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Stroke is a neurological disease that causes significant disability and death worldwide. Ischemic stroke accounts for 75% of all
strokes. The pathophysiological processes underlying ischemic stroke include oxidative stress, the toxicity of excitatory amino
acids, ion disorder, enhanced apoptosis, and inflammation. Noncoding RNAs (ncRNAs) may have a vital role in regulating the
pathophysiological processes of ischemic stroke, as confirmed by the altered expression of ncRNAs in blood samples from
acute ischemic stroke patients, animal models, and oxygen-glucose-deprived (OGD) cell models. Due to specific changes in
expression, ncRNAs can potentially be biomarkers for the diagnosis, treatment, and prognosis of ischemic stroke. As an
important brain cell component, glial cells mediate the occurrence and progression of oxidative stress after ischemic stroke,
and ncRNAs are an irreplaceable part of this mechanism. This review highlights the impact of ncRNAs in the oxidative stress
process of ischemic stroke. It focuses on specific ncRNAs that underlie the pathophysiology of ischemic stroke and have
potential as diagnostic biomarkers and therapeutic targets.

1. Introduction

Globally, stroke is the cause of the second-highest deaths and
the most disability-adjusted life years (DALYs). Stroke is a sig-
nificant economic burden and stress on society worldwide [1,
2]. Nearly 60% of all strokes occur in people under 70 years
old, and stroke incidence rates have shown a sharp and steady
increase among young people aged 15 to 49 years [3]. Strokes
can be classified into hemorrhagic or ischemic strokes, and the
latter accounts for nearly 87% of all stroke cases [4]. A cerebral
artery embolism leads to ischemic stroke with ischemia and
hypoxia in the infraction of the corresponding brain areas,

resulting in neuronal death and irreversible neurological defi-
cits. After ischemia, neurons can immediately not maintain
their normal transmembrane ion gradient and homeostasis.
This triggers several processes that lead to cell death, such as
excitotoxicity, oxidative and nitratative stress, inflammation,
and apoptosis. These pathophysiological processes are highly
detrimental to neurons, glial, and endothelial cells [5–7]. They
are interrelated and continuously trigger each other in a posi-
tive feedback loop that destroys neurons [8]. Furthermore,
ischemia-reperfusion injury (IRI) that occurs once blood flow
is restored may exacerbate these processes [9]. During rapid
blood flow recanalization, the demand for sugars and oxygen
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increases rapidly, oxidase is activated in large amounts, and
the degree of tissue oxidation increases greatly. These
changes result in a cellular “oxidative burst” and excessive
formation of reactive oxygen species (ROS), leading to sec-
ondary cerebral ischemia and reperfusion brain damage. As
the most basic and critical pathological progression of brain
injury, oxidative stress causes neuronal apoptosis, activation
of inflammatory signaling pathways, and impairment of the
blood-brain barrier (BBB) [10–12].

ncRNAs are a class of functional RNAs. While they
cannot code for proteins, ncRNAs regulate gene expression
in a posttranscriptional manner, including microRNAs
(miRNAs), long noncoding RNAs (lncRNAs), and circular
RNAs (circRNAs) [13, 14]. NcRNAs have been reported to
be abundantly expressed in the mammalian brain. Addi-
tionally, recent studies have depicted that cerebral ische-
mia alters the expression profiles of ncRNAs [15, 16].
According to many studies, ncRNAs are involved in oxi-
dative stress by controlling transcription and translation,
thereby affecting neuronal cell survival [17–19].

Despite the unfavorable results of clinical trials, pre-
clinical studies have suggested that oxidative stress damage
may be a potential therapeutic target in ischemic stroke.
Dysregulation of ncRNAs is a known mechanism contrib-
uting to cerebral ischemia, and potential biomarkers and
therapeutic targets for treating cerebral ischemia have been
identified. However, none of these breakthroughs have
been successfully implemented in clinical practice. This
review is aimed at discussing the role of noncoding RNA
in oxidative stress in postischemic stroke brain injuries
to lay the foundation for therapy and prophylaxis.

2. Oxidative Stress in Ischemic Stroke and
Ischemia-Reperfusion Injury

The brain accounts for 20% of the total oxygen consump-
tion. Accordingly, it has poor tolerance to hypoxia. When
blood flow is interrupted, the ischemic area of the brain can-
not maintain redox homeostasis and ion balance due to the
lack of oxygen and glucose, which affects cell electrochemis-
try, metabolism, and the release of toxic products. Anoxic
depolarization and various processes are triggered by the
massive efflux of K+ and influx of Na+, water, and Ca2+.
These result in oxidative and nitrosative stress, excitotoxi-
city, inflammation, and apoptosis, eventually injuring neu-
rons, glia, and endothelial cells [5, 7, 20–22]. During this
process, numerous free radicals are formed, including reac-
tive oxygen species (ROS) and reactive nitrogen species
(RNS), which participate in the breakdown of antioxidant
systems and lead to brain damage caused by ischemic stroke
as well as cerebral ischemia-reperfusion injury [23]. How-
ever, two phases of ischemia and reperfusion have differ-
ences with regard to the source of free radicals and state of
oxidative stress.

2.1. Oxidative Stress in the Phases of Ischemia. During the
ischemic period, restricted oxygen availability is associated
with acidosis, energy deficiency, and changes in ion homeo-
stasis, leading to compensatory brain dysfunction and even-

tually neuronal death [24, 25]. In the presence of residual
oxygen, e.g., in low-flow ischemia, ROS is produced
mainly in mitochondria. Under physiological conditions,
superoxide dismutase (SOD), glutathione peroxidase
(GPX), catalase, and other antioxidant enzymes can aid
in maintaining a neutral balance and catalytically protect
brain tissues from the cytotoxicity of reactive oxygen spe-
cies [26]. In addition, ROS play a physiological role by
regulating immune system function, maintaining redox
homeostasis, and participating in various metabolic path-
ways, even as second messengers [27, 28]. Endothelial cells
rich in mitochondria are efficient sources of ROS. Due to
their inherent characteristics and environmental factors,
they are especially vulnerable to oxidative stress-induced
damage. The effects of ROS include excessive lipid perox-
idation and alterations in the functions of receptors, ion
channels, and other membrane proteins, subsequently
affecting the fluidity and permeability of cell membranes
[29–31]. These pathologies cause damage to the blood-
brain barrier (BBB) and often lead to leukocyte infiltration
and edema [32, 33]. Furthermore, neuronal function relies
on the continuous availability of ATP. As ischemic stroke
depletes oxygen in the brain, neurons can no longer main-
tain their transmembrane gradient, and neuronal signaling
is impaired [34]. In addition, glucose and oxygen depriva-
tion inhibits ATP synthesis and blocks Na/K-ATPase
activity. As a result, calcium ions flow into the cell
[29–31]. Increased Ca2+ concentration activates cyclases
(cox-1 and cox-2) and phospholipase A2, which not only
increases ROS production but also enhances glutaminergic
neurotransmission [32, 35]. Increased levels of sodium,
calcium, and adenosine diphosphate (ADP) also contribute
to the overproduction of mitochondrial ROS (mROS) [36,
37]. inducing neuron apoptosis and death [38, 39].

Nitric oxide (NO) is another substance that promotes
oxidative stress. NO peaks rapidly at 0.5 h after MCAO
and immediately decreases to a low level at 4 h together with
eNOS/Nnos. Then, NO gradually increased with the increase
in iNOS and peaked at 46 h [40]. In studies of ischemic
stroke patients, increases in NO metabolites from day 1 to
day 2 were beneficial for neurological function, while sharp
increases in NO metabolites from days 2 to 7 were associated
with a doubling of infarct volume [40]. NO displays cytotox-
icity by destroying cellular DNA, blocking mitochondrial
activity, and enhancing nitrifying damage by forming per-
oxynitrite (ONOO-) [41, 42]. NO is usually produced by
endothelial nitric oxide synthase (eNOS). However, under
inflammatory conditions, smooth muscle cells and macro-
phages overexpress inducible nitric oxide synthase (iNOS),
thus producing large amounts of NO [43]. Moreover, NO
is also produced by neuronal nitric oxide synthase (nNOS)
[32, 40]. When it collides with NO, both molecules react
quickly to form highly reactive ONOO-[44]. Superoxide
anions can also be dismutated into the more stable H2O2

through a reaction catalyzed by superoxide dismutase
(SOD). In the central nervous system, O−

2 is one of the most
important reactive oxygen species as it damages ROS-
producing cells and neighboring cells [43, 45]. Superoxide,

2 Oxidative Medicine and Cellular Longevity



a byproduct of mitochondrial respiratory chain reactions, is
the product of xanthine oxidase (XO) and nicotinamide ade-
nine dinucleotide phosphate (NADPH) oxidase (NOX)
activities [43, 46–48]. Interestingly, as the levels of superox-
ide increase, the NO radical has a dual effect. To be specific,
NO interferes with SOD by reducing the antioxidant effect
of SOD [43].

2.2. Oxidative Stress in the Phases of Reperfusion. The reper-
fusion of ischemic tissue has long been thought to be bene-
ficial for tissue injury recovery. However, in the 1970s,
reports of paradoxical enhancement of the injury response
after ischemic (or hypoxic) tissue reperfusion (or reoxygen-
ation) appeared, and the assumed beneficial effects of early
reperfusion on tissue recovery after ischemia were ques-
tioned [49]. The question was solved when it was first found
that the sudden resupply of molecular oxygen to energy-
(and oxygen-) deficient tissues resulted in a special injury
response not seen in hypoxic stress [50]. The discovery of
this reoxygenation-dependent injury response, now known
as “reperfusion injury,” established a new field of scientific
research that has since grown rapidly and continuously.

During reperfusion, the overproduction of ROS origi-
nates from four pathways: mitochondrial respiratory chain,
cyclooxygenase-2-catalyzed arachidonic acid reaction,
NADPH oxidase, and xanthine and hypoxanthine via xan-
thine oxidase (Figure 1). In the stage of early reperfusion,
when microglia and other peripheral immune cells infiltrate,
activation of NADPH oxidase in these immune cells contrib-
utes to the production of ROS, a phenomenon known as the
“oxygen burst.” NADPH oxidase also produces ROS in other
cells, such as vascular endothelial cells [51]. When the blood
flow is reinstated, a large amount of oxygen arrives and
accelerates oxidative damage. Furthermore, oxidative stress
during ischemia and reperfusion is known to activate proa-
poptotic signaling pathways such as cytochrome c signaling,
induce DNA damage, alter protein structure and function,
and induce lipid peroxidation [52–54]. In addition, oxidative
stress can directly regulate important molecules in cellular
signaling circuits, such as ion channels and protein kinases
[55]. Over the past 25 years, researchers have found that
hydrogen peroxide and possibly superoxide play a physio-
logical role in cell signaling and transcriptional regulation
[56]. Later research revealed that hydrogen peroxide is also
produced under physiological conditions, e.g., in response
to growth signals, and it can be overproduced in trans-
formed cells expressing oncogenic mutant Ras [57]. ROS is
produced in response to various ligands, including growth
factors, cytokines, and G protein-coupled receptors [58,
59]. Therefore, during the recovery phase of reperfusion,
low ROS concentrations play a key role in biotransduction
signaling, which may be an important reason for promoting
recovery from brain tissue damage during the recovery
phase.

As displayed in Figure 1, NO and ONOO- are two com-
mon types of RNS frequently reported in cerebral ischemia-
reperfusion injury. Low levels of NO, produced by endothe-
lial nitric oxide synthase, have physiological functions; con-
versely, high levels of NO, produced by inducible nitric

oxide synthase (NOS) and neuronal nitric oxide synthase
(nNOS), have effects on ischemic brain tissue. iNOS and
nNOS are known to lead to inflammation, cell death,
increased blood-brain barrier permeability, and increased
infarct size. During cerebral ischemia or cerebral ischemia-
reperfusion injury, NO is produced simultaneously with
superoxide anion (O2-) and rapidly reacts with O2- at a
diffusion-limited rate to generate ONOO-. Peroxynitrite
readily penetrates the lipid bilayer. It then impairs cell sig-
naling by causing lipid peroxidation of the membrane, medi-
ates nitration of tyrosine residues, and inhibits tyrosine
phosphorylation. Peroxynitrite inactivates aconitase and
superoxide dismutase, mediates NO-induced BBB damage,
and triggers apoptotic cell death (Figure 1).

3. Roles of ncRNAs in Ischemia Stroke-Induced
Oxidative Stress

3.1. miRNA Involved in Oxidative Stress following Ischemia
Stroke. miRNAs, small noncoding RNA superfamily mem-
bers, are endogenous single-stranded RNA molecules of
about 18–25 nucleotides [60]. They act as negative regulators
for more than 60% of protein-coding gene expressions by
degrading or translationally inhibiting target mRNAs
[61–63]. miRNAs can simultaneously modulate targets
involved in the pathophysiological process of cerebral ische-
mia. Therefore, they are considered to have potential as
diagnostic and prognostic biomarkers and promising thera-
peutics in treating ischemic stroke [64, 65]. miRNAs are pro-
duced as long primary transcripts (prior-miRNAs) and
cleaved by Drosha RNase III endonuclease to result in dry
ring intermediates (pre-miRNAs) of approximately 60 to
70 nucleotides [66]. The pre-miRNAs are then exported
from the nucleus to the cytoplasm, where they are treated
by Dicer RNase II endonucleases to form mature miRNAs
of approximately 22–25 nucleotides [67]. Next, the mature
miRNAs bind to multiprotein complexes called RNA-
induced silencing complexes (RISC), which then bind to
the 3′-untranslated region (UTR) of their respective target
mRNAs to inhibit translation [68]. Previous studies have
found that miRNAs can be potential targets and modulators
of oxidative stress-related pathways [69]. miRNAs associated
with oxidative stress-related pathways are known as oxida-
tive stress-responsive miRNAs [70]. Intracellular ROS can
inhibit or promote miRNA expression and thus produce
subsequent biological effects by regulating their direct target
genes [71] (Figure 2).

The transient expression of miRNA was observed in
blood and brain samples in the MCAO model after reperfu-
sion. Additionally, miR-124a and -290 were upregulated
after IR, targeted VSNL1 [72], encoded neuronal calcium
sensor proteins in cerebellar granulosa cells, and regulated
intracellular signaling pathways directly or indirectly by reg-
ulating cyclic nucleotide and MAPK pathways [73], there-
fore playing an active role in cell death, migration, and
neuronal plasticity under pathological conditions such as
stroke [74, 75]. Furthermore, miR30a-3p, -99a, -99b, -100,
-223, and -383 were upregulated after IR and targeted
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AQP4 [72], which was speculated to reduce cerebral edema
due to its action as a water-selective channel in the plasma
membrane of many cells and maintains cerebral hydroho-
meostasis [76, 77]. miR-132 and -664 were downregulated
after IR and targeted MMP9 [72], which disrupted the
blood-brain barrier and caused cerebral edema. In addition,
serum MMP-9 level was noted to be correlated with the
severity of clinical stroke [78–80].

Based on transcriptome analysis, mitochondrial dysfunc-
tion and increased oxidative stress were the molecular mech-
anisms of miR-210 blockade, leading to increased tissue
damage. While miR-210 can alleviate the decreased oxida-
tive metabolism caused by tissue hypoxia, miR-210 also
increases the accumulation of ROS, causing cell death and
tissue damage [81–83]. However, in ischemic rats, the neu-

roprotective effects of decreased apoptosis and antioxidant
stress response to vagus stimulation were associated with
increased miR-210 expression. Protection decreased when
miR-210 was blocked, thus suggesting that miR-210 is a neu-
roprotective factor against ischemia/reperfusion injury [84].

miR-124 is preferentially expressed in the cerebral cortex
and cerebellum, initially at low levels in neural progenitors
and subsequently at high levels in differentiated and mature
neurons [85, 86]. In addition, miR-124 has been reported to
protect PC12 cells from OGD/R-induced apoptosis by
reducing oxidative stress via the PI3K/AKT/Nrf2 pathway
[87]. Moreover, miR-124 enhances neurological recovery in
various neurological illnesses by reducing oxidative stress
after spinal cord damage via Bax [88, 89]. miR-124 inhibits
inflammatory activation under oxidative stress and thereby
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delays the progression of Alzheimer’s disease (AD) [90].
These findings suggest that miR-124 is an important thera-
peutic target for inhibiting oxidative stress in ischemic
stroke.

miR-217 is highly expressed in MCAO rats and the
OGD cell model, and its expression level positively corre-
lates with cognitive impairment in MCAO rats. miR-217
also deregulates MEF2D, regulates HDAC5 and ND6
expression, and promotes mitochondrial ROS production,
thus leading to enhanced neuronal damage in ischemic
stroke and IR [91].

