisms. HMGB1 engages with receptors such as RAGE, TLR2, and TLR4,
thereby triggering the activation of microglia and astrocytes and inducing the secretion
of proinflammatory mediators, including TNF- α, IL-1 β, IL-6, and chemotactic factors
like CCL2, CXCL8, and CXCL12 (Muhammad et al., 2008; Hayakawa, Qiu & Lo, 2010).
Downstream activation of NF-kB, MAPK and JAK/STAT pathways further amplifies this
inflammatory response (Muhammad et al., 2008; Xie et al., 2019). HMGB1 also increases
matrix metalloproteinases like MMP-2 and MMP-9 which disrupt blood–brain barrier
integrity, contributing to vasogenic edema and worsened ischemia (Hayakawa, Qiu & Lo,
2010; Li et al., 2013). At the level of the neurovascular interface, HMGB1 modulates the
expression profile of critical tight junction components, such as occludin, claudin-5, and
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ZO-1, while simultaneously upregulating aquaporin-4 channel expression, culminating
in a disruption of the blood–brain barrier’s selective permeability (Qiu et al., 2008; Li
et al., 2013). In the chronic phase following a cerebrovascular accident, HMGB1 exerts
detrimental effects on synaptic plasticity by attenuating long-term potentiation through its
influence on NMDA receptor function, dendritic spine morphology, and neural networks
that subserve learning and memory processes (Costello et al., 2011; Paudel et al., 2018).
HMGB1 inhibits hippocampal neurogenesis through RAGE/TLR4 signaling which limits
cognitive recovery (Lei et al., 2013). Sustained neuroinflammation mediated by HMGB1
also causes white matter injury by inducing astrocyte reactivity, microglial activation, and
oligodendrocyte death (Sumbria, Boado & Pardridge, 2012). Therefore, HMGB1 triggers
both acute cytotoxic effects as well as chronic network dysfunction through neuroplasticity
and neurogenesis changes that may result in PSCI.

While our study focused on the relationship betweenHMGB1 andPSCI, it is important to
consider the potential interactions of HMGB1 with broader neuroinflammatory processes
in the context of stroke and cognitive impairment. HMGB1 is known to be a key mediator
of inflammation, and its release from damaged neurons and activated immune cells
can trigger a cascade of inflammatory responses in the brain (Singh et al., 2016; Yang,
Andersson & Brines, 2021). In the setting of ischemic stroke, HMGB1 has been shown to
interact with various pattern recognition receptors, such as Toll-like receptors (TLRs)
and the receptor for advanced glycation end products (RAGE), leading to the activation
of inflammatory signaling pathways (Ye et al., 2019). The activation of these pathways
results in the production of pro-inflammatory cytokines, chemokines, and other mediators
that can exacerbate neuronal damage and contribute to the development of cognitive
impairment (Squillace & Salvemini, 2022; Naz et al., 2023). Moreover, HMGB1 has been
implicated in the disruption of the blood–brain barrier and the recruitment of peripheral
immune cells to the brain, further amplifying the neuroinflammatory response (Paudel et
al., 2020; Nishibori et al., 2020). These processes can lead to persistent neuroinflammation,
which has been increasingly recognized as a key driver of cognitive decline in various
neurological conditions, including stroke (Cheng et al., 2022). Future studies should aim
to elucidate the complex interactions between HMGB1 and other inflammatory mediators
in the pathogenesis of PSCI. Understanding these relationships may provide valuable
insights into potential therapeutic targets formitigating neuroinflammation and improving
cognitive outcomes after stroke.