3.2. lncRNAs Involved in Oxidative Stress following Ischemia
Stroke. lncRNAs of more than 200 nucleotides are cell- and
tissue-specific. These may be classified based on the genomic
placement between the coding areas of their functional genes
(long intergenic ncRNAs) or by coding gene overlap in
either the consensus or antisense direction [92, 93]. As
guides for chromatin modification complexes or transcrip-
tion factors in the nucleus, cytoplasmic lncRNAs typically
regulate mRNA translation by acting as competing endoge-
nous RNA (ceRNA) or controlling mRNA stability [94].
Also, the lncRNA expression profile in the ischemic
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penumbra was significantly altered after 1 h reperfusion in
MCAO rats [95] (Figure 2).

In patients with ischemic stroke, lncRNA ZFAS1 is sig-
nificantly downregulated [96, 97]. However, upregulated
lncRNA-ZFAS1 can ameliorate brain injury in MCAO rats.
It directly sponges miR-582 by promoting NOS3 expression
and attenuating I/R-induced inflammation and cell apopto-
sis via oxidative stress. Studies have also mentioned that
lncRNA-ZFAS1 can scavenge miR-186-5p by increasing
the expression of the apoptosis regulator MCL1 and rescuing
OGD-induced apoptosis of N2a cells [98].

lncRNA-H19 is a maternally derived gene on human
chromosome 11. It is associated with stroke susceptibility
in the Chinese population [99]. A previous study found
that lncRNA-H19 was upregulated within 3 h after stroke,
whereas levels of lncRNA-H19 were positively correlated
with NIHSS scores of stroke patients within 3 h after
stroke onset [100]. It demonstrated antioxidant capacity
in metformin-mediated neuronal protection in ischemic
stroke [101]. In the OGD/R model, inhibited lncRNA-
H19 could reverse metformin-mediated SOD accumula-
tion and MDA elimination [101]. This function was
enabled by direct targeting of miR-148a-3p to regulate
Rock2/HO-1/Nrf2 [101]. lncRNA-H19 also inhibited
miR-19a and upregulated the inhibitor of DNA binding/
differentiation 2 (Id2) that led to neuronal apoptosis
induced by hypoxia [100].

lncRNA-SNHG14, also known as UBE3A-ATS, is an
inhibitor of UBE3A, a brain-specific gene associated with
neuronal development. It is involved in neuroinflammation
after stroke [102]. lncRNA-SNHG14 promotes the accumu-
lation of NO in microglia, leading to continuous activation
of microglia, which causes apoptosis of neurons via the
miR-145-5p/PLA2G4A axis [102]. Moreover, inhibition of
lncRNA-SNHG14 SOD inhibits MDA accumulation and
degradation in the BV-2 OGD model by regulating the
miR-199b/AQP4 axis [103].

In lncRNA PVT1-inhibited MCAO rats, oxidative
stress and neuron apoptosis were limited, and neurologi-
cal impairments improved. In MCAO rats, the lncRNA
PVT1 was activated by the sex-determining region Y-
box 2 (SOX), sponged miR-24-3p, and regulated STAT3
expression [104].

In the SH-SY5Y OGD/R model, lncRNA SNHG15 was
highly expressed and promoted the activation of oxidative
stress signaling pathways by directly targeting miR-141/
SIRT1 [105]. Moreover, miR-183-5p reversed lncRNA
SNHG15-induced ROS accumulation in OGD/R-treated
SH-SY5Y by directly targeting FOXO1 [106]. Furthermore,
lncRNA SNHG15 retention reduced ROS accumulation in
PC12 cells treated with OGD/R via the miR-455-3p/
TP53INP1 axis [107].

Next, lncRNA OIP5-AS1 was downregulated in ischemic
stroke patients, MCAO/R rats, and OGD/R-treated BV2
cells. Overexpression of OIP5-AS1 significantly decreased
MDA accumulation, GSH, and overconsumption of SOD,
thus counteracting neuroinflammation and oxidative stress
and protecting neuronal injury by activating CTRP3 via
sponging of miR-186-5p [108].

3.3. circRNA Involves in Oxidative Stress after Ischemia
Stroke. circRNAs (single-stranded and conserved RNA mol-
ecules) are formed by the cleavage of many primary RNA
transcripts that synthesize mRNA [109]. As they lack a
well-defined 50- and 30-terminus [110], circRNAs can
remain stable under the stress of RNase. circRNA regulates
gene expression by various mechanisms, including function-
ing as a cornea through spongy miRNAs, forming ternary
complexes with proteins, and encoding proteins [111–113].
circRNAs are abundant in brain tissue and involved in the
development of vascular disease. Accordingly, they have
been associated with neurological function [114] and acute
ischemic stroke [115] (Figure 2).

Based on gene sequencing and KEGG analysis, circRyr2_
23, circGucy1a2_7, circCamta1_9, circSmad4_4, and cir-
cDlgap3_1 play important roles in regulating oxidative stress
by accessing Hif-1, Nrf, and VEGF signaling pathways [116].
The downregulation of circGucy1a2_7 and circRyr2_36 that
occurs after stroke should spontaneously resist oxidative
stress by adsorbing miR-7a5p to regulate Keap1/NRF-2 sig-
naling [116–118].

circCCDC9 was downregulated in MCAO mice and
remained at a low level for 72h [119]. The upregulated
circCCDC9 could restore eNOS expression, reduce oxidative
stress, and protect the blood-brain barrier [119–121].

In patients with acute cerebral ischemic stroke, blood
levels of circPHKA2 were downregulated. The same results
were noted in human brain microvascular endothelial cells
(HBMECs) treated with OGD [122]. Further studies con-
firmed that the upregulation of circPHKA2 decreased the
accumulation of ROS and MDA, as well as increased SOD
and GSH in OGD-HBMECs, which was due to the compet-
itive binding of miR-574-5p to modulate SOD2 [122].

Various studies on microarrays and sequencing analyses
have reported abnormal circRNA expression in ischemic
stroke. Furthermore, analyses of Gene Ontology (GO) and
Kyoto Encyclopaedia of Genes and Genomes (KEGG)
recalled these circRNAs to be prominent in neuroinflamma-
tion, apoptosis, and oxidative stress [123]. However, a few
studies have explained the mechanism of circRNA involve-
ment in oxidative stress after ischemic stroke, which has also
been explored in other diseases [124] (Table 1).

4. Noncoding RNA Therapy for Ischemic Stroke

It is extremely important to find objective and effective bio-
markers for stroke, because these indicators can not only
help the early diagnosis and prognosis assessment of stroke
but also serve as therapeutic targets to assist the develop-
ment of new drugs. Universality, stroke can cause cascade
changes of chemicals and transcripts in brain tissue, while
conserved expression, defined specificity, high stability, and
abundance are the main characteristics of ncRNAs that ren-
der them very attractive diagnostic tools for assessing dis-
eases. Thus far, studies have demonstrated the potential of
ncRNAs as a cancer diagnostic marker, and recently, studies
have shown that ncRNA is also a potential diagnostic
marker for neurodegenerative diseases [92, 125, 126].
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In the past few years, several in vivo and in vitro studies
have demonstrated that certain ncRNAs change over time
after ischemic stroke, and they are expected to be widely used
as biomarkers in clinical practice. The observed variations in
ncRNA amounts in blood samples could be helpful biomark-
ers that reflect the pathophysiological state of the brain, thus
implying that circulating ncRNAs have potential prospects.
In addition, Dykstra-Aiello et al. [127] discovered aberrant
ncRNA expression in peripheral blood of stroke patients with
sex differences, suggesting that certain ncRNAs may be useful
biomarkers for stroke development. Wang et al. [128] investi-
gated patients with ischemic stroke and reported that muta-
tions in the H19 gene increased the risk of ischemic stroke.
Another independent study revealed that lncRNA H19 levels
were significantly increased in the blood and cytoplasm of
stroke patients, with high diagnostic sensitivity and specificity
levels. This indicates that lncRNA H19 may be a novel diag-
nostic and therapeutic target for ischemic stroke. Moreover,
Mehta et al. [129] suggested that lncRNA FosDT could reduce
the loss of motor function after cerebral infarction and stroke
via the regulation of REST downstream genes.

In clinical practice, noncoding RNAs are abnormally
expressed in the blood of ischemic stroke patients and are
closely related to patient prognosis. In whole blood, studies

have found that miR-122, miR-148a, let-7i, miR-19a, miR-
320d, and miR-4429 are downregulated, while miR-363 and
miR-487b are upregulated [130]. Moreover, Lu et al. [131]
put forward the idea of noncoding RNAs as potential clinical
biomarkers for disorders in the CNS. They suggest that non-
coding RNAs can regulate CNS function and many diseases
and can be used as a potential biomarker for the diagnosis
and prognosis of CNS diseases, as well as combined with other
biomarkers and imaging tools to improve the diagnostic
power. Subsequently, Mehta et al. [16] conducted a compre-
hensive circRNA expression profile analysis on male tMCAO
mice. microRNA-binding sites, transcription factor binding
and gene ontology of circRNAs altered after ischemia were
determined under cerebral ischemia. In their study, a total of
1322 detectable circRNAs were comprehensively analysed, of
which 283 had significant changes. Their research shows that
these noncoding RNAs altered after stroke may be controlled
by a set of transcription factors. These noncoding RNAs are
involved in many processes and functions such as biological
regulation, metabolism, cell communication, and binding with
proteins, ions, and nucleic acids. Liu et al. [132] also studied
the expression profile of ncRNAs in ischemic stroke and con-
firmed that noncoding RNA is a potential target for diagnosis
and treatment of stroke.

Table 1: A list of ncRNAs involved in oxidative stress under cerebral ischemia-reperfusion injury.

ncRNAs Functions References

miRNA

miR-124a Encoding neuronal calcium sensor proteins in cerebellar granulosa cells [68, 70]

miR-290 Regulating cyclic nucleotide and MAPK pathways [69, 71]

miR30a-3p Migration and neuronal plasticity [72]

miR-99 Regulates AQP4 [73]

miR-100 Connects the DNA damage response to histone H4 acetylation [74]

miR-223 Regulates serum MMP-9 level [75]

miR-383 Regulates AQP4 and causes cerebral edema [76]

FmiR-132 Involves the blood-brain barrier disruption [70]

miR-210 Alleviates the decreased oxidative metabolism caused by tissue hypoxia [79–81]

miR-124
Protects PC12 cells from OGD/R-induced apoptosis by reducing oxidative stress via the PI3K/AKT/Nrf2

pathway
[83–85]

miR-217
Deregulates MEF2D, regulates the expression of HDAC5 and ND6, and promotes mitochondrial ROS

production
[89]

lncRNAs

lncRNA ZFAS1 Downregulated by oxidative stress [93, 94]

ANRIL Represses the expression of INK4A-ARF-INK4B [96]

lncRNA-H19 Reverses metformin-mediated SOD accumulation and MDA elimination [98, 99]

lncRNA-
SNHG14

Promotes accumulation of NO in microglia, leading to continuous activation of microglia [99, 100]

lncRNA PVT1 Regulated STAT3 expression and activated by the sex-determining region Y-box 2 (SOX) [101]

lncRNA
SNHG15

Reduces ROS accumulation of PC12 cells treated with OGD/R via the miR-455-3p/TP53INP1 axis [102–104]

lncRNA OIP5-
AS1

Protecting neuronal injury by activating CTRP3 via sponging miR-186-5p [105]

circRNAs

circCCDC9 Restores eNOS expression, reduces oxidative stress, and protects the blood-brain barrier [106–108]

circPHKA2 Decreases the accumulation of ROS and MDA and increases SOD by competitive binding miR-574-5p [109]

7Oxidative Medicine and Cellular Longevity



Current research has discovered the role of certain
functional ncRNAs such as lncRNA H19 and MALAT1 in
ischemic stroke. However, research on ncRNAs still faces
many challenges. For example, it is difficult to study their
molecular mechanisms due to the complexity of the various
functions of ncRNAs. Furthermore, many ncRNAs are
expressed only in primates. Even though a significant part
of the molecular mechanism has been identified, there is still
a long way to go before it can be implemented in clinical use.

5. Conclusion

In this review, the mechanisms of oxidative stress in ische-
mic stroke and reperfusion injury were discussed, alongside
the involvement of ncRNAs in the pathological process.
Additionally, the potential of three types of ncRNAs for
treating stroke was explored. With advances in clinical and
experimental techniques, continued research into ncRNAs
and their pathways could likely lead to developing a new
treatment for ischemic stroke.
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The integrity of the blood-brain barrier (BBB) is mainly maintained by endothelial cells and basement membrane and could be
regulated by pericytes, neurons, and glial cells including astrocytes, microglia, oligodendrocytes (OLs), and oligodendrocyte
progenitor cells (OPCs). BBB damage is the main pathological basis of hemorrhage transformation (HT) and vasogenic edema
after stroke. In addition, BBB damage-induced HT and vasogenic edema will aggravate the secondary brain tissue damage. Of
note, after reperfusion, oxidative stress-initiated cascade plays a critical role in the BBB damage after acute ischemic stroke
(AIS). Although endothelial cells are the target of oxidative stress, the role of glial cell-derived oxidative stress in BBB damage
after AIS also should receive more attention. In the current review, we first introduce the physiology and pathophysiology of
the BBB, then we summarize the possible mechanisms related to BBB damage after AIS. We aim to characterize the role of
glial cell-derived oxidative stress in BBB damage after AIS and discuss the role of oxidative stress in astrocytes, microglia cells
and oligodendrocytes in after AIS, respectively.

1. Introduction

Stroke, a common acute cerebrovascular disease, accounts for
approximately 9% of all death worldwide and is the second
leading cause of death in addition to cardiovascular disease
[1]. Stroke is prevalent in the middle-aged and elderly popula-
tion and is receiving increasing attention in an increasingly
ageing society [2]. Stroke is characterized by high morbidity,
disability, and mortality rates and can be divided into hemor-
rhagic stroke and ischemic stroke, the latter of which accounts
for 87% of stroke patients [3]. For treatment of acute ischemic
stroke (AIS), tissue plasminogen activator (tPA) is the only
thrombolytic drug approved by the Food and Drug Adminis-

tration (FDA), but its clinical use is limited by a strict time
window (within 4.5 hours of stroke onset), the high risk of
cerebral hemorrhage transformation (HT) after thrombolysis,
and high death rate following HT [4]. Because of these limita-
tions, thrombolytic therapy is given to only 3% of patients suf-
fering from AIS [5].

After the onset of cerebral ischemia, a series of patholog-
ical events are triggered, including energy depletion, excito-
toxicity, oxidative stress, inflammation, BBB disruption,
and cell death [6]. HT caused by BBB damage aggravate
the secondary brain tissue damage [7]. In addition, there is
evidence that 25-30% of ischemic stroke survivors develop
immediate or delayed vascular cognitive impairment (VCI)

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2022, Article ID 7762078, 14 pages
https://doi.org/10.1155/2022/7762078

https://orcid.org/0000-0002-3032-0342
https://orcid.org/0000-0003-0757-7307
https://orcid.org/0000-0001-9538-952X
https://orcid.org/0000-0002-3950-9651
https://orcid.org/0000-0003-0014-2079
https://orcid.org/0000-0002-5351-7914
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/7762078


RE
TR
AC
TE
D

or vascular dementia (VaD) [8, 9]. It is therefore crucial to
investigate the mechanisms underlying BBB damage after
AIS and develop the strategies to protect BBB integrity to
reduce secondary brain damage.

The BBB prevents harmful neurotoxic plasma compo-
nents, blood cells, and pathogens from entering the brain.
In addition, BBB also regulates the transport of molecules
in and out of the central nervous system (CNS) to maintain
its normal function. BBB integrity is mainly maintained by
the tight junction proteins (TJPs) between endothelial cells
and the basement membrane covering the endothelial cell
surface. Meanwhile, BBB integrity is also regulated by other
cells in the CNS, such as glial cells [9, 10]. In recent years,
glial cells have gradually attracted interests of scientists and
doctors. They not only support cells in the CNS but also par-
ticipates in the progression of related neuropathology such
as ischemia-reperfusion injury. The new perspective regards
microglia, astrocytes, OLs, and OPCs as exciting therapeutic
targets for the treatment of AIS [6, 11]. However, the specific
roles of glial cells as well as the underlying mechanisms after
AIS need further investigation.

As mentioned above, the current treatments for AIS are
intravenous thrombolysis and endovascular mechanical
thrombectomy which would induce recanalization. How-
ever, reperfusion results in the production of large amounts
of reactive oxygen species (ROS), which are responsible for
most of the ischemia-reperfusion injury, resulting in brain
tissue damage. In addition, oxidative stress can lead to
apoptosis, autophagy, and necrosis of brain cells [12]. There-
fore, it is crucial to fully understand the mechanisms by
which oxidative stress is generated after AIS. Because of
the high oxygen consumption, previous research and
reviews addressing oxidative stress-induced damage have
mainly focused on the neurons within the brain. This review
is aimed at summarizing how glial cells influence both the
integrity of the BBB and the development of oxidative stress
after stroke, providing new ideas for future stroke treatment
from the perspective of glial cells.

2. Physiology and Pathophysiology of the
Blood-Brain Barrier (BBB)

2.1. Endothelial Cells and Basement Membrane in the BBB.
BBB is a highly selective semipermeable membrane barrier
that separates blood circulating in the brain from brain tis-
sue. The BBB is a highly differentiated endothelial cell struc-
ture of the neurovascular system, consisting mainly of brain
microvascular endothelial cells (BMECs), basement mem-
brane (BM), astrocytes end feet surrounding the microvas-
culature, and pericytes (Figure 1(a)) [13].

Endothelial cells (ECs), joined by tight junctions and
adherent junctions, form the first barrier of the BBB for
selective passage of intra- and extravascular substances
[14–16]. In addition, ECs produce and release various vascu-
lar regulatory factors such as endothelin, nitric oxide (NO),
and vascular endothelial growth factor (VEGF) to regulate
brain microcirculation [17].

The basement membrane (BM) that surrounds ECs
forms a second barrier to the BBB. The BM is a complex

layer of extracellular matrix proteins that provides support
for epithelial and endothelial cells, separating these cells
from the brain tissue, thereby contributing to the develop-
ment, formation, and maintenance of the BBB [18, 19].

2.2. Regulation of BBB Integrity by Astrocytes, Pericytes, and
Neurons. Astrocytes play an important role in maintaining
the integrity of the BBB. It has been shown that the brain
microvasculature can maintain its integrity in the presence
of massive astrocyte loss, suggesting that astrocytes are not
directly involved in the maintaining the integrity of the
BBB [20]. Astrocytes are primarily involved in maintaining
the integrity of the BBB through releasing certain active sub-
stances, in particular growth factors such as VEGF and glial
cell-derived neurotrophic factor. In addition, astrocytes are
also able to influence the integrity of the BBB by regulating
the expression of intracellular cyclic adenosine monopho-
sphate (cAMP) and other proteins [17].

Pericytes are flat, undifferentiated, contractile connective
tissue cells that surround the capillary wall [21]. Pericytes
synthesize and secrete albumin as an important step in
maintaining the integrity of the BBB [22]. During stroke,
pericytes migrate away from the vasculature, thereby con-
tributing to increased BBB permeability [23, 24].

Neurons are the most basic structural and functional
units of the nervous system, which play the role of connect-
ing and integrating input information and outputting infor-
mation [25]. BBB regulation in response to neural activity is
possibly a direct action of neurotransmitters on cells of the
BBB. Of note, acute increases in neural activity in adult ani-
mals have also been implicated in changes in BBB function
[26], and aberrantly, high neural activity has also been corre-
lated with BBB high permeability [27]. In addition, Lacoste
et al. showed that neuronal activity modulates vascular
plasticity in the postnatal brain. Moreover, deprivation of
sensory input from the barrel cortex of mice, either by surgi-
cal deafferent or by genetic inhibition of neurotransmitter
release, results in reduced blood vessel density after birth
[9]. Neuronal regulation of the BBB and neurovascular cou-
pling has been reviewed by Kaplan et al. [28].

2.3. Regulation of BBB Integrity byMicroglia, Oligodendrocytes
(OLs), and Oligodendrocyte Progenitor Cells (OPCs). Microg-
lia, the resident macrophages of the CNS, numbering 10-
15% of the total cell population of the brain, are extremely
responsive to changes in the CNS microenvironment and are
involved in the homeostatic regulation of the CNS [29].
Microglia are brain microvessel-associated cells. They alter
tight junction assembly and BBB permeability by releasing
vasoactive substances and cytokines [30, 31]. Normally,
microglia are in a quiescent state. Under pathological condi-
tion, microglia are activated to either M1 or M2 type [32].
M1 microglia have proinflammatory and prokilling functions.
In contrast, M2 microglia are involved in immune regulation,
control of inflammatory mechanisms, and repair of damage
resolution [33]. Studies have shown that microglia activation
is directly related to BBB integrity [34]. Microglia activation
may be triggered by microorganisms (e.g., bacteria and virus)
or neurodegenerative diseases such as Alzheimer’s disease
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(AD), Parkinson’s disease (PD), or stroke.Microglia activation
is one of the earliest events in cerebral ischemic events, occur-
ring within minutes to hours after AIS [6, 35]. Therefore,
microglia activity is crucial for prognostic and mechanistic
investigation after AIS.

Oligodendrocytes (OLs) are myelinating cells of the CNS
derived from oligodendrocyte progenitor cells (OPCs), which
are widely distributed in the CNS and account for 5%-8% of
glial cells [36]. Abnormal oligodendrocyte function underlies
the pathology of a range of diseases including stroke, multiple
sclerosis (MS), schizophrenia, and AD [37]. After AIS, the
function of OLs is impaired, leading to impaired myelin for-
mation on the surface of neurons, followed by impaired neu-
rological function and brain tissue damage [37]. Recent
studies have shown that under physiological or pathological
conditions, OLs release extracellular vesicles (EVs) into neu-
rons. EVs carry proteins including myelin-associated pro-
teins, which can modulate BBB integrity by regulating
neuronal function and neurovascular coupling [38]. Niu
et al. showed that in AD patients, interactions between OLs
and vascular are disrupted. This interferes with the integrity
of endothelial tight junctions and astrocytes end feet, thereby
disrupting the BBB and increasing vascular permeability
[39]. When white matter is damaged, inflammation and oxi-
dative stress stimulate the release of large amounts of matrix
metalloproteinase 9 (MMP-9) from OLs and OPCs, resulting
the disruption of the structure of blood vessels and inhibition
of the restoration of the BBB [40].

2.4. BBB Damage in Neurological Diseases. The crucial role
of the BBB impairment in the pathological processes of neu-
rological diseases (VCI, VaD, AD, PD, ischemic stroke, MS,

and amyotrophic lateral sclerosis (ALS)) received special
attention just for a few years [41, 42]. BBB dysfunction
begins in the hippocampus in early stage of AD detected
with magnetic resonance imaging, and BBB damage may
initiate a range of tissue damage, lead to synaptic and neuro-
nal dysfunction and cognitive impairment, end with AD
[43]. Notably, BBB breakdown and vascular dysfunction
are hallmarks of AD, and targeting BBB has great transla-
tional potential in AD therapy [44].

BBB disruption also plays an important role in the path-
ogenesis of PD, which is characterized by progressive degen-
eration of dopaminergic neurons in the substantia nigra
(SN) [45]. For example, the expression of TJPs decreased,
along with increased vascular permeability and accumula-
tion of oligomeric α-syn in activated astrocytes of mice brain
[46]. In addition, astrocytic VEGFA has been shown to be an
essential mediator in BBB disruption in PD [47]. Of note,
BBB dysfunction could be detected in PD patients accompa-
nied by the decrease of the function of P-glycoprotein (P-
gp), a special protein in the blood vessels of the brain [48].
Therefore, BBB disruption precedes the loss of numerous
dopaminergic neurons in the SN and has been hypothesized
to contribute to the progression of PD [49].

BBB disruption after stroke was induced by inflammation-
driven injury including oxidative stress, increased production
of matrix metalloproteinases (MMP), activation of microglia,
and infiltration of peripheral immune cells into ischemic tis-
sues [50]. Aging-related vulnerability of the BBB increases
the risk and exacerbates the severity of AIS [51]. The role of
BBB in aging and neurodegeneration has been reviewed by
Knox et al. [52], and BBB impairment is a cause rather than
a consequence in aging-related neurodegenerative diseases
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Figure 1: Components of blood-brain barrier and the mechanisms underlying BBB damage after acute ischemic stroke. (a) Schematic
diagram of the BBB structure and other neural cells in the CNS that interact with the BBB. (b) Molecular mechanisms of BBB disruption
in the acute phase of ischemia. (1) VEGF produced by activated astrocyte after stroke acts on neurons and causes occludin degradation
between endothelial cells. (2) Dopamine receptor activation elevates endogenous tPA in neurons, which causes occludin degradation. (3)
The upregulation of HIF-1α in neurons increases the expression of MMP-2 in endothelial cells and leads to the degradation of occludin.
(4) Caveolin-1 mediates tPA-induced MMP-9 upregulation in cultured brain microvascular endothelial cells. (5) Nitric oxide interacts
with caveolin-1 to facilitate autophagy-lysosome-mediated claudin-5 degradation in endothelial cells.
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[53]. Therefore, treatment that could maintain the integrity of
BBB would have important roles in preventing aging-related
neurological diseases.

3. Possible Mechanisms Related to BBB
Damage after Acute Ischemic Stroke

3.1. BBB Damage Induced by Acute Ischemia. After AIS,
thrombolysis with tPA within the time window is the only
FDA-approved drug. However, its clinical use is limited
because of the risk of BBB damage-related vasogenic edema
and HT. Jin et al. found that BBB injury occurred firstly in
the striatum and preoptic area within 3 hours of cerebral
ischemia. The BBB damage area coincides with the brain
sites where HT occurred after tPA thrombolysis [54–56].
The mechanisms have been explored, and several signal
pathway was involved, such as rapid MMP-2 secretion-
mediated occludin degradation and caveolin-1-mediated
claudin-5 redistribution [56, 57], neuronal-astroglial cell
interactions [58], NO production, and autophagy activation
[59]. The BBB damage after AIS is also associated with the
neuronal apoptosis induced by neuregulin receptor degrada-
tion protein-1, an E3 ubiquitin ligase [60]. The mechanism
of BBB injury after AIS is summarized in Figure 1(b). Nota-
bly, clinical trials targeting related signaling pathways after
AIS are summarized in Table 1.

3.2. BBB Damage Induced by Acute Ischemia and
Reperfusion. Current treatment for AIS focus on revascular-
ization. However, once blood flow is restored, a series of
ischemia-reperfusion injuries will be induced. These include
biochemical events, ionic imbalance, oxidative stress, and
inflammation, ultimately leading to cellular necrosis and
apoptosis. These processes cause massive ROS production,
resulting in oxidative stress injury and ultimately brain tis-
sue damage and impaired neurological functions [12].

3.2.1. Inflammation. Inflammatory stimulation is a key
mediator of BBB disruption after AIS. Previous studies
have shown that inflammation after AIS is mediated by
the proinflammatory factors tumor necrosis factor alpha
(TNF-α) and interleukin-1β (IL-1β), which are produced
between 2 and 6h after ischemic injury [61]. In addition,
proinflammatory factors induce subsequent migration of
adhesion molecules, activated neutrophils, lymphocytes,
and monocytes into the brain parenchyma [62, 63]. In
particular, infiltration of neutrophils plays a key role in
enhancing BBB permeability and worsening stroke prog-
nosis [62, 63]. Adhesion molecules such as intercellular
adhesion molecule-1 (ICAM-1) and vascular cellular adhe-
sion molecule-1 (VCAM-1), which are expressed at low
levels in the BBB, are significantly increased after AIS
[64]. It has been shown that inhibition of adhesion mole-
cules or neutrophil integrin proteins may prevent BBB
disruption by reducing the number of neutrophils that
enter the brain after AIS [65]. In addition, high expression
of proinflammatory factors increases the chance of stroke
recurrence [66]. The neuroinflammatory response associ-
ated with leukocyte infiltration plays an important role

in BBB destruction and HT. Inflammatory factors which
are released from the ischemic area attract the leukocytes
to cross the BBB and enter the brain [67], and leukocyte
infiltration may damage the BBB and cause HT by
disrupting microvascular endothelial cells. Notably, injec-
tion of matrix metalloproteinase 9 (MMP-9) inhibitors
can reduce inflammation and the risk of HT during
thrombolysis [68].

Brain tissue contains lipids with high amounts of unsat-
urated fatty acids and high concentrations of iron, which
make the brain more susceptible to free radicals [69]. Free
radicals are divided into two categories: ROS and reactive
nitrogen species (RNS). The accumulation of a large number
of free radicals plays a key role in many pathological pro-
cesses of ischemia-reperfusion. Neuronal nitric oxide syn-
thase (nNOS) mediates the production of large amounts of
NO in neurons during ischemia, and NO may inhibit the
mitochondrial respiratory chain and also react with superox-
ide radical anion to form highly active peroxynitrite, which
increases brain damage. NO reacts with or transforms
important biological compounds to generate ROS such as
hydroxyl radicals and RNS [70–72].

3.2.2. Oxidative Stress. After cerebral ischemia-reperfusion,
the inflammatory response induces the production of a
large number of ROS, which eventually leads to oxidative
stress [73]. The source of ROS consists of two main ways
(Figure 2): (1) enzymatic (products of the mitochondrial
electron transport chain, which is the primary way to
generate ROS [74], and (2) nonenzymatic, the process
requires the production of ROS in the presence of free
iron [75].

ROS in the CNS are mainly produced by astrocytes
and microglia. Superoxide, one of the most important
ROS in the CNS, is produced by enzymes such as xantine
oxidase (XO), nicotinamide adenine dinucleotide phos-
phate (NADPH), or as a by-product of the respiratory
chain [76]. ROS include peroxy radical (HO2), hydroxyl
radical (OH-), superoxide anion (O2

-), hydrogen peroxide
(H2O2), hypochlorous acid, and ozone [12]. The neuronal
oxidative stress after AIS is mainly divided into three
stages. The first stage occurs immediately after ischemia,
during which oxygen glucose deprivation (OGD) induces
mitochondrial depolarization and uncoupling of mitochon-
drial respiratory chain in neurons. Intermediates accumu-
lated in the respiratory chain interact with oxygen to
generate ROS [77]. The second stage is between 25 and
35 minutes characterized by hypoglycemia and hypoxia.
At this time, the intracellular ATP is depleted, and a large
amount of XO is activated. The third stage is the reperfu-
sion stage where the oxygenation level increases, produc-
ing a large amount of ROS [78]. ROS can act on the
basement membrane and cell membrane to cause damage
to basement membrane and endothelial cells, eventually
leading to BBB damage [79]. Studies have shown that
AIS leads to a large amount of ROS production which
could regulate the expression of claudin-5 and occludin
in the BBB to increase paracellular solute leakage and
decrease BBB integrity [31, 80, 81].
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4. Role of Glial Cell-Derived Oxidative Stress in
the BBB Damage after Acute Ischemic Stroke

4.1. Astrocytes in Stroke

4.1.1. Oxidative Stress in Astrocytes. Astrocytes are critically
involved in maintaining the integrity of the BBB. Under
physiological conditions, there are clear and distinct bound-
aries between resting astrocytes. When mild injury occurs,
astrocytes begin to proliferate, with hypertrophy of cell bod-
ies and processes accompanied by upregulated expression of
GFAP. When the injury was aggravated, astrocytes prolifer-
ated massively, and the expression of GFAP was significantly
upregulated. The cell body is markedly enlarged, and there is
overlap between the cells [82]. There are three main ways of

oxidative stress after astrocytes activation: mitochondria-
derived oxidative stress, NADPH-derived oxidative stress,
and RNS production (Figure 3) [83]. Disrupted mitochon-
drial function leads to an increase of ROS in astrocytes,
resulting in astrocytes proliferation [83]. There is a signifi-
cant increase of cytoplasmic Ca2+ concentration when astro-
cytes are exposed to OGD. Ca2+ accumulates excessively into
the mitochondria via voltage-dependent anion channels
(VDAC) and mitochondrial calcium unidirectional trans-
porters (MCU), triggering the activation of the mitochon-
drial permeability transition pore (MPTP). Upon MPTP
activation, small molecules are excreted from the mitochon-
dria without selectivity. The discharge of small molecules
leads to the dissipation of mitochondrial membrane poten-
tial, which ultimately leads to impaired antioxidant

Table 1: Clinical trials targeting signaling pathways related to blood-brain barrier damage.