HMGB1 has emerged as a critical player in orchestrating inflammatory responses and
propagating tissue damage across a diverse array of neurological conditions that extend
beyond cerebrovascular events, encompassing traumatic brain injury, seizure disorders,
Alzheimer’s disease, Parkinson’s disease, motor neuron disease, and demyelinating
disorders such as multiple sclerosis (Yang et al., 2005; Juranek et al., 2013; Lee et al., 2014;
Chen et al., 2019; Dai et al., 2021). In many of these conditions, HMGB1 acts as an early
pro-inflammatory signal released from damaged neurons that triggers and sustains chronic
neuroinflammatory responses (Yang et al., 2005; Dai et al., 2021). In preclinical studies
utilizing animalmodels of acute seizures and chronic epilepsy, HMGB1 has been implicated
in both the initiation of individual seizure events (ictogenesis) and the progressive
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alterations that lead to the emergence of spontaneous and recurrent epileptic activity
(epileptogenesis), exerting its influence through modulation of neuronal excitability and
synaptic plasticity mechanisms (Maroso et al., 2010; Dai et al., 2021). In neurodegenerative
diseases like Alzheimer’s and Parkinson’s, HMGB1 release from dying neuronsmay activate
microglia and propagate sustained inflammation that drives progressive neurodegeneration
(Lee et al., 2014). Preclinical studies investigating a range of neurological conditions have
highlighted the potential of therapeutic interventions aimed at modulating HMGB1 release
or disrupting its interaction with receptors such as RAGE, demonstrating promising results
in attenuating neuronal injury and ameliorating cognitive and behavioral impairments
(Muhammad et al., 2008; Kim et al., 2011; Dai et al., 2021). Therefore, HMGB1 represents
an important convergent mechanism of neural injury across diverse acute and chronic
neurologic conditions that may be a fruitful target for novel neuroprotective treatments.

PSCI is increasingly recognized to have a relationship with neuroinflammation. PSCI
is a condition characterized by cognitive impairments that can occur after surgery,
affecting memory, attention, and executive functions. The relationship between PSCI
and neuroinflammation highlights the impact of systemic inflammation on brain function
and cognition, suggesting that strategies to mitigate neuroinflammation could be beneficial
in preventing or treating PSCI. This investigation contributes significant advancements to
the field by being among the pioneering studies to specifically assess the utility of HMGB1
as a predictive biomarker for cognitive dysfunction following acute ischemic stroke. While
HMGB1 has been extensively studied for its role in mediating acute ischemic injury (Liu
et al., 2007; Hayakawa, Qiu & Lo, 2010), its utility in predicting longer-term cognitive
outcomes after stroke has been limited thus far. Only a handful of previous studies have
examined associations between peripheral HMGB1 levels and cognitive dysfunction in
stroke patients, with inconsistent results (Yang et al., 2010; Shan et al., 2022). Additionally,
the majority of prior studies measured HMGB1 beyond the initial 24-hour window (Sun
et al., 2014), whereas this study captured ultra-acute HMGB1 levels. Demonstrating that
very early HMGB1 predicts later cognitive trajectory is a key novelty. A further novel aspect
of this study is the employment of the Montreal Cognitive Assessment, a well-established
and standardized cognitive screening instrument, to systematically evaluate post-stroke
cognitive function. The prospective cohort design, large sample size, and rigorous control
for confounders also strengthen evidence over previous works. This study helps address
major gaps in prognostic biomarkers to identify stroke patients at risk of dementia and
provides a rationale for targeting HMGB1 therapeutically to prevent post-stroke cognitive
decline. Additional research is warranted to unravel the precise causal pathways through
which HMGB1 contributes to the development of neurocognitive consequences following
cerebrovascular accidents. Overall, this study represents an important advance in guiding
the prognosis and management of the increasingly prevalent and disabling consequences
of stroke.