Signaling pathways Reference

Autophagy, IL-1, CREB1, mTOR, BER (base extension repair), interferon, relaxin,
RAN, estrogen receptor, gas signaling pathway

[147]

AMPK/mTOR signaling pathway [148]

RBP4/Lp-PLA2/Netrin-1 signaling pathway [149]

Zinc as a signaling medium [150]

Membrane clearance

Mitochondrial
intima

NADH FADH2
H2O

II

I III

FAD

IV

Cyt c

Q

NAD+ + H+

2H+ + 1/202

2e–

H+ H+H+

(a)

H2OH2O2

O2

SOD

O2
–

e–

NADH+

OH– Fe2+

GR

GSH

catalase

GSSG

NADPH GPx3 Glucose

(b)

Figure 2: The mitochondrial electron transport chain under normal conditions and production of ROS. (a) Physiological conditions,
electrons are sequentially transferred on complex I, coenzyme Q, complex III, cytochrome C, and complex IV on the inner
mitochondrial membrane and finally produce H2O and O2. (b) The production process of ROS (red). Under pathological conditions,
electrons leave the ETC and directly combine with O2 to form super oxide radicals-O2

-. O2
- can generate H2O2 under the catalysis of

SOD. H2O2 catalyzes the formation of OH- in the presence of metallic Fe2+. On the other hand, there are antioxidative pathways in cells
(green). H2O2 can be reduced to H2O under the action of GSH via the pentose phosphate pathway. ETC: electron transport chain;
NAD+: nicotinamide adenine dinucleotide; FADH2: flavin adenine dinucleotide; FAD: flavinadeninedinucleotide; Cyt C: cytochrome C;
GPx3: glutathione peroxidase 3; GSH: glutathione; GSSG: oxidized glutathione; GR: glutathione reductase.
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pathways and ROS production [74]. In addition, the physio-
logical function of astrocytes is influenced by NADPH-
derived oxidative stress. NOX2 and NOX4 are the most
abundantly expressed NOX isoforms of the NADPH oxidase
(NOX) family in the CNS. Studies have shown that NOX4 is
expressed in astrocytes, and its expression regulates oxida-
tive stress in astrocytes [84, 85]. RNS production is another
mode of endogenous oxidative stress in astrocytes. All the
three isoforms of NOS that are expressed in the CNS are
expressed in astrocytes, Ca2+/calmodulin-dependent nNOS,
endothelial NOS (eNOS), and Ca2+-independent inducible
NOS (iNOS). NO produced by activated astrocytes can cause
the dysfunction of neuron mitochondrial membrane com-
plexes II, III, and IV [86]. NO can enhance S-nitrosylation
of protein disulfide isomerase, followed by superoxide dis-
mutase 1 (SOD1) aggregation in astrocytes and enchanced
ischemia-reperfusion injury [87].

After AIS, activated astrocytes also have positive effects
besides their damaging effects. As an important antioxidant
and free radical scavenger, glutathione participates in redox
reactions and can combine with peroxides and free radicals
to reduce ROS toxicity. Astrocytes are rich in glutathione

and enzymes related to glutathione metabolism, which play
a key role in reducing oxidative stress toxicity and prevent-
ing aggravation of ischemic injury [69, 88–91].

4.1.2. Regulation of BBB Permeability by Astrocytes. Astro-
cytes play an important role in BBB injury after AIS. Endo-
thelial cells and astrocytes were cocultured to mimic in vitro
BBB and endothelial cells exposed to 24 h OGD caused
astrocytes apoptosis by secreting microvesicles accompanied
by increased BBB permeability and degradation of the tight
junction proteins occludin and claudin-5 [92]. In addition,
after AIS, neurons stimulate VEGF production by astrocytes,
leading to degradation of the tight junction proteins occlu-
din and claudin-5 and increased permeability of the BBB
[93]. In addition, astrocytes can release MMPs and gluta-
mate. MMPs disrupt endothelial TJPs and some kinds of
extracellular matrix [94]. Glutamate activates N-methyl-D-
aspartate (NMDA) receptors on endothelial cells, inducing
vasodilation and increasing BBB permeability [95, 96].
Indeed, astrocytes also produce NO and increase the perme-
ability of the BBB through the cyclic guanosine monopho-
sphate pathway [97, 98]. Moreover, astrocytes produce ET-

Resting astrocytes Reactive astrocytes BBB damage

Stroke

(a)

VDAC MCU

MMPs

MMPs

MMPs VEGF

VEGF

NOX4

NOS

MPTP
NO

ROS

RNS

O2
–

O2
–

Ca2+

Ca2+Ca2+

Ca2+

(b)

Figure 3: Schematic illustration of the mechanism by which astrocytes activation disrupts BBB integrity after stroke. (a) Astrocytes
activation disrupts BBB integrity after stroke. (b) Activated astrocytes allow a large amount of Ca2+ to enter mitochondria through
VDAC and MCU to generate O2

-. O2
- exits mitochondria through MPTP to cause oxidative stress. NOX4 promotes oxidative stress in

astrocytes. In addition, NOS in astrocytes catalyzes the production of NO to cause RNS. On the other hand, activated astrocytes secrete
VEGF and MMPs causing BBB dysfunction.
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1 after AIS, an endogenous long-acting vasoconstrictor
which overexpression can increase BBB permeability and
aggravate brain injury [99, 100].

Astrocytes can produce some cytokines to maintain BBB
function. Astrocytes can produce angiopoietin-1 (Ang-1)
and Sonic Hedgehog (SHH) and increase endothelial tight
junction protein expression and angiogenesis to protect the
BBB [101, 102]. Under ischemic conditions, astrocytes can
produce insulin-like growth factor-1 (IGF-1) which could sta-
bilize the microvascular cytoskeleton to maintain normal per-
meability of the BBB [103, 104]. Taken together, astrocytes
have a dual role in regulating BBB permeability. How to regu-
late the secretion of protective factors by astrocytes and to pro-
tect the integrity of the BBB requires further research.

4.2. Microglia in Stroke

4.2.1. Microglia and Oxidative Stress. After AIS, microglia
are firstly activated (Figure 4). 24 h after AIS, microglia acti-
vation can be detected in the core and peri-infarct areas of
ischemic hemisphere [105, 106]. On one hand, activated
microglia produce cytokines and chemokines that promote
leukocyte infiltration and aggravate the disruption of the
BBB and brain tissue [107]. On the other hand, activated
microglia may play a beneficial role by phagocytosing cellu-
lar debris and suppressing inflammatory responses [17]. The
activated microglia can be defined by the expression of sur-
face markers, Iba1, IB4, F4/80, CD11b, and CD68, and
increased CD11b expression could indicate the severity of
microglia activation [108]. Activated microglia after AIS
are polarized into a proinflammatory M1 phenotype or an
anti-inflammatory M2 phenotype that produces immuno-
modulatory molecules such as cytokines and chemokines.
It has been shown that M1 microglia promote secondary
brain injury, whereas M2 microglia promote recovery after
AIS [109, 110]. Inducible nitric oxide synthase (iNOS) and
arginase-1 (Arg1) represent a relatively straightforward set
of markers to follow M1 versus M2 phenotypes [111]. Roy
et al. showed that stimulation of mouse BV-2 microglia
and primary microglia with lipopolysaccharide (LPS) pro-
moted upregulation of CD11b expression. Meanwhile, the
elevated CD11b expression in microglia was blocked by anti-
oxidants such as N-acetylcysteine and pyrrolidine dithiocar-
bamate [112]. Inhibition of ROS prevents the proliferation
and activation of microglia [113], suggesting that ROS are
involved in microglia activation. Mander et al. reported that
the proinflammatory cytokines IL-1β or TNF-α stimulated
microglia proliferation, which could be inhibited by a
NADPH oxidase inhibitor oleuropein, suggesting that
NADPH oxidase-derived hydrogen peroxide mediated the
microglia proliferation after AIS [114]. Microglia NADPH
oxidase can be rapidly activated by LPS and interferon-
gamma (IFN-γ), followed by the expression upregulation
of iNOS and NO that are induced by ROS release in rat.
NAPDH oxidase inhibitors blocked the upregulation, indi-
cating that NAPDH oxidase is involved in the proinflamma-
tory response of microglia, further supporting that NAPDH
oxidase-derived ROS are essential for proinflammatory gene
expression in glial cells [115].

Studies have shown that nuclear factor erythroid 2-
related factor 2 (Nrf2) plays a critical role in promoting
the transition of microglia to the M2 phenotype. In a Parkin-
son’s disease model, microglia in Nrf2-deficient mice have
an increased M1 and a decreased M2 phenotype [116]. In
the presence of ROS, microglia may tend to polarize toward
M1 and reduce the activation of M2, thus playing an impor-
tant role in inflammation. It is important to note that M2
microglia have three subtypes, M2a, M2b, and M2c, which
are related to the timing of stimulation [117]. The exact role
of these three subtypes of M2 microglia in neurological dis-
eases needs further investigation.

4.2.2. The Role of Microglia in Maintaining the BBB Integrity.
It has been shown that loss of microglia increases vascular
permeability and cerebral hemorrhage, with detrimental
effects on vascular density in a neonatal stroke model. Grow-
ing evidence demonstrate that the dual roles of microglia
exhibited in BBB damage after AIS may depend on the phe-
notype of microglia. Microglia/macrophages are activated
into a proinflammatory or an anti-inflammatory phenotype
when they are stimulated [118–120]. After stroke, proin-
flammatory cytokines such as IL-1β, TNF-α, and IL-6 are
upregulated in M1-type microglia and disrupt BBB integrity
by altering cytoskeletal organization, TJP expression, and
MMP production [121]. In addition, M1-type microglia
increase brain endothelial cell permeability by NADPH oxi-
dase activation-induced P-glycoprotein dysfunction, which
leads to the accumulation of neurotoxic molecules in the
brain [122]. Inhibiting microglia activation by minocycline,
an inhibitor of inflammation, promotes long-term neurovas-
cular remodeling and neurological recovery after ischemia
[123]. On the other hand, the complexity of retinal vascula-
ture is reduced if macrophage-colony stimulating factor is
deficit in mice, suggesting a potential role for microglia in
angiogenesis [124]. After stroke, microglia aggregate around
the vascular system, resulting in vascular disintegration and
upregulation of phagocytic CD68 expression in the penum-
bra [125]. Subsequently, microglia released the proangio-
genic factor VEGF, suggesting that microglia can promote
cerebral vascular remodeling after ischemic stroke [126].
Since microglia play a dual role after stroke, further study
are needed to explore how to activate the microglia into an
anti-inflammatory phenotype to promote neural recovery
after stroke.

4.3. Oligodendrocytes and OPC in Stroke

4.3.1. Oligodendrocytes, OPC, and Oxidative Stress. Oligo-
dendrocytes (OLs), the cells responsible for axon myelin for-
mation in the CNS, are deficit in neurological diseases
including multiple sclerosis (MS), schizophrenia, and AD
[37]. So far, most of ischemia stroke-related studies focus
on gray matter, and the role of white matter has been
ignored. Actually, white matter damage accounts for about
half of the infarction area after cerebral ischemia [127,
128]. In animal models of stroke, the degree of white matter
damage is strongly correlated with the age of the animals. It
was shown that juvenile animals are more resistant to
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cerebral ischemia compared to perinatal and old [129, 130],
suggesting that white matter damage mechanisms are associ-
ated with age.

In the early stages of cerebral ischemia, there is an
increase in oxidative stress, especially after reperfusion,
which leads to OL damage and consequent demyelination,
followed by severe long-term sensorimotor and cognitive
deficits [131]. During cerebral ischemia, OLs produce large
amounts of superoxide radicals, lipid peroxidation, and iron
oxidation (Figure 5) [132]. Pantoni et al. showed that 30
minutes after arterial occlusion, OLs, and astrocytes were
significantly swollen and 3h later, a large number of OLs
were fatally injured [133]. OPCs are more vulnerable to
stimuli than neurons or astrocytes during early reperfusion
after stroke [134]. Delayed treatment with the antioxidant
ebselenolide significantly reduced transient ischemia-
induced gray and white matter injury and neurological def-
icits, suggesting that oxidative stress plays an important
role in the white matter injury after cerebral ischemia [135].

During ischemia, extracellular levels of the neurotrans-
mitters glutamate and ATP are significantly elevated, which
triggers OL injury [136, 137]. Excess neurotransmitters over-
activate the receptors and cause damage to OLs through
excitotoxicity [138]. Glutamate receptor antagonists partially
protect against oligodendrocyte damage and reduce white
matter injury [139].

4.3.2. The Role of Oligodendrocytes and OPC on BBB
Permeability and Angiogenesis. OLs are involved in the reg-
ulation of the integrity of the BBB by interacting with
endothelial cells. After stroke, OLs secrete MMP-9 which
could accelerate the angiogenic response after white matter
injury. Primary OLs treated with the proinflammatory
cytokine IL-1β induces upregulation and secretion of
MMP-9. Tube formation was significantly increased if
brain endothelial cells were treated with IL-1β-conditioned
medium of OLs. MMP inhibitor GM6001 was able to
inhibit angiogenesis around the injury zone. It is shown
that MMP-9 produced by OLs can promote angiogenesis

in vitro [140, 141]. OPCs secrete the soluble factor TGF-
β1 that maintains the integrity of the BBB. In an
in vitro BBB model, OPC-conditioned medium increased
tight junction protein expression and decreased BBB per-
meability by activating the TGF-β receptor-MEK/ERK sig-
naling pathway [142]. In neonatal mouse brain, OPCs

BBB damage

ROS Inflammation

Brain

IL-4

Nrf2

Reactive microglia (M2)Reactive microglia (M1)

TNF-𝛼

IL-1𝛽

Figure 4: Schematic representation of the effect of microglia activation on BBB integrity after stroke. Microglia are activated to either M1 or
M2 type after stroke. They have different effects on BBB integrity. IL-1β and TNF-α promote M1 microglia activation. IL-4 and Nrf2
promote M2 microglia activation.

wnt7a

wnt7b

Stroke
OPC

Mature
oligodendrocyte

Hypomyelination

Angiogenesis

Nogo-A

ROS

MMP9

Figure 5: Schematic representation of the effects of OLs and OPCs
on BBB integrity and angiogenesis after stroke. After stroke, the
differentiation of OPCs into OLs is blocked. Oxidative stress in
damaged OLs causes neuronal demyelination. High expression of
Nogo-A in OLs inhibits angiogenesis. Poststroke oligodendrocytes
secrete MMP-9, which accelerates angiogenesis following white
matter injury. On the other hand, OPCs secrete Wnt7a and
Wnt7b to promote angiogenesis after stroke.
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attached to brain endothelial cells via basement mem-
brane, indicating that OPCs also play a key role in pro-
moting BBB integrity [143]. In addition, OPCs play an
important role in facilitating angiogenesis in the brain.
Hypoxia causes OPCs to secrete Wnt7a and Wnt7b, which
directly stimulate endothelial cell proliferation and pro-
mote angiogenesis [144]. Nogo-A is a membrane protein
expressed on the surface of OLs and neurons. It is a
growth inhibitory, antiadhesion, and growth cone collapse
factor. In the postnatal mouse brain, high expression of
Nogo-A inhibits angiogenesis, and decreased expression
of Nogo-A increases angiogenesis in vivo [145]. Therefore,
OPCs may improve neurological recovery by modulating
poststroke angiogenesis which is positively associated with
the recovery of neurological function after stroke [146].

5. Conclusion

There is an urgent need to understand the pathophysiologi-
cal of mechanisms after AIS and the interactions between
the various components of the brain. In this review, we dis-
cuss the mechanisms of BBB dysfunction after stroke, in
particular, the impact of oxidative stress on the BBB. Subse-
quently, we discuss the important roles of glial cells such as
astrocytes, microglia, OPCs, and OLs in oxidative stress
after stroke, as well as their impact on the BBB and angio-
genesis. Future studies could explore the specific mecha-
nisms of glial cell-mediated oxidative stress, the functional
differences between different glial cell types, and the differ-
ential effects of different glial cells on the integrity of BBB,
which would be a very promising target for the treatment
of AIS.

6. Literature Search Criteria

Relevant research articles and reviews before June 2022 were
retrieved on PubMed using glia, BBB, oxidative stress, and
stroke as keywords. References to included studies were
manually screened for 150 articles based on the relevance
of the title/abstract to the keywords.
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Objective. Intravenous thrombolysis (IVT) is currently the main effective treatment for patients with ischemic stroke. This study
aimed to analyze the factors affecting the early neurological recovery and prognosis of thrombolytic therapy after surgery and to
construct predictive models. Materials and Methods. A total of 849 patients with ischemic stroke who received IVT treatment at
six centers from June 2017 to March 2021 were included. Patients were divided into the training cohort and the validation cohort.
Based on the independent factors that influence the early recovery of neurological function and the prognosis, the respective
predictive nomograms were established. The predictive accuracy and discrimination ability of the nomograms were evaluated
by ROC and calibration curve, while the decision curve and clinical impact curve were adopted to evaluate the clinical
applicability of the nomograms. Results. The nomogram constructed based on the factors affecting the prognosis in 3 months
had ideal accuracy as the AUC (95% CI) was 0.901 (0.874~0.927) in the training cohort and 0.877 (0.826~0.929) in the
validation cohort. The accuracy of the nomogram is required to be improved, since the AUC (95% CI) of the training cohort
and the validation cohort was 0.641 (0.597~0.685) and 0.627 (0.559~0.696), respectively. Conclusions. Based on this ideal and
practical prediction model, we can early identify and actively intervene in patients with ischemic stroke after IVT to improve
their prognosis. Nevertheless, the accuracy of predicting nomograms for the recovery of early neurological function after IVT
still needs improvement.

1. Introduction

The Global Burden of Diseases, Injuries, and Risk Factors
(GBD) study estimates rank stroke as the second most com-
mon cause of death in the world [1, 2] and the thirdmost com-
mon cause of disability-adjusted life years (DALYs) [3], with

75% of stroke deaths and 81% of disability-adjusted life years
occur in low- and middle-income countries [4]. Stroke can
be divided into ischemic stroke and hemorrhagic stroke.
Ischemic stroke is caused by the sudden loss of function led
by the interruption of blood supply to part of the brain, and
hemorrhagic stroke is caused by angiorrhexis or abnormal
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blood vessel structure [5]. In general, ischemic stroke accounts
for about 80% of stroke cases, and hemorrhagic stroke
accounts for about 20%, but the actual proportion of stroke
types depends on different patients [6]. According to data
from the Chinese Hospital Quality Monitoring System, in
2018, China’s 1853 tertiary A hospitals admitted a total of
3,010,204 stroke inpatients, of which 2,466,785 were ischemic
stroke patients, accounting for 81.9% [7]. On a global scale, the
burden of stroke has increased significantly in the past few
decades due to the increase in population size and aging pop-
ulation and the prevalence of changeable risk factors for stroke
[8, 9]. Studies have shown that at the beginning of the twenty-
first century, about 1.1 million Europeans suffer from stroke
each year, and it is predicted that by 2025, 1.5 million Euro-
peans will suffer from stroke each year, and the incidence of
young people will gradually increase [10].

Acute reperfusion therapy is by far the most effective
method for the treatment of patients with acute ischemic
stroke [11]. However, after thrombolytic therapy, the early
neurological function of a large number of patients has not
been effectively improved. Some patients have poor prognosis
after 90 days of treatment. The situation is not optimistic. This
part of patients tends to bring an increasingly huge burden to
the family and society [12]. This study aims to analyze the fac-
tors affecting the early neurological function of patients with
acute ischemic stroke (intravenous thrombolysis, IVT) and
the prognosis at 3 months after surgery and to establish a pre-
dictive model to improve the safety and effectiveness of
thrombolytic therapy.

2. Materials and Methods

We included ischemic stroke patients undergoing IVT treat-
ment from six centers (the First People’s Hospital of Pinghu,
the First Hospital of Jiaxing, the First People’s Hospital of
Jiashan, the First People’s Hospital of Tongxiang, the Peo-
ple’s Hospital of Haiyan, and the People’s Hospital of Hain-
ing from June 2017 to March 2021). According to the
inclusion and exclusion criteria, the cases that fit this study
were selected.

The inclusion criteria are as follows: (1) 18 years old or
older; (2) patients treated with alteplase thrombolysis and
whose symptom onset time (referring to the time from symp-
tom onset to thrombolytic treatment)≤4.5 hours, while
patients treated with urokinase and whose symptom onset
time≤6 hours; (3) cerebral infarction is diagnosed, and there
is a certain neurological deficit; and (4) the patient or his fam-
ily members agree to sign an informed consent.

The exclusion criteria are as follows: (1) patients with
hemorrhagic cerebral infarction; (2) patients with transient
ischemic attack; (3) patients with cerebral venous sinus throm-
bosis; (4) patients with brain tumors; (5) patients whose main
observation indicators are incomplete due to various reasons;
and (6) patients with contraindications to IVT (such as intra-
cranial hemorrhage, history of intracranial hemorrhage, intra-
cranial tumor, giant intracranial aneurysm, active visceral
hemorrhage, platelets less than 100◊109/L, oral anticoagulant
and INR>1.7 or PT>15 seconds, and intracranial or intrasp-
inal surgery within 3 months before IVT).

Table 1: The prognosis of included cases.

Group All (N = 849) Training cohort (N = 594) Verification cohort (N = 255)
Age 70:07 ± 12:54 70:12 ± 12:45 69:95 ± 12:77
Poor early neurological function recovery 452 (53.2%) 320 (53.9%) 132 (51.8%)

Poor prognosis at 3 months 294 (34.6%) 209 (35.2%) 85 (33.3%)

Included cases (N = 1318)

Training cohort
(N = 594) cohort (N = 255)

Included cases (N = 849)

Excluded cases
(i) Patients with hemorrhagic

cerebral infarction (N = 1);
(ii) Patients with transient ischemic

attack (N = 2);
(iii) Patients with incomplete main

observation indicators (N = 452);
(iv) Patients with contraindications

to IVT (N = 14).

Figure 1: The cases selecting process.
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2.1. Patient and Public Involvement. No patient was involved

2.2. Data Collection and Prognosis Classification. The data
collected in this study were mainly patient baseline data and
outcome indicators, including general information (gender,

age, BMI, NIHSS score at admission, and smoking), some past
medical history (secondary thrombolysis, hypertension, previ-
ous atrial fibrillation and previous ischemic heart disease, etc.),
previous medication history (aspirin, clopidogrel, warfarin,
atorvastatin, and rosuvastatin), laboratory test results (systolic

Table 2: The univariate analysis of prognosis of patients with ischemic stroke at 3 months after IVT.

No. Factors All (N= 594) Group 1 (N = 209) Group 0 (N = 385) t/z/χ2 P

1 Gender (male) 337 (56.7%) 101 (48.3%) 236 (61.3%) 9.288 0.003

2 Ages (year) 70:12 ± 12:45 76:31 ± 11:06 66:76 ± 11:88 9.585 <0.001
3 BMI (kg/m2) 22:73 ± 3:52 21:96 ± 3:53 23:15 ± 3:44 -3.977 <0.001
4 BNIHSS (score) 5 (2.75, 12.00) 12 (7, 19) 3 (2, 7) -12.688 <0.001
5 Smoking (yes) 173 (29.1%) 47 (22.5%) 126 (32.7%) 6.880 0.009

6 SecondThrombolysis (yes) 13 (2.2%) 5 (2.4%) 9 (2.1%) 0.630 0.820

7 Hypertension (yes) 409 (68.9%) 156 (74.6%) 253 (65.7%) 5.034 0.025

8 preAF (yes) 95 (16.0%) 55 (26.3%) 40 (10.4%) 25.574 <0.001
9 preIHD (yes) 36 (6.1%) 17 (8.1%) 19 (4.9%) 2.435 0.119

10 NewAF (yes) 28 (4.7%) 15 (7.2%) 13 (3.4%) 4.356 0.037

11 DM (yes) 89 (15.0%) 39 (18.7%) 50 (13.0%) 3.423 0.064

12 HL (yes) 18 (3.0%) 6 (2.9%) 12 (3.1%) 0.028 0.867

13 CHD (yes) 47 (7.9%) 20 (9.6%) 27 (7.0%) 1.215 0.270

14 CHF (yes) 17 (2.9%) 10 (4.8%) 7 (1.8%) 4.288 0.038

15 PreStrokeHistory (yes) 87 (14.6%) 42 (20.1%) 45 (11.7%) 7.659 0.006

16 CHDHistory (yes) 3 (0.5%) 1 (0.5%) 2 (0.5%) 0.005 0.946

17 HHcy (yes) 33 (5.6%) 14 (6.7%) 19 (4.9%) 0.803 0.370

18 Aspirin (yes) 77 (13.0%) 31 (14.8%) 46 (11.9%) 0.999 0.318

19 Clopidogrel (yes) 17 (2.9%) 10 (4.8%) 7 (1.8%) 4.288 0.038

20 Warfarin (yes) 8 (1.3%) 5 (2.4%) 3 (0.8%) 2.653 0.103

21 Atorvastatin (yes) 27 (4.5%) 9 (4.3%) 18 (4.7%) 0.043 0.837

22 Rosuvastatin (yes) 25 (4.2%) 14 (6.7%) 11 (2.9%) 4.958 0.026

23 PreSBP (mmHg) 154:81 ± 20:18 157:09 ± 19:58 153:57 ± 20:42 2.034 0.029

24 PreDBP (mmHg) 84:9 ± 12:72 84:14 ± 12:96 85:31 ± 12:59 -1.073 0.513

25 Hb (g/L) 139:41 ± 17:03 135:23 ± 18:96 141:68 ± 15:45 -4.214 <0.001
26 RBC (◊1012/L) 4.58 (4.26, 4.93) 4.46 (4.03, 4.84) 4.66 (4.35, 5.00) -4.745 <0.001
27 WBC (◊109/L) 7:65 ± 3:41 7:79 ± 2:99 7:57 ± 3:63 0.779 0.436

28 N (%) 63:01 ± 12:44 64:61 ± 13:2 62:14 ± 11:94 2.254 0.025

29 PLT (◊109/L) 186:53 ± 58:31 181:31 ± 55:71 189:37 ± 59:55 -1.610 0.108

30 K+ (mmol/L) 3:76 ± 0:48 3:77 ± 0:5 3:75 ± 0:46 0.353 0.725

31 Na+ (mmol/L) 141:17 ± 4:3 141:11 ± 4:64 141:2 ± 4:11 -0.240 0.811

32 UN (mmol/L) 6.03 (4.90, 7.20) 6.30 (5.00, 7.70) 5.90 (4.90, 6.99) -2.473 0.013

33 Cr (μmol/L) 77:1 ± 26:35 79:64 ± 32:42 75:72 ± 22:3 1.556 0.121

34 PT (s) 11:43 ± 1:06 11:55 ± 1:17 11:37 ± 1:00 1.955 0.051

35 APTT (s) 30:22 ± 4:96 29:51 ± 4:92 30:61 ± 4:94 -2.609 0.009

36 INR 1 ± 0:09 1:01 ± 0:09 0:99 ± 0:09 2.498 0.013

37 Fg (g/L) 3.38 (2.69,4.03) 3.50 (2.77,4.22) 3.29 (2.65,3.88) -2.754 0.006

38 Time (min) 154:7 ± 60:1 161:58 ± 61:75 150:97 ± 58:92 2.061 0.040

39 Drug (u-PA) 49 (8.2%) 25 (12.0%) 24 (6.2%) 5.872 0.015

40 24hNIHSS (score) 3 (1, 9) 11 (6, 22) 2 (1, 4) 15.251 <0.001
Note: Group 1 is poor neurological function recovery group, and group 0 is good neurological function recovery group.
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Table 3: Logistic regression analysis on prognosis of patients with ischemic stroke at 3 months after IVT.

Factors B S.E. Wald P OR
OR 95% CI

Low Up

Ages (year) 0.048 0.011 18.792 0.001 1.050 1.027 1.073

DM (yes) 0.821 0.303 7.333 0.007 2.272 1.254 4.115

APTT (s) -0.050 0.025 4.036 0.045 0.952 0.906 0.999

Drug (u-PA) 1.100 0.409 7.237 0.007 3.003 1.348 6.693

V24hNIHSS (score) 0.263 0.027 95.063 0.001 1.301 1.234 1.371

Constant -5.603 1.113 25.328 0.001 0.004

Points

Ages

DM

APTT

Drug

V24hNIHSS

Total points

Disease risk

0

0.2 0.4 0.6 0.8 0.9

10 20 30 40 50 60 70 80 90 100 110 120 130 140

0 5 10 15 20 25 30 35 40 45

u-PA

rt-PA

30 45 60 75 90

0 10 20 30 40 50 60 70 80 90 100
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No
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Figure 2: Continued.
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Figure 2: Continued.
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pressure before thrombolysis, diastolic pressure before throm-
bolysis, hemoglobin, red blood cell count, etc.), treatment infor-
mation (thrombolysis time and thrombolytic medication), and
outcome indicators (24-hour NIHSS score and mRS score at 3
months after surgery). This study discussed the early neurolog-
ical function recovery after thrombolytic therapy and the prog-
nosis at 3 months. Among them, the early recovery of
neurological function was assessed by the National Institutes
of Health Stroke Scale (NIHSS) [13], and the prognosis at 3
months after the operation was assessed by themodified Rankin
scale. The specific groups are as follows:

(1) Early neurological function recovery [14]. δ≥4 or 24-
hour NIHSS≤1 was defined as the good early neurolog-
ical function recovery group (group 0), and δ<4 and
24-hour NIHSS>1 was the poor early neurological
function recovery group (group 1). Besides, δ =
NIHSS at admission 24-hour NIHSS

(2) Prognosis at 3 months after surgery [15]. The prog-
nosis at 3 months after surgery was measured by
mRS score at 3 months after surgery, and the specific
definition is as follows: mRS score at 3 months after
surgery ≤2 was defined as the good prognosis group
(group 0), and mRS score> 2 at 3 months after sur-

gery was considered as the short-term poor progno-
sis group (group 1).

2.3. Model Construction and Verification. The samples
included in this study were divided into training cohorts and
verification cohorts at a ratio of 7 : 3 by nonrepeated random
sampling. Variables with P < 0:1 based on the univariate anal-
ysis in the training cohort were used as predictors [16] and
included them in the multivariate binary logistic regression.
The entry method was Forward: LR. Then we analyzed the
independent influencing factors that affected the early recov-
ery of neurological function and the prognosis at 3 months
after the surgery and established the predictive nomograms,
respectively. In the training cohort and verification cohort,
ROC curve and calibration curve were used to evaluate the
predictive accuracy and discrimination ability of the nomo-
gram, and the decision curve analysis (DCA) and clinical
impact curve analysis (CICA) were used to evaluate the nomo-
gram and the clinical applicability of [17, 18].