While this study provides novel evidence for HMGB1 as a prognostic biomarker for
PSCI, there are some limitations to consider regarding the study design. As this was a
prospective cohort study, it cannot prove causality between elevated HMGB1 and the
development of PSCI. Although we adjusted for multiple potential confounders in our
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statistical analyses, the influence of unmeasured or residual confounding factors cannot be
completely ruled out. Furthermore, the cognitive assessment was only performed at a single
time point, which limits the interpretation of the temporal relationship between HMGB1
and cognitive decline. These inherent limitations of observational studies should be taken
into account when interpreting the results and inferring causality. Future research should
focus on conducting randomized controlled trials to investigate the effect of interventions
targeting HMGB1 on cognitive outcomes after stroke. These inherent limitations of
observational studies should be taken into account when interpreting the results and
inferring causality. Future research should focus on conducting randomized controlled
trials to investigate the effect of interventions targetingHMGB1 on cognitive outcomes after
stroke. Additionally, mechanistic studies are needed to elucidate the underlying biological
pathways linking HMGB1 to the development of cognitive impairment following stroke.

It is important to acknowledge the limitations of our single-center design and relatively
small sample size. Furthermore, the lack of a validation cohort in our study limits the
immediate generalizability and clinical applicability of our findings. Future validation
studies should ideally employ similar methodologies, including standardized cognitive
assessments and timepoints, to ensure comparability with our study. To further validate
our findings and establish the robustness of HMGB1 as a predictor of cognitive outcomes
after stroke, it is crucial to conduct larger, multi-center studies with diverse patient
populations. Such studies will help to assess the generalizability of our results and provide a
more comprehensive understanding of the relationship between HMGB1 and post-stroke
cognitive impairment. Moreover, replication studies in independent cohorts are necessary
to confirm the reliability and reproducibility of our findings. By validating our results
in different settings and populations, we can strengthen the evidence supporting the use
of HMGB1 as a prognostic tool in clinical practice. Future studies should also consider
exploring the predictive value of HMGB1 in combination with other biomarkers and
clinical factors to develop more accurate risk stratification models for post-stroke cognitive
impairment. While our study lays the groundwork for the potential use of HMGB1 as
a prognostic biomarker in stroke patients, further large-scale, multi-center studies and
replication efforts are needed to confirm and extend our findings. Such research will
be essential for translating these results into clinical applications and improving the
management of patients at risk for post-stroke cognitive impairment.

In addition to these limitations related to the study design, it is important to acknowledge
the potential biases introduced by the subjective nature of the NIHSS and MoCA scales
used in our study. We acknowledge that the NIHSS and MoCA are subjective scales, which
may introduce potential biases in the assessment of neurological deficits and cognitive
function. To minimize these biases, we employed several strategies, including standardized
training for evaluators, blinding of neuropsychologists to clinical information, and regular
quality control measures to ensure consistency in administration and scoring. Despite these
efforts, we recognize that some degree of subjectivity is inherent in these assessments, which
may limit the generalizability of our findings. Future studies may benefit from the use of
additional objective measures, such as neuroimaging or performance-based cognitive tests,
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to complement the subjective scales and provide a more comprehensive assessment of
neurological and cognitive function.

The results of this study suggest that elevated early serum HMGB1 levels are associated
with an increased risk of cognitive decline after stroke, which has important implications
for future research. Firstly, these findings support further investigation into HMGB1 as
a prognostic biomarker for PSCI in larger validation cohorts and long-term longitudinal
studies. If confirmed, measurement of serum HMGB1 could be incorporated into
clinical evaluation of stroke patients to identify those requiring closer monitoring and
preventative treatment for cognitive dysfunction. Secondly, more research is needed
to elucidate the mechanisms by which heightened HMGB1 contributes to secondary
neurodegeneration and cognitive impairment after ischemic stroke. This could uncover
novel therapeutic targets for pharmacological inhibition of HMGB1 signaling to mitigate
cognitive decline. Thirdly, since HMGB1 levels can be modulated by treatments like
thrombolysis, studies could examine whether therapies that reduce HMGB1 release also
lower risk of later cognitive problems. Finally, HMGB1 may interact with other markers
of neuroinflammation and biomarkers of nerve injury-a combined biomarker set that
could provide greater predictive and prognostic utility for PSCI and warrants further
investigation. In conclusion, these findings open promising new avenues of research to
confirm HMGB1 as a clinically viable biomarker and to elucidate its role in cognitive
prognosis after ischemic stroke.

CONCLUSION
In this prospective cohort investigation, heightened concentrations ofHMGB1 in the serum
during the acute phase following ischemic stroke emerged as an independent predictor
of cognitive dysfunction assessed at the 3-month follow-up time point. Patients who
developed cognitive impairment had significantly higher initial HMGB1 levels. HMGB1
showed a dose-dependent relationship with risk of cognitive impairment. These results
suggest that serum HMGB1 could potentially serve as a valuable blood-based biomarker
for prognostic stratification, allowing clinicians to identify individuals with ischemic stroke
who are at higher risk of experiencing cognitive deterioration in the short-term following
the event. Additional studies with larger patient populations are needed to validate the
utility of HMGB1 as a predictive biomarker for cognitive decline following acute ischemic
stroke.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was supported by the Shandong Medical and Health Technology Development
Fund (No. 202103070325), the Shandong Province Traditional Chinese Medicine Science
and Technology Project (No. M-2022216) and the Nursery Project of the Affiliated Tai’an
City Central Hospital of Qingdao University (No. 2022MPM06). The funders had no role
in study design, data collection and analysis, decision to publish, or preparation of the
manuscript.

Liu et al. (2024), PeerJ, DOI 10.7717/peerj.17309 14/19

https://peerj.com
http://dx.doi.org/10.7717/peerj.17309


Grant Disclosures
The following grant information was disclosed by the authors:
The Shandong Medical and Health Technology Development Fund: No. 202103070325.
The Shandong Province Traditional Chinese Medicine Science and Technology Project:
No. M-2022216.
The Nursery Project of the Affiliated Tai’an City Central Hospital of Qingdao University:
No. 2022MPM06.

Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Zhenbao Liu performed the experiments, analyzed the data, prepared figures and/or
tables, authored or reviewed drafts of the article, and approved the final draft.
• Weixia Yang performed the experiments, analyzed the data, prepared figures and/or
tables, authored or reviewed drafts of the article, and approved the final draft.
• Jianxin Chen conceived and designed the experiments, analyzed the data, prepared
figures and/or tables, authored or reviewed drafts of the article, and approved the final
draft.
• QianWang conceived and designed the experiments, analyzed the data, prepared figures
and/or tables, authored or reviewed drafts of the article, and approved the final draft.

Human Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

The Ethics Committee of Jinan First People’s Hospital.

Data Availability
The following information was supplied regarding data availability:

The raw measurements are available in the Supplementary File.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.17309#supplemental-information.

REFERENCES
ChenW, Li C, LiangW, Li Y, Zou Z, Xie Y, Liao Y, Yu L, Lin Q, HuangM, Li Z, Zhu X.

2022. The roles of optogenetics and technology in neurobiology: a review. Frontiers
in Aging Neuroscience 14:867863 DOI 10.3389/fnagi.2022.867863.

Chen X, Zhang J, Kim B, Jaitpal S, Meng SS, Adjepong K, Imamura S, Wake H, Nishi-
bori M, Stopa EG. 2019.High-mobility group box-1 translocation and release after
hypoxic ischemic brain injury in neonatal rats. Experimental Neurology 311:1–14
DOI 10.1016/j.expneurol.2018.09.007.

Liu et al. (2024), PeerJ, DOI 10.7717/peerj.17309 15/19

https://peerj.com
http://dx.doi.org/10.7717/peerj.17309#supplemental-information
http://dx.doi.org/10.7717/peerj.17309#supplemental-information
http://dx.doi.org/10.7717/peerj.17309#supplemental-information
http://dx.doi.org/10.3389/fnagi.2022.867863
http://dx.doi.org/10.1016/j.expneurol.2018.09.007
http://dx.doi.org/10.7717/peerj.17309


ChengW, Zhao Q, Li C, Xu Y. 2022. Neuroinflammation and brain-peripheral inter-
action in ischemic stroke: a narrative review. Frontiers in Immunology 13:1080737
DOI 10.3389/fimmu.2022.1080737.