2.4. Statistical Analysis. SPSS 23 statistical software (IBM,
Armonk, NY) was used to support univariate analysis and
multivariate binary logistic. Continuous data is demon-
strated asmean ± standard deviation or median (lower quar-
tile and upper quartile), and t-test or Mann–Whitney U test

0.80.60.40.20.0

Predicted Pr (Lvali$Group 2 = 1)
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Figure 2: The predictive nomogram and ROC curve and calibration curve of nomogram predicting the prognosis at 3 months after IVT. (a)
Predictive nomogram of prognosis at 3 months after IVT; (b) the ROC curve of nomogram predicting the prognosis at 3 months after IVT
in training cohort; (c) the ROC curve of nomogram predicting the prognosis at 3 months after IVT in verification cohort; (d) the calibration
curve of nomogram predicting the prognosis at 3 months after IVT in training cohort; (e) the calibration curve of nomogram predicting the
prognosis at 3 months after IVT in verification cohort. Note: In the calibration curve, the abscissa represents the predicted probability for the
poor prognosis, and the ordinate represents the actual probability for the poor prognosis. “Apparent” indicates the predicted probability of
the risk model for the whole queue; “Bias-corrected” indicates the predicted probability corrected by bias-corrected approach Bootstrapping;
“Ideal” indicates the ideal predicted probability. The better the coincidence of the three indicators is, the better the prediction performance
of the nomogram is.
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Figure 3: Continued.
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Figure 3: The decision curve and clinical impact curve analysis of nomogram predicting the prognosis at 3 months after IVT. (a) The
decision curve of nomogram predicting the prognosis at 3 months after IVT in training cohort; (b) the decision curve of nomogram
predicting the prognosis at 3 months after IVT cohort; (c) the nomogram predicting the CICA of the prognosis at 3 months after IVT in
training cohort; (d) the nomogram predicting the CICA of the prognosis at 3 months after IVT in verification cohort. Note: (1) In the
decision curve, the abscissa represents the high-risk threshold probability to predict poor prognosis, and the ordinate represents net
benefit. “Model” refers to the net benefit brought by intervention through predicting high-risk patients with poor prognosis under
different threshold probabilities according to the risk model; “All” and “None” represent two extreme cases. “All” refers to the net benefit
brought by intervention when all patients were at high risk with poor prognosis. “None” refers to no intervention when all patients were
at low risk, and under this condition, the net benefit was 0. DCA was used to analyze and compare two extreme cases, the net benefit of
the risk model and the corresponding threshold probability. (2) As to the CICA, we assumed that 1000 patients were applied to our
model under simulated examination conditions. “Number high risk” represents the number of high-risk patients with poor prognosis
predicted by the model at different threshold probabilities. “Number high-risk event” represents the actual number of high-risk patients
with poor prognosis.
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was used for the comparison between the two groups; cate-
gorical data was demonstrated as n (%), and the chi-square
test was used for comparison between groups. The construc-
tion of the nomogram and the drawing of ROC, decision
curve, and clinical impact curve were completed in R4.0.4.
Bilateral P < 0:05 was considered statistically significant.

3. Results

3.1. Patient Information. We enrolled 1,318 stroke patients
who received IVT treatment from six hospital centers from June
2017 to March 2021 and excluded patients with hemorrhagic
stroke, transient cerebral ischemia, complemented main

Table 4: Univariate analysis of early neurological recovery after IVT of patients with ischemic stroke.

No. Factors All (N = 594) Group 1 (N = 320) Group 0 (N = 274) t/z/χ2 P

1 Gender (male) 337 (56.7%) 171 (53.4%) 166 (60.6%) 3.071 0.080

2 Ages (year) 70:12 ± 12:45 71:93 ± 12:35 68:01 ± 12:26 3.873 <0.001
3 BMI (kg/m2) 22:73 ± 3:52 22:38 ± 3:53 23:15 ± 3:46 -2.701 0.007

4 BNIHSS (score) 5 (2.75, 12.00) 6 (3, 13) 4 (2, 11) -4.939 <0.001
5 Smoking (yes) 173 (29.1%) 94 (29.4%) 79 (28.8%) 0.021 0.885

6 SecondThrombolysis (yes) 13 (2.2%) 4 (1.3%) 9 (3.3%) 2.855 0.091

7 Hypertension (yes) 409 (68.9%) 232 (72.5%) 177 (64.6%) 4.297 0.038

8 preAF (yes) 95 (16.0%) 60 (18.8%) 35 (12.8%) 3.924 0.048

9 preIHD (yes) 36 (6.1%) 19 (5.9%) 17 (6.2%) 0.018 0.892

10 NewAF (yes) 28 (4.7%) 11 (3.4%) 17 (6.2%) 2.516 0.113

11 DM (yes) 89 (15.0%) 57 (17.8%) 32 (11.7%) 4.360 0.037

12 HL (yes) 18 (3.0%) 7 (2.2%) 11 (4.0%) 1.677 0.195

13 CHD (yes) 47 (7.9%) 28 (8.8%) 19 (6.9%) 0.668 0.414

14 CHF (yes) 17 (2.9%) 7 (2.2%) 10 (3.6%) 1.135 0.287

15 PreStrokeHistory (yes) 87 (14.6%) 50 (15.6%) 37 (13.5%) 0.531 0.466

16 CHDHistory (yes) 3 (0.5%) 1 (0.3%) 2 (0.7%) 0:598 ∗
17 HHcy (yes) 33 (5.6%) 21 (6.6%) 12 (4.4%) 1.341 0.247

18 Aspirin (yes) 77 (13.0%) 38 (11.9%) 39 (14.2%) 0.728 0.394

19 Clopidogrel (yes) 17 (2.9%) 11 (3.4%) 6 (2.2%) 0.827 0.363

20 Warfarin (yes) 8 (1.3%) 5 (1.6%) 3 (1.1%) 0:731 ∗
21 Atorvastatin (yes) 27 (4.5%) 18 (5.6%) 9 (3.3%) 1.863 0.172

22 Rosuvastatin (yes) 25 (4.2%) 12 (3.8%) 13 (4.7%) 0.362 0.547

23 PreSBP (mmHg) 154:81 ± 20:18 156:34 ± 19:16 153:02 ± 21:21 2.003 0.046

24 PreDBP (mmHg) 84:9 ± 12:72 84:91 ± 12:97 84:89 ± 12:44 0.015 0.988

25 Hb (g/L) 139:41 ± 17:03 138:51 ± 17:71 140:46 ± 16:17 -1.395 0.164

26 RBC (◊1012/L) 4.58 (4.26, 4.93) 4.54 (4.14, 4.89) 4.65 (4.35, 4.98) -2.717 0.007

27 WBC (◊109/L) 7:65 ± 3:41 7:86 ± 3:62 7:4 ± 3:14 1.629 0.104

28 N (%) 63:01 ± 12:44 64:16 ± 13:14 61:67 ± 11:45 2.462 0.014

29 PLT (◊109/L) 186:53 ± 58:31 186:97 ± 59:26 186:02 ± 57:28 0.198 0.843

30 K+ (mmol/L) 3:76 ± 0:48 3:75 ± 0:48 3:76 ± 0:47 -0.339 0.735

31 Na+ (mmol/L) 141:17 ± 4:3 141 ± 4:15 141:36 ± 4:47 -0.999 0.318

32 UN (mmol/L) 6.03 (4.90, 7.20) 6.10 (4.93, 7.47) 6.00 (4.90, 7.00) -0.924 0.355

33 Cr (μmol/L) 77:1 ± 26:35 78:42 ± 30:5 75:56 ± 20:42 1.358 0.175

34 PT (s) 11:43 ± 1:06 11:4 ± 1 11:48 ± 1:14 -0.953 0.341

35 APTT (s) 30:22 ± 4:96 29:82 ± 4:95 30:7 ± 4:93 -2.157 0.031

36 INR 1 ± 0:09 0:99 ± 0:09 1 ± 0:09 -0.948 0.343

37 Fg (g/L) 3.38 (2.69, 4.03) 3.46 (2.73, 4.11) 3.30 (2.68, 3.91) -1.681 0.093

38 Time (min) 154:7 ± 60:1 160:47 ± 60:24 147:96 ± 59:33 2.541 0.011

39 Drug (u-PA) 49 (8.2%) 36 (11.3%) 13 (4.7%) 8.254 0.004

Note: (1) Group 1 is the poor early neurological function recovery group; group 0 is the good early neurological function recovery group; (2) ∗P represents the
P value calculated by Fisher’s exact probability method.
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indicators, and contraindications to IVT, and finally 849
patients were included in this study. Among the samples, 452
patients had poor recovery of neurological function in the early
stage, and 294 patients had a poor prognosis at 3 months post-
operatively.We use nonrepetitive random sampling at a ratio of
7 : 3, and draw the training cohort (594 cases) and the verifica-
tion cohort (255 cases). In the training cohort, 320 patients
had poor recovery of early neurological function, and 209
patients had a poor prognosis at 3 months postoperatively. In
the verification cohort, 132 patients had poor recovery of neu-
rological function early, and 85 patients had poor prognosis at
3 months after surgery (Table 1 and Figure 1).

3.2. Prognosis Prediction Model at 3 Months after Surgery

3.2.1. Univariate Analysis. The univariate analysis of the
prognosis of patients with ischemic stroke at 3 months after
IVT showed that gender, age, BMI, NIHSS score at admission
(BNIHSS), smoking, hypertension, previous atrial fibrillation
(preAF), new-onset atrial fibrillation (NewAF), congestive
heart failure (CHF), previous stroke history (PreStrokeHis-
tory), clopidogrel history (Clopidogrel), rosuvastatin history
(Rosuvastatin), pre-thrombolysis systolic blood pressure
(PreSBP), hemoglobin (Hb), red blood cell count (RBC), neu-
trophils (N), APTT, INR, fibrinogen (Fg), medication time
(Time), thrombolytic medication (Drug), and 24-hour NIHSS
score (24hNHISS) were significantly different between the two
groups (P < 0:05). Although diabetes (DM) and PT were not
significantly different between the two groups (P > 0:05), they
were close to 0.05. The above factors may affect the prognosis
of patients with ischemic stroke at 3 months after IVT
(Table 2).

3.3. Model Construction. The above-mentioned possible
influencing factors were used as independent variables, and
the prognosis at 3 months after IVT was used as the depen-
dent variable. Multivariate binary logistic regression analysis
was used, and the Forward: LR was used as the independent
variable entry method. We analyzed the independent
influencing factors that affect the prognosis of patients with
ischemic stroke at 3 months after IVT. The analysis results
show that age, diabetes DM, APTT, thrombolytic medica-
tion (Drug), and 24-hour NIHSS score (24hNIHSS) were
independent factors influencing the prognosis of patients
with ischemic stroke at 3 months after IVT, and a nomo-
gram of the prognosis was constructed (Table 3).

3.3.1. Model Verification. The accuracy of the nomogram
predicting the prognosis at 3 months after IVT was analyzed
by the ROC curve, and the AUC (95% CI) in the training
cohort was 0.901 (0.874~0.927), the AUC in the verification
cohort (95% CI) is 0.877 (0.826~0.929), which shows that
the prognosis at 3 months after surgery can be well pre-
dicted. The calibration curve based on the training and ver-
ification cohort shows that the predicted value of the
nomogram for the poor prognosis is in good accordance
with the actual value (Figure 2).

Decision curve analysis (DCA) and clinical impact curve
analysis (CICA) were used to evaluate the clinical applicabil-
ity of nomogram predicting the prognosis of patients with
ischemic stroke at 3 months after IVT. Both showed that
the model had a large practical threshold probability range
Pt> 0.3, and the benefit was higher. The figure showed that
when the threshold probability Pt = 0:4, the cost/benefit = 2
: 3. CICA hypothesized that if the prognosis of 1000 people
was evaluated, and we compared the model evaluation
results with the actual results, when Pt = 0:4, the two curves
came to be very close (that is, the number of high-risk
patients predicted by the model was very close to the actual
number of high-risk patients). In summary, this model had a
very ideal effect on the prognosis of 3 months after IVT
(Figure 3).

3.4. Predictive Model of Early Neurological Function Recovery

3.4.1. Univariate Analysis. The results of univariate analysis
of the early recovery of neurological function of patients
with ischemic stroke after IVT showed that age, BMI, NIHSS
score at admission (BNIHSS), hypertension, previous atrial
fibrillation (preAF), diabetes (DM), systolic blood pressure
before thrombolysis (PreSBP), red blood cell count (RBC),
neutrophils (N%), APTT, treatment time ONT (Time), and
thrombolytic medication (Drug) were significantly different
between the two groups (P < 0:05), although gender, second
thrombolysis (SecondThrombolysis), and fibrinogen (FG)
are not significantly different (P > 0:05) but less than 0.1.
The above factors may be the influencing factors of early
neurological function after IVT in patients with ischemic
stroke (Table 4).

3.4.2. Model Construction. The above-mentioned possible
influencing factors were used as independent variables, and
the early neurological function recovery after IVT was used

Table 5: Multivariate logistic regression analysis of early neurological recovery after IVT in patients with ischemic stroke.

Factors B S.E. Wald P OR
OR 95% CI

Low Up

Ages (year) 0.022 0.007 8.654 0.003 1.022 1.007 1.037

BNIHSS (score) 0.029 0.011 6.492 0.011 1.030 1.007 1.053

DM (yes) 0.516 0.244 4.477 0.034 1.675 1.039 2.701

N (yes) 0.014 0.007 4.154 0.042 1.014 1.001 1.028

Drug (u-PA) 0.971 0.345 7.917 0.005 2.641 1.343 5.194

Constant -3.535 0.762 21.524 0.001 0.029
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Figure 4: Continued.
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as the dependent variable. Multivariate binary logistic
regression analysis was used, and the Forward: LR was used
as the independent variable entry method. We analyzed the
independent factors affecting the early recovery of neurolog-
ical function in patients with ischemic stroke after IVT. The
analysis results showed that age, NIHSS score at admission
(BNIHSS), diabetes (DM), neutrophils (N), and medication

(Drugs) were independent factors affecting the prognosis
of IVT patients with ischemic stroke, and a nomogram of
the prognosis was constructed (Table 5).

3.4.3. Model Verification. The accuracy of the nomogram for
early neurological function prediction was analyzed by ROC
curve. The AUC (95% CI) in the training cohort was 0.641

0.3

0.3

0.4

0.5

0.6

0.7

0.8

0.4 0.5 0.6 0.7 0.8

B = 200 repetitions, boot Mean absolute error = 0.02 n = 594

A
ct

ua
l p

ro
ba

bi
lit

y

Predicted pr (Group 1 = 1)

Apparent

Ideal
Bias-corrected

(d)

0.3

0.4

0.5

0.6

0.7

0.3 0.4 0.5 0.6 0.7

A
ct

ua
l p

ro
ba

bi
lit

y

B = 200 repetitions, boot Mean absolute error = 0.019 n = 255
Predicted pr (Svali$Group 1 = 1)

Apparent

Ideal
Bias-corrected

(e)

Figure 4: The predictive nomogram and ROC curve and calibration curve of nomogram predicting the early neurological recovery after
IVT. (a) Predictive nomogram of early neurological recovery after IVT; (b) the ROC curve of the nomogram predicting the early
neurological recovery after in training cohort; (c) the ROC curve of the nomogram predicting the early neurological recovery after in
verification cohort; (d) the calibration curve of nomogram predicting the early neurological recovery after IVT in training cohort; (e) the
calibration curve of nomogram predicting the early neurological recovery after IVT in verification cohort. Note: The calibration curve
has been explained in Figure 2.
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(0.597~0.685), and the AUC (95% CI) in the verification
cohort was 0.627 (0.559~0.696), which showed that the
effect of distinguishing early neurological function was not
ideal. The calibration curve based on the training cohort
and the validation cohort showed that the predicted value
of the nomogram for poor prognosis was in good accor-
dance with the actual value (Figure 4).

Decision curve analysis (DCA) and clinical impact curve
analysis (CICA) were used to evaluate the clinical applicabil-
ity of the nomogram predicting early neurological recovery.
Both showed that the model had a relatively narrow range of
practical thresholds. CICA hypothesized that if the progno-
sis of 1000 people was evaluated, and we compared the
model evaluation results with the actual results, when
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Figure 5: The decision curve and clinical impact curve analysis of nomogram predicting the early neurological recovery after IVT. (a) The
decision curve of nomogram predicting the early neurological recovery after IVT in training cohort; (b) the decision curve of nomogram
predicting the early neurological recovery after IVT in verification cohort; (c) the clinical impact curve of the nomogram predicting the
early neurological recovery after IVT in training cohort; (d) the clinical impact curve of the nomogram predicting the early neurological
recovery after IVT in verification cohort. Note: DCA and CICA have been explained in Figure 3.
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Pt> 0.6, the two curves came to be very close (that is, the
number of high-risk patients predicted by the model was
very close to the actual number of high-risk patients). At this
time the cost/benefit = 3 : 2 (Figure 5).