Costello DA,WatsonMB, Cowley TR, Murphy N, Royal CM, Garlanda C, LynchMA.
2011. Interleukin-1α and HMGB1 mediate hippocampal dysfunction in SIGIRR-
deficient mice. Journal of Neuroscience 31:3871–3879
DOI 10.1523/JNEUROSCI.6676-10.2011.

Cumming TB, Brodtmann A. 2011. Can stroke cause neurodegenerative dementia?
International Journal of Stroke 6:416–424 DOI 10.1111/j.1747-4949.2011.00666.x.

Dai S, Zheng Y,Wang Y, Chen Z. 2021.HMGB1, neuronal excitability and epilepsy. Acta
Epileptologica 3:13 DOI 10.1186/s42494-021-00048-y.

Hayakawa K, Qiu J, Lo EH. 2010. Biphasic actions of HMGB1 signaling in inflammation
and recovery after stroke. Annals of the New York Academy of Sciences 1207:50–57
DOI 10.1111/j.1749-6632.2010.05728.x.

Hesse C, Rosengren L, Vanmechelen E, Vanderstichele H, Jensen C, Davidsson
P, Blennow K. 2000. Cerebrospinal fluid markers for Alzheimer’s disease eval-
uated after acute ischemic stroke. Journal of Alzheimer’S Disease 2:199–206
DOI 10.3233/JAD-2000-23-402.

Juranek JK, Geddis MS, Song F, Zhang J, Garcia J, Rosario R, Yan SF, Brannagan TH,
Schmidt AM. 2013. RAGE deficiency improves postinjury sciatic nerve regeneration
in type 1 diabetic mice. Diabetes 62:931–943 DOI 10.2337/db12-0632.

Kim S-W, Lim C-M, Kim J-B, Shin J-H, Lee S, Lee M, Lee J-K. 2011. Extracel-
lular HMGB1 released by NMDA treatment confers neuronal apoptosis via
RAGE-p38 MAPK/ERK signaling pathway. Neurotoxicity Research 20:159–169
DOI 10.1007/s12640-010-9231-x.

Kisler K, Nelson AR, Montagne A, Zlokovic BV. 2017. Cerebral blood flow regulation
and neurovascular dysfunction in Alzheimer disease. Nature Reviews Neuroscience
18:419–434 DOI 10.1038/nrn.2017.48.

Lee S, Nam Y, Koo JY, LimD, Park J, Ock J, Kim J, Suk K, Park SB. 2014. A small
molecule binding HMGB1 and HMGB2 inhibits microglia-mediated neuroinflam-
mation. Nature Chemical Biology 10:1055–1060 DOI 10.1038/nchembio.1669.

Lees R, Selvarajah J, Fenton C, Pendlebury ST, Langhorne P, Stott DJ, Quinn
TJ. 2014. Test accuracy of cognitive screening tests for diagnosis of demen-
tia and multidomain cognitive impairment in stroke. Stroke 45:3008–3018
DOI 10.1161/STROKEAHA.114.005842.

Lei C, Lin S, Zhang C, TaoW, DongW, Hao Z, LiuM,Wu B. 2013. Effects of high-
mobility group box1 on cerebral angiogenesis and neurogenesis after intracerebral
hemorrhage. Neuroscience 229:12–19 DOI 10.1016/j.neuroscience.2012.10.054.

Li R-L, Zhang Z-Z, PengM,Wu Y, Zhang J-J, Wang C-Y,Wang Y-L. 2013. Postoperative
impairment of cognitive function in old mice: a possible role for neuroinflammation
mediated by HMGB1, S100B, and RAGE. Journal of Surgical Research 185:815–824
DOI 10.1016/j.jss.2013.06.043.