4. Discussions

At present, there are a variety of effective treatment for
patients with acute ischemic stroke, such as IVT and intra-
vascular interventional therapy, which can improve the neu-
rological outcome of patients, and the two can be combined
for appropriate patients [19, 20]. But still, IVT is still the first
choice for a large number of patients. The China Stroke Pre-
vention and Treatment Report 2019 shows that the number
of people receiving IVT treatment in 298 advanced stroke
centers in China in 2018 was 43,486 [21, 22]. Not all patients
can benefit from thrombolysis. A study by Emberson et al.
showed that 69% of patients still had a poor prognosis
(mRS≥ 3 points) at 3 months after thrombolysis [23]. Poor
prognosis not only reduces the direct benefits of IVT, but
also reduces the quality of life of patients and increases the
medical burden on the family and society [24]. The results
of the ECASS III test shows that IVT at 3.0-4.5 h still has
effect [25], and the IST-3 test shows that IVT on the onset
of disease within 6 hours have effect [26]. The subjects of
this study were enrolled from six centers who received IVT
treatment within 6 hours of acute ischemic stroke since the
onset of the disease. This study discusses and analyzes the
factors affecting the early neurological function recovery
after IVT and the prognosis at 3 months after the surgery
and establishes corresponding prediction model to form an
early identification and active intervention of patients who
may have a poor prognosis and improve their prognosis.

This study shows that old age, diabetes, and urokinase
thrombolysis are risk factors for poor early recovery of neu-
rological function and poor prognosis at 3 months after IVT
in patients with ischemic stroke. Guidelines for the primary
prevention of stroke point out that [27] old age and diabetes
are not only independent risk factors for the occurrence of
acute ischemic stroke, but are also considered to be impor-
tant risk factors affecting the prognosis of IVT. Older age
is one of the most important and independent predictors
of stroke death and adverse outcomes [28, 29]. A study by
Ulrich et al. [30] showed that diabetes more than doubled
the risk of stroke. About 20% of diabetic patients die of
stroke. The course of diabetes also increases the risk of non-
hemorrhagic stroke. Morgenstern et al. [31] verified that
age-specific incidence and rate showed that diabetes would
increase the incidence of ischemic stroke in all age groups.
The thrombolytic stroke prediction model incorporates age
and diabetes history into the predictive variables. The model
has an ideal effect in predicting the prognosis of thrombo-
lytic therapy for good and severe prognosis (C values are
0.79 and 0.78, respectively) [32]. In recent years, recombi-
nant tissue-type plasminogen activator (rt-PA) has been
approved by the US Food and Drug Administration (FDA)
and European Medicines Agency (EMEA) as the only
thrombolytic drug that can be used for ischemic stroke.
However, due to the high cost, extremely short treatment

window, and increased risk of bleeding if out of the treat-
ment window, a large number of ischemic stroke patients
worldwide have not benefited from the drug. Urokinase
plasminogen activator (u-PA) is usually used as an alterna-
tive [33]. As mentioned above, among the 43,486 patients
in China in 2018, 7282 patients were treated with urokinase
thrombolysis, accounting for 16.7%, and the rest were
treated with rt-PA. A nationwide prospective Chinese regis-
try study with a sample size of 3810 [34] compared the effi-
cacy of rt-PA and u-PA in ischemic stroke. The results
showed that the two treatments have an excellent outcome
(90-day mRS; there was no significant difference between
score< 2) and symptomatic bleeding (P > 0:05). This study
showed that compared with rt-PA, u-PA can significantly
increase the risk of poor early neurological function recovery
and poor prognosis at 3 months after surgery.

In addition, this study shows that the NIHSS score at
admission and the proportion of centrifugal cells before
thrombolysis are also independent factors influencing the
poor early of neurological function recovery after IVT.
Perez-de-Puig et al. [35] showed through animal experi-
ments that the accumulation of neutrophils can cause the
destruction of the blood-brain barrier, thereby increasing
the risk of hemorrhagic transformation and the incidence
of poor prognosis after IVT. The clinical study of Liu et al.
[36] showed that the increase in neutrophil count and neu-
trophil percentage before thrombolysis is associated with
an increased risk of poor prognosis in patients with ischemic
stroke after IVT. The NIHSS score at admission is used as a
scale for the severity of stroke, and the severity of the disease
is positively correlated with its score. Therefore, a large
number of predictive models for the prognosis of thrombo-
lysis included NIHSS score at admission as a variable [37].

At the same time, the NIHSS score 24 hours after throm-
bolysis and APTT before thrombolysis are also independent
factors influencing the prognosis at 3 months after IVT. This
study showed that the NIHSS score 24 hours after IVT is an
independent influencing factor of the prognosis at 3 months
after surgery rather than the NIHSS score at admission. This
shows that the severity of the disease after IVT can better
predict the prognosis at 3 months postoperatively than the
severity before treatment. Rangaraju et al. [38] verified that
the NIHSS score at 24 hours in the postmortem analysis of
2 randomized controlled stroke trials can better predict the
long-term outcome of ischemic stroke. Yongtao et al. [39]
showed that APTT level before thrombolysis is an indepen-
dent risk factor that influences the early neurological
improvement of acute ischemic stroke after intravenous
IVT. APTT prediction of the best segmentation point of
early neurological function improvement before thromboly-
sis is at 27.15(s). When the APTT level is <27.15(s), the early
neurological function improvement is significantly better
than APTT>27.15(s). However, the relationship with the
prognosis at 3 months after IVT has not been verified.

In recent years, the relationship between smoking and
adverse outcomes after IVT for ischemic stroke has not yet
been confirmed. The study of Moulin et al. [40] showed that
smoking does not independently affect the prognosis of
patients with cerebral ischemia treated with rt-PA. The
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better outcome of smokers is the result of different case com-
binations. This is also verified by the study of Kurmann et al.
[41]. In the study of Sun et al. [42], smoking increases the
risk of hemorrhagic transformation (HT) after IVT. This
study shows that smoking is not an independent factor
influencing the prognosis of IVT in patients with ischemic
stroke. And among smoking patients, the propensity scoring
method was used to match patients with high smoking age
(>30 years) and patients with low smoking age (≤30 years),
and it is found that the poor prognosis of the two was also
very similar (see Table S1 and Table S2).

4.1. Limitations. This study has certain limitations. Although
the factors that affect the early recovery of neurological func-
tion after IVT have been analyzed, the accuracy of the pre-
diction nomogram for the recovery of early neurological
function established based on this needs to be improved.

5. Conclusions

This study uses only a small number of indicators to estab-
lish a predictive model for the early neurological recovery
of patients with ischemic after IVT and the prognosis at 3
months after surgery. These predictive factors are easy to
obtain in clinical practice. There is a large difference in the
prediction accuracy of the two models (Delong’s test P <
0:05). The accuracy of the prediction nomogram based on
the recovery of early neurological function needs to be
improved. However, the nomogram for the prognosis 3
months after the operation has a very ideal prediction effect,
which can well predict the poor prognosis 3 months after the
operation. This is also the prognostic outcome that we are
more concerned about.
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Objective. Ischemic cerebrovascular disease is a commonly seen vascular disorder in clinical practice. Given the difficulty of drug
therapy to achieve ideal curative effects, interventional therapy has gradually become the preferred treatment for the disease.
This research primarily discusses the short-term efficacy of digital subtraction angiography- (DSA-) guided neurointerventional
thrombolysis for acute ischemic cerebrovascular disease (AICVD) and its influence on vascular endothelial function (VEF) and
oxidative stress (OS). Methods. All the clinical data of 162 patients diagnosed with AICVD and treated between June 2019 and
December 2021 were collected and analyzed retrospectively. They were assigned to two cohorts according to the difference in
interventional methods: a conventional group (CG) given recombinant tissue plasminogen activator (rt-PA) therapy and an
observation group (OG) intervened by DSA-guided neurointerventional thrombolysis. The two groups were compared with
respect to short-term treatment efficacy, the National Institutes of Health Stroke Scale (NIHSS) score, cerebral hemodynamics,
and VEF and OS indexes. Results. The short-term efficacy was better in OG (93.98%) than in CG (82.28%). After treatment, the
NIHSS score decreased in both cohorts with obvious differences within the group at different time points, and the posttreatment
NIHSS score was lower in OG as compared to CG. OG had higher Qm and Vm while lower Wv , Zcv , and Rv than CG. Higher
endothelial-dependent flow-mediated dilatation (FMD) was observed in OG, as well as lower ankle-brachial index (ABI) and
pulse wave velocity (PWV). And the posttreatment MDA was lower while SOD, GSH-Px, and TAC were higher in OG
compared with those on CG. All the above differences were of statistical significance (P < 0:05). Conclusions. DSA-guided
neurointerventional thrombolysis is highly effective in the treatment of AICVD, which can not only effectively improve patients’
neurological function and cerebral hemodynamics but also mitigate VEF injury and help to alleviate patients’ OS.

1. Introduction

As a common critical and severe condition worldwide, ische-
mic cerebrovascular disease (ICVD) refers to transient or
persistent and local or diffuse brain tissue damage caused
by ischemia and hypoxia of the corresponding brain tissue,
resulting in a series of neurological dysfunction symptoms

or signs [1, 2], with high disability rate and fatality rate [3,
4]. As the diet structure of people changes and the aging of
the population accelerates, the prevalence of ICVD, most
of which occurs on the basis of hemodynamic disturbance
or cerebrovascular diseases, has increased rapidly, posing a
serious threat to patients’ life safety and quality [5, 6]. ICVD
includes transient ischemic attacks (TIA) [7] and acute
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cerebral infarction (ACI) [8]. Regardless of the type, artery
stenosis or occlusion caused by atherosclerosis is a very
important reason [9].

Literature has revealed a close association between ICVD
and atherosclerosis [10]. Ischemic cerebral vessels can cause
temporary blood supply disturbance, resulting in neurologi-
cal deficits, which have a serious impact on patients. Its
onset is often accompanied by neurological dysfunction,
and untimely treatment of the sudden attack of ICVD will
seriously affect the life of patients. Thrombolysis is a com-
monly used clinical method to treat cerebral vascular occlu-
sion and an important way to restore the patency of the
occluded cerebral vessels [11]. The prominent feature of
clinical treatment is intravenous (IV) thrombolysis (IVT).
In thrombolytic drugs, plasminogen activators can dissolve
fibrin in thrombi and promote the recanalization of blocked
vessels, thus saving patients’ lives in a timely manner
[12–14]. However, IVT still has limitations. It only works
within 4 hours after onset, with some certain contraindica-
tions for some patients [15]. Therefore, IVT, with limited
therapeutic effectiveness, is not suitable for all cases. Inter-
ventional therapy, thanks to the progress of clinical medi-
cine, has also been extensively applied, providing a new
approach for cerebrovascular occlusion [16]. Interventional
therapy is a minimally invasive method to determine the
location of artery stenosis and treat cerebrovascular diseases
through intubation based on computer. During interven-
tional therapy, IVT can be used to dredge blood vessels
and eliminate infarction [17], which has been confirmed by
Liu et al. [18] and Lei et al. [19]. But the demerits of inter-
ventional therapy have also been gradually unveiled with
its widespread application. The wrong choice of puncture
site, for instance, can result in ineffective treatment while
aggravating the patient’s condition [20]. Due to the com-
plexity of cerebrovascular structure, correct selection of the
puncture site is critical. Hence, relevant auxiliary examina-
tion is the key to enhancing the treatment outcome of inter-
ventional therapy.

Digital subtraction angiography- (DSA-) guided neu-
rointerventional thrombolysis is an operation assisted by
imaging means, which can recanalize the lumen of the
refractory occlusion or severe stenosis of cerebral blood sup-
ply artery through guidewires and catheters, and is widely
used in clinic because of its advantages of small trauma, def-
inite curative effect, and high safety [21, 22]. Besides, endo-
thelial dysfunction (ED) in the cerebral circulation is
shown to be linked to a range of vascular-related disorders,
as well as a higher possibility of experiencing acute clinical
events that may lead to cognitive decline [23–25]. Mean-
while, there is compelling evidence that oxidative stress
(OS) is a major inducement of cerebral ED in multiple disor-
ders [26]. Thus, this experiment primarily analyzes the ther-
apeutic effect of DSA combined with neurointerventional
thrombolysis on acute ischemic cerebrovascular disease
(AICVD) patients and studies its effects on cerebral hemo-
dynamics, vascular endothelial function (VEF), and OS, with
the novelty and motivation lying in providing a scientific
theoretical basis and laying a sound theoretical basis for fur-
ther treatment.

2. Materials and Methods

2.1. General Data. We retrospectively analyzed the clinical
data of 162 AICVD patients diagnosed and treated in the
Second Hospital of Dalian Medical University between June
2019 and December 2021. Inclusive criteria: (1) all patients
were confirmed by CT, MRI, and other imaging examina-
tions and met the diagnostic criteria of AICVD [27]; (2)
onset of illness ≤ 4:5 hours; (3) no previous interventional
therapy; and (4) intact case data. Exclusion criteria: (1) pres-
ence of intracranial space-occupying lesions such as brain
abscess and brain tumor, (2) severe organ dysfunction or
diseases, (3) history of acute cerebral infarction or myocar-
dial infarction within 3 months, (4) mental illness or cogni-
tive impairment, (5) contraindications associated with other
thrombolytic therapy and DSA antiplatelet drugs, and (6)
incomplete case data. Patients were assigned to either the
conventional group (CG; n = 79) or the observation group
(OG; n = 83) based on the interventional methods. The com-
parison of baseline data (sex, age, etc.) showed no statistical
difference between groups, suggesting clinical comparability
(P > 0:05, Table 1). This study has obtained approval from
the Medical Ethics Committee of the Second Hospital of
Dalian Medical University. As this study was retrospective,
the need for subjects’ informed consent was waived.

2.2. Treatment Methods. All patients were monitored for
vital signs after admission, and intracranial CT perfusion
imaging and other auxiliary examinations were performed
to determine the lesion site and the presence of cerebral hem-
orrhage. Among them, cases in OG were treated with DSA
combined with neurointerventional thrombolysis. Recombi-
nant tissue plasminogen activator (rt-PA) (alteplase for injec-
tion, specification 50mg, Registration No. S20160055,
Boehringer Ingelheim Pharma GmbH & Co. KG, Germany)
was administered at 0.6mg/kg intravenously, with the maxi-
mum dose controlled within 60mg; 10% of the total dosage
was first given via an IV bolus injection within 1min, and
the rest was pumped continuously within 1 h through the
infusion pump. The Seldinger puncture technique was used
to perform puncture, intubation, and arterial sheathing in
the femoral artery of the patient, and a whole-brain DSA
was performed to evaluate the vascular occlusion. The micro-
guidewire was inserted, under whose guidance, the catheter
was placed to the position near the diseased vessel. Then, a
mixed solution of 200,000U urease and 20mL normal saline
(0.9%) was quickly injected with a syringe, followed by
pumping of 200,000 to 500,000U urokinase and 50mL nor-
mal saline (0.9%) with a microautolysis catheter at 1.0mL/
min. Patients in CG received conventional IV thrombolytic
therapy with 0.9mg/kg recombinant human tissue fibrino-
gen activator; 10% of the total dosage was first administered
via an IV push within 1min, and the rest was pumped con-
tinuously within 1 h through the infusion pump.