Liu et al. (2024), PeerJ, DOI 10.7717/peerj.17309 16/19

https://peerj.com
http://dx.doi.org/10.3389/fimmu.2022.1080737
http://dx.doi.org/10.1523/JNEUROSCI.6676-10.2011
http://dx.doi.org/10.1111/j.1747-4949.2011.00666.x
http://dx.doi.org/10.1186/s42494-021-00048-y
http://dx.doi.org/10.1111/j.1749-6632.2010.05728.x
http://dx.doi.org/10.3233/JAD-2000-23-402
http://dx.doi.org/10.2337/db12-0632
http://dx.doi.org/10.1007/s12640-010-9231-x
http://dx.doi.org/10.1038/nrn.2017.48
http://dx.doi.org/10.1038/nchembio.1669
http://dx.doi.org/10.1161/STROKEAHA.114.005842
http://dx.doi.org/10.1016/j.neuroscience.2012.10.054
http://dx.doi.org/10.1016/j.jss.2013.06.043
http://dx.doi.org/10.7717/peerj.17309


Liu K, Mori S, Takahashi HK, Tomono Y,Wake H, Kanke T, Sato Y, Hiraga N, Adachi
N, Yoshino T, Nishibori M. 2007. Anti-high mobility group box 1 monoclonal
antibody ameliorates brain infarction induced by transient ischemia in rats. The
FASEB Journal 21:3904–3916 DOI 10.1096/fj.07-8770com.

MarosoM, Balosso S, Ravizza T, Liu J, Aronica E, Iyer AM, Rossetti C, Molteni M,
Casalgrandi M, Manfredi AA. 2010. Toll-like receptor 4 and high-mobility group
box-1 are involved in ictogenesis and can be targeted to reduce seizures. Nature
Medicine 16:413–419 DOI 10.1038/nm.2127.

Mazarati A, MarosoM, Iori V, Vezzani A, Carli M. 2011.High-mobility group
box-1 impairs memory in mice through both toll-like receptor 4 and receptor
for advanced glycation end products. Experimental Neurology 232:143–148
DOI 10.1016/j.expneurol.2011.08.012.

Miao Y, Liao JK. 2014. Potential serum biomarkers in the pathophysiological processes of
stroke. Expert Review of Neurotherapeutics 14:173–185
DOI 10.1586/14737175.2014.875471.

Muhammad S, BarakatW, Stoyanov S, Murikinati S, Yang H, Tracey KJ, Bendszus
M, Rossetti G, Nawroth PP, Bierhaus A. 2008. The HMGB1 receptor RAGE
mediates ischemic brain damage. Journal of Neuroscience 28:12023–12031
DOI 10.1523/JNEUROSCI.2435-08.2008.

Naz S, Mahmood T, Gupta R, Siddiqui MH, Ahsan F, Ansari VA, Shamim A, Rizvi AA.
2023. Clinical manifestation of AGE-RAGE axis in neurodegenerative and cognitive
impairment disorders. Drug Research 73:309–317 DOI 10.1055/a-2004-3591.

Nishibori M,Wang D, Ousaka D,Wake H. 2020.High mobility group box-1 and blood-
brain barrier disruption. Cell 9:2650 DOI 10.3390/cells9122650.

Oda Y, Tsuruta R, Fujita M, Kaneda K, Kawamura Y, Izumi T, Kasaoka S, Maruyama
I, Maekawa T. 2012. Prediction of the neurological outcome with intrathecal high
mobility group box 1 and S100B in cardiac arrest victims: a pilot study. Resuscitation
83:1006–1012 DOI 10.1016/j.resuscitation.2012.01.030.

Paudel YN, Angelopoulou E, Piperi C, Othman I, ShaikhMF. 2020.HMGB1-
mediated neuroinflammatory responses in brain injuries: potential mechanisms
and therapeutic opportunities. International Journal of Molecular Sciences 21:4609
DOI 10.3390/ijms21134609.

Paudel YN, Semple BD, Jones NC, Othman I, ShaikhMohd F. 2019.High mobil-
ity group box 1 (HMGB 1) as a novel frontier in epileptogenesis: from patho-
genesis to therapeutic approaches. Journal of Neurochemistry 151:542–557
DOI 10.1111/jnc.14663.

Paudel YN, ShaikhMF, Chakraborti A, Kumari Y, Aledo-Serrano Á, Aleksovska
K, AlvimMKM, Othman I. 2018.HMGB1: a common biomarker and potential
target for TBI, neuroinflammation, epilepsy, and cognitive dysfunction. Frontiers
in Neuroscience 12:628 DOI 10.3389/fnins.2018.00628.

Qiu J, NishimuraM,Wang Y, Sims JR, Qiu S, Savitz SI, Salomone S, Moskowitz MA.
2008. Early release of HMGB-1 from neurons after the onset of brain Ischemia. Jour-
nal of Cerebral Blood Flow & Metabolism 28:927–938 DOI 10.1038/sj.jcbfm.9600582.

Liu et al. (2024), PeerJ, DOI 10.7717/peerj.17309 17/19

https://peerj.com
http://dx.doi.org/10.1096/fj.07-8770com
http://dx.doi.org/10.1038/nm.2127
http://dx.doi.org/10.1016/j.expneurol.2011.08.012
http://dx.doi.org/10.1586/14737175.2014.875471
http://dx.doi.org/10.1523/JNEUROSCI.2435-08.2008
http://dx.doi.org/10.1055/a-2004-3591
http://dx.doi.org/10.3390/cells9122650
http://dx.doi.org/10.1016/j.resuscitation.2012.01.030
http://dx.doi.org/10.3390/ijms21134609
http://dx.doi.org/10.1111/jnc.14663
http://dx.doi.org/10.3389/fnins.2018.00628
http://dx.doi.org/10.1038/sj.jcbfm.9600582
http://dx.doi.org/10.7717/peerj.17309


Qiu L, Li L, He Z, Liu F, Deng S, Wang Y. 2023. Association between HMGB1 genetic
variants and ischemic stroke susceptibility. American Journal of Translational
Research 15:3326–3341.

ShanW, Xu L, Qiu Z,Wang J, Shao J, Feng J, Zhao J. 2022. Increased high-mobility
group box 1 levels are associated with depression after acute ischemic stroke.
Neurological Sciences 43:3131–3137 DOI 10.1007/s10072-021-05571-x.

Singh V, Roth S, Veltkamp R, Liesz A. 2016.HMGB1 as a key mediator of immune
mechanisms in ischemic stroke. Antioxidants & Redox Signaling 24:635–651
DOI 10.1089/ars.2015.6397.

Skillbäck T, Farahmand B, Bartlett JW, Rosén C, Mattsson N, Nägga K, Kilander L,
Religa D,Wimo A,Winblad B. 2014. CSF neurofilament light differs in neurode-
generative diseases and predicts severity and survival. Neurology 83:1945–1953
DOI 10.1212/WNL.0000000000001015.

Squillace S, Salvemini D. 2022. Toll-like receptor-mediated neuroinflammation:
relevance for cognitive dysfunctions. Trends in Pharmacological Sciences 43:726–739
DOI 10.1016/j.tips.2022.05.004.

Sumbria RK, Boado RJ, PardridgeWM. 2012. Brain protection from stroke with
intravenous TNFα decoy receptor-trojan horse fusion protein. Journal of Cerebral
Blood Flow & Metabolism 32:1933–1938 DOI 10.1038/jcbfm.2012.97.

Sun Q,WuW, Hu Y-C, Li H, Zhang D, Li S, Li W, LiW-D, Ma B, Zhu J-H, ZhouM-
L, Hang C-H. 2014. Early release of high-mobility group box 1 (HMGB1) from
neurons in experimental subarachnoid hemorrhage in vivo and in vitro. Journal of
Neuroinflammation 11:106 DOI 10.1186/1742-2094-11-106.

Sun Y, Hei M, Fang Z, Tang Z,Wang B, Hu N. 2019.High-mobility group box 1
contributes to cerebral cortex injury in a neonatal hypoxic-ischemic rat model by
regulating the phenotypic polarization of microglia. Frontiers in Cellular Neuroscience
13:506 DOI 10.3389/fncel.2019.00506.

Tian X, Sun L, Feng D, Sun Q, Dou Y, Liu C, Zhou F, Li H, Shen H,Wang Z. 2017.
HMGB1 promotes neurovascular remodeling via Rage in the late phase of subarach-
noid hemorrhage. Brain Research 1670:135–145 DOI 10.1016/j.brainres.2017.06.001.

XieW, Zhu T, Dong X, Nan F, Meng X, Zhou P, Sun G, Sun X. 2019.HMGB1-triggered
inflammation inhibition of notoginseng leaf triterpenes against cerebral ischemia
and reperfusion injury via MAPK and NF-κB signaling pathways. Biomolecules
9(10):512 DOI 10.3390/biom9100512.

Yang H, Andersson U, Brines M. 2021. Neurons are a primary driver of inflammation
via release of HMGB1. Cell 10:2791 DOI 10.3390/cells10102791.

Yang H,Wang H, Chavan SS, Andersson U. 2015.High mobility group box protein
1 (HMGB1): the prototypical endogenous danger molecule.Molecular Medicine
21:S6–S12 DOI 10.2119/molmed.2015.00087.

Yang H,Wang H, Czura CJ, Tracey KJ. 2005. The cytokine activity of HMGB1. Journal of
Leukocyte Biology 78:1–8 DOI 10.1189/jlb.1104648.

Liu et al. (2024), PeerJ, DOI 10.7717/peerj.17309 18/19

https://peerj.com
http://dx.doi.org/10.1007/s10072-021-05571-x
http://dx.doi.org/10.1089/ars.2015.6397
http://dx.doi.org/10.1212/WNL.0000000000001015
http://dx.doi.org/10.1016/j.tips.2022.05.004
http://dx.doi.org/10.1038/jcbfm.2012.97
http://dx.doi.org/10.1186/1742-2094-11-106
http://dx.doi.org/10.3389/fncel.2019.00506
http://dx.doi.org/10.1016/j.brainres.2017.06.001
http://dx.doi.org/10.3390/biom9100512
http://dx.doi.org/10.3390/cells10102791
http://dx.doi.org/10.2119/molmed.2015.00087
http://dx.doi.org/10.1189/jlb.1104648
http://dx.doi.org/10.7717/peerj.17309


Yang Q-W,Wang J-Z, Li J-C, Zhou Y, Qi-Zhong , Lu F-L, Xiang J. 2010.High-mobility
group protein box-1 and its relevance to cerebral Ischemia. Journal of Cerebral Blood
Flow & Metabolism 30:243–254 DOI 10.1038/jcbfm.2009.202.

Ye Y, Zeng Z, Jin T, Zhang H, Xiong X, Gu L. 2019. The role of high mobility
group box 1 in Ischemic stroke. Frontiers in Cellular Neuroscience 13:127
DOI 10.3389/fncel.2019.00127.

Liu et al. (2024), PeerJ, DOI 10.7717/peerj.17309 19/19

https://peerj.com
http://dx.doi.org/10.1038/jcbfm.2009.202
http://dx.doi.org/10.3389/fncel.2019.00127
http://dx.doi.org/10.7717/peerj.17309