2.3. Endpoints

(1) National Institutes of Health Stroke Scale (NIHSS)
[28]: patients were assessed by the NIHSS score

2 Oxidative Medicine and Cellular Longevity
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(score range: 0-45) before as well as 1 day, 7 days,
and 3 months after treatment for neurological defi-
cits, mainly from the dimensions of level of con-
sciousness, response to commands, gaze, facial
paralysis, motor function (leg), sensory, and dyski-
nesia. Higher scores were associated with more seri-
ous neurological deficits

(2) Short-term efficacy: after 3 months of treatment, two
physicians with deputy senior titles or above in the
neurology department conducted efficacy assessment
through the NIHSS score, with an inverse connec-
tion between the score and efficacy. Cure: NIHSS
score lowered by >90%, with no disability. Marked
response: NIHSS score lowered by 46%-90%, with
basically independent living. Response: NIHSS score
decreased by 18%-45%, with partial independent
living ability. Nonresponse: NIHSS score decreased
by less than 18%, with grade 3 or higher disability.
Overall response rate ðORRÞ = ðcure + marked
response + responseÞ cases/total cases × 100%

(3) Cerebral hemodynamics: the cerebral blood flow of
patients was measured using a CV-300 cerebrovas-
cular hemodynamic analyzer (MEDENG Electronic
Equipment Co., Shanghai, China). According to the
empirical formula such as the basic equation of non-
linear elastic cavity model, several characteristic
parameters reflecting cerebrovascular function were
calculated by the computer system. The indexes
measured before and after treatment included the
mean blood flow (Qm), mean blood flow velocity
(Vm), wave velocity (Wv), vascular characteristic
impedance (Zcv), and peripheral resistance (Rv)

(4) VEF: the VEF of patients was measured with the
use of an UNEXEF38g automated diagnostic ultra-
sound system (UNEX corporation, Sakae Naka-ku,
Nagoya, Japan). The parameters detected before
and after treatment included flow-mediated vasodi-
lation (FMD), as well as bilateral ankle-brachial
index (ABI) and brachial-ankle pulse wave velocity

(ba-PWV) measured by a VBP-9 arteriosclerosis tes-
ter, and the average values of ABI and ba-PWV were
calculated

(5) OS: before and after treatment, fasting venous blood
samples (4mL) were obtained from each participant
during morning hours, which were then treated with
centrifugation (3000 r/min, 10min) for serum collec-
tion. The enzyme-linked immunosorbent assay
(ELISA) quantified serum total antioxidant capacity
(TAC), and the xanthine oxidase method, thiobarbi-
tal colorimetry, and colorimetry determined malon-
dialdehyde (MDA), superoxide dismutase (SOD),
and glutathione peroxidase (GSH-Px), respectively

2.4. Statistical Processing. The sample size of this study was
calculated using PASS 15.0 (NCSS, Kaysville, Utah). The
data from a preliminary study indicated that for a study
power of 80% (α = 0:05, β = 0:2), assuming an effective rate
of 93% and 75% in OG and CG, respectively, the sample size
required for each group was 62, with a total of 124 cases
allowed for adequate data acquisition. Meanwhile, with the
dropout rate of 20%, a total of 156 patients were needed
(78 in each group).

All data were processed with SPSS 25.0 (SPSS, Inc., Chi-
cago). The mean ± standard deviation was utilized to indi-
cate the normal distributed quantitative data, and the
intergroup and multigroup comparison methods were inde-
pendent sample t-test and one-way analysis of variance plus
Bonferroni post hoc analysis, respectively. Counting data
were expressed by the case number (percentage), and the
comparison adopted the chi-square test. Statistically signifi-
cant differences were present when P < 0:05.

3. Results

3.1. NIHSS Scores of Two Groups. No statistical difference
was found between OG and CG in pretreatment NIHSS
scores. After treatment, decreased NIHSS scores were
observed in both cohorts, with a statistical difference at each
time point within the group (P < 0:05). And the NIHSS

Table 1: Comparison of general data.

Conventional group (n = 79) Observation group (n = 83) χ2/t P

Gender (n) 1.2481 0.2639

Male 45 (57.0) 40 (48.2)

Female 34 (43.0) 43 (51.8)

Age (years old) 50:52 ± 10:14 50:76 ± 10:23 0.1499 0.8810

Body mass (kg) 61:60 ± 7:32 62:87 ± 8:10 1.0453 0.2975

Primary disease (n)

Diabetes mellitus 19 (24.1) 24 (28.9) 0.4913 0.4833

Hypertension 37 (46.8) 40 (48.2) 0.0299 0.8627

Hyperlipidemia 35 (44.3) 38 (45.8) 0.0358 0.8500

History of smoking (n) 39 (49.4) 39 (47.0) 0.0918 0.7619

History of drinking (n) 23 (29.1) 28 (33.7) 0.4007 0.5267
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scores of OG were lower at 1 d, 7 d, and 3 months after treat-
ment versus CG (P < 0:05), as exhibited in Table 2.

3.2. Clinical Efficacy of Two Groups. In CG, cure, marked
response, response, and nonresponse were found in 13, 28,
24, and 14 cases, respectively, with an ORR of 82.28%. In
OG, cure, marked response, response, and nonresponse were
identified in 21, 38, 19, and 5 cases, respectively, with an
ORR of 93.98%. The above data revealed a higher ORR in
OG as compared to CG (P < 0:05), as can be found in
Table 3.

3.3. Cerebral Hemodynamics in Two Groups. The intergroup
comparison of pre- and posttreatment cerebral hemody-
namics showed a statistically significant difference (P <
0:05). The posttreatment Qm, Vm, Wv, Zcv, and Rv in OG
were 4:67 ± 1:10mL/s, 12:77 ± 2:83 cm/s, 18:26 ± 4:26m/s,
and 82:12 ± 14:16 kPa·s/ms, and 53:60 ± 11:23 kPa·s/m,
respectively; in CG, the corresponding indexes were 4:01 ±
0:65mL/s, 10:78 ± 2:49 cm/s, 21:44 ± 4:81m/s, 90:57 ±
17:47 kPa·s/m, and 59:56 ± 11:77 kPa·s/m, respectively. The
results showed better recovery of cerebral hemodynamic
indexes in OG compared with CG. See Table 4 for details.

3.4. VEF in Two Groups. Similarly, VEF differed signifi-
cantly between groups before and after treatment (P <
0:05). The FMD, ABI, and PWV in OG were 5:88 ± 1:35%,
0:91 ± 0:10, and 1212:00 ± 50:82 cm/s/s after treatment, while
those in CG were 5:16 ± 1:19%, 1:10 ± 0:11, and 1344:06 ±
68:82 cm/s, respectively, suggesting better recovery of VEF
indexes in OG as compared to CG (P < 0:05). See Figure 1
for details.

3.5. OS Response in Two Groups. Serum SOD, MDA, GSH-
Px, and TAC levels differed insignificantly between groups
prior to treatment (P > 0:05). After treatment, serum SOD,
GSH-Px, and TAC in the two groups all increased, while
the content of MDA decreased, with statistically significant

differences (P < 0:05); OG showed better improvement in
each index than CG after treatment, as shown in Figure 2.

4. Discussion

In patients with ICVD, the atherosclerotic plaque shedding
in the cerebral artery or neck artery leads to reduced blood
supply to the brain, which causes local cerebral blood circu-
lation disorders [29], eventually resulting in transient dam-
age of varying degrees. During the clinical treatment of
such patients, promoting blood supply restoration in the
brain tissue and clearing blocked blood vessels is most fre-
quently needed. Among them, thrombolytic therapy is a very
common treatment, which is to dredge the blocked blood
vessels, so that the blood and oxygen supply to the patient’s
brain tissues can be restored as soon as possible [30]. Among
all kinds of thrombolytic therapy, neurointerventional ther-
apy is minimally invasive, which uses guidewires, balloon
dilatation, and other related materials to explore and treat
the diseased blood vessels through intravascular catheters
[31], while DSA can obtain clear and pure vascular images
through subtraction, enhancement, and reimaging to achieve
vascular visualization. The application of DSA in the process
of implementing neurointerventional thrombolytic therapy
can better relieve the stenosis and obstruction of diseased
blood vessels, restore the blood perfusion of brain tissue, con-
trol the development of patients’ condition, and effectively
improve patient prognosis [32].

This study compared the short-term therapeutic efficacy,
cerebral hemodynamics, VEF, and OS indexes of ICVD
patients treated with conventional IVT and those with
DSA-guided neurointerventional thrombolysis. The results
showed a significantly higher ORR in patients receiving
DSA combined with neurointerventional thrombolysis com-
pared those with conventional IVT alone, similar to the
research of Li et al. [33]. Besides, we found decreased NIHSS
scores in both cohorts after treatment, especially in OG.
Thrombolytic therapy can promote cerebral vascular

Table 2: Comparison of NIHSS scores.

Before treatment 1 d after treatment 7 d after treatment 3 months after treatment F P

Conventional group (n = 79) 21:05 ± 4:31 13:59 ± 2:62 8:00 ± 1:64 6:29 ± 1:27 470.4000 <0.0001
Observation group (n = 83) 21:39 ± 3:94 10:66 ± 2:68 6:23 ± 1:26 4:42 ± 0:91 765.2000 <0.0001
t 0.5244 7.0318 7.2515 10.8124 — —

P 0.60007 <0.0001 <0.0001 <0.0001 — —

Table 3: Comparison of clinical efficacy.

Cure Marked response Response Nonresponse Overall response rate

Conventional group (n = 79) 13 (16.46) 28 (35.44) 24 (30.38) 14 (17.72) 65 (82.28)

Observation group (n = 83) 21 (25.31) 38 (45.78) 19 (22.89) 5 (6.02) 78 (93.98)

χ2 4.5871

P 0.0322
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recanalization and restore cerebral blood perfusion, which is
conducive to relieving symptoms of neurological deficits and
promoting patients’ rehabilitation. As a targeted administra-
tion through guidewires and catheters under the support of
DSA and other imaging means, neurointerventional throm-
bolysis can directly act on the diseased blood vessels and
increase the contact area between thrombolytic drugs and
thrombus, playing a positive role in promoting the recovery
from neurological deficits. Further, we analyzed cerebral
hemodynamics and found improvements in related indexes
in both groups after treatment, suggesting improved blood
supply of arterial vascular bed and significantly increased

cerebral blood flow after thrombolytic therapy. Moreover,
the improvement was more significant in OG, which indi-
cates that neurointerventional thrombolysis on the basis of
IVT is beneficial to improve cerebral hemodynamics, pro-
mote cerebral circulation recovery, and relieve the symp-
toms of ischemia, hypoxia, and neurological function
damage. In the research of Yang et al. [34], insufficient blood
supply to the brain would cause excessive lactic acid produc-
tion and accumulation, resulting in acidosis, a process that is
an important mechanism of neuronal damage. DSA-guided
neurointerventional thrombolysis can effectively improve
cerebral hemodynamics and blood circulation, which is

Table 4: Comparison of cerebral hemodynamic indexes.

Time point Groups Qm (mL/s) Vm (cm/s) Wv (m/s) Zcv (kPa·s/m) Rv (kPa·s/m)

Before treatment
Conventional group (n = 79) 3:36 ± 0:77 8:13 ± 2:26 25:10 ± 4:72 146:82 ± 20:38 84:17 ± 13:85
Observation group (n = 83) 3:20 ± 0:80 8:26 ± 2:24 25:96 ± 4:46 146:34 ± 24:32 83:20 ± 15:97

t 1.2959 0.3676 1.1924 0.1358 0.4121

P 0.1969 0.7136 0.2349 0.8921 0.6808

After treatment
Conventional group (n = 79) 4:01 ± 0:65∗ 10:78 ± 2:49∗ 21:44 ± 4:81∗ 90:57 ± 17:47∗ 59:56 ± 11:77∗

Observation group (n = 83) 4:67 ± 1:10# 12:77 ± 2:83# 18:26 ± 4:26# 82:12 ± 14:16# 53:60 ± 11:23#

t 4.6198 4.7423 4.4597 3.3896 3.2982

P <0.0001 <0.0001 <0.0001 0.0008 0.0011

Notes: ∗P < 0:05 vs. the conventional group before treatment; #P < 0:05 vs. the observational group before treatment.
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Figure 1: Comparison of vascular endothelial function. (a) Comparison of FMD; (b) comparison of ABI; (c) comparison of PWV; ∗P < 0:05
vs. the conventional group before treatment; #P < 0:05 vs. the observational group before treatment; ∗∗P < 0:01 and ∗∗∗P < 0:001.
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conducive to early and adequate blood perfusion of revers-
ible injured neurons and alleviation of ischemia and hyp-
oxia, thus improving neurological function.

ED is the earliest event of inflammatory injury and vas-
cular damage after ischemia reperfusion [35]. Following
ischemia, endothelial cells and astrocytes produce numerous
chemokines and cytokines that induce the expression of
adhesion molecules on endothelial cells, causing leukocyte
adhesion and degrading endothelial tight junction proteins
and extracellular matrix [36]. Therefore, inhibiting this
inflammatory reaction can reduce ischemic infarct size and
alleviate neurological deficits. In this study, FMD increased
statistically while ABI and PWV decreased obviously after
treatment in the two groups, with more significant changes
in OG. FMD is an effective index to reflect the structural
and functional integrity of vascular endothelial cells [37];
ABI and PWI can be used to predict the risk of atherosclero-
sis. The higher the ABI and PWI, the worse the vascular
elasticity, and the greater the probability of developing ath-
erosclerosis and cerebrovascular events [38]. In addition,
OS is the main factor causing nerve injury after cerebral
infarction [39], which is mainly manifested by increased
lipid peroxidation products like MDA and reduced antioxi-
dant enzymes like SOD, GSH-Px, and TAC, leading to
increased blood vessel and cell permeability, inducing OS
reaction and causing serious impact on nerve cell function.
OS plays an important part in acute ischemic stroke patho-
genesis [40]. In acute cerebral infarction, oxygen uptake in

brain tissue is insufficient to maintain cellular oxidative
metabolism, causing metabolic changes and cell death. The
brain, for many reasons, is particularly vulnerable to free
radical injury. The brain is rich in polyunsaturated fatty
acids, which are particularly susceptible to free radical-
induced peroxidation that alters the content of antioxidant
enzymes [41]. This research identified lower MDA and
higher SOD, GSH-Px, and TAC in OG compared with CG.
It suggests that DSA-guided neurointerventional thromboly-
sis has obvious advantages in improving VEF, which is con-
ducive to restoring vascular endothelial cell structure and
function, promoting vasodilation, and increasing cerebral
blood supply and flow. At the same time, it downregulates
lipid peroxide expression, promotes oxygen free radical
scavenging, and relieves oxidative damage to brain tissue,
contributing to reduced OS and accelerated neurological
recovery.

5. Conclusion

To sum up, for the treatment of AICVD, DSA combined
with neurointerventional thrombolysis can effectively
improve cerebral hemodynamics, reduce VEF damage, alle-
viate the body’s OS response, and promote the recovery of
nerve function, which has high clinical popularization value.
However, further in-depth research is needed to explore the
interaction between DSA and neurointerventional thrombo-
lysis. Besides, the key action sites of the treatment are still
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being explored. There is still a long way to go for the wide
clinical application of adverse reactions after treatment,
and the benefits and risks of treatment should be effectively
weighed to ensure the clinical treatment effect.
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Poststroke depression (PSD) does not exist before and occurs after the stroke. PSD can appear shortly after the onset of stroke or
be observed in the weeks and months after the acute or subacute phase of stroke. The pathogenesis of PSD is unclear, resulting in
poor treatment effects. With research advancement, immunoactive cells in the central nervous system, particularly microglia, play
a role in the occurrence and development of PSD. Microglia affects the homeostasis of the central nervous system through various
factors, leading to the occurrence of depression. The research progress of microglia in PSD has been summarized to review the
evidence regarding the pathogenesis and treatment target of PSD in the future.

1. Microglia

Microglia can be transformed into activated microglia post-
brain trauma, infection, or other central nervous system dis-
eases. Rapid proliferation and activation of microglia can
have various forms and move to the lesion area. Its activa-
tion process includes proliferation, chemotaxis, and cytokine
secretion. Microglia can secrete many inflammatory cyto-
kines and molecules, inducing immune-inflammatory reac-
tions and increasing the blood-brain barrier (BBB)
permeability. On the other hand, activated microglia pro-
mote the regeneration of the nerve cells, facilitating nerve
repair after acute cerebral stroke [1–3]. When the external
stimulus is eliminated, activated microglia gradually return
to the resting state. Microglia can be divided into two polar-
ized phenotypes based on their secreted cytokines, namely,
M1 and M2 types [4]. M1 microglia account for most acti-
vated microglia, mainly expressing surface antigens such as
CD16, CD32, and CD86 [5]. M1-type microglia can exert a
phagocytic effect through contact with nerve cells or activat-
ing the colony-stimulating factor (CSF) and tumor necrosis
factor-α (TNF-α). Moreover, it promotes the synthesis and

secretion of interleukin-1 (IL-1), IL-4, and other inflamma-
tory factors, thereby triggering the immune-inflammatory
cascade reaction [6–8]. M2 microglia can be divided into
M2a, M2b, and M2c subtypes based on different stimuli.
M2a microglia can be generated by IL-4, IL-13, and other
stimuli and release IL-10 and other anti-inflammatory fac-
tors, thus achieving inflammatory response inhibition and
neuroprotection [9–11]. In general, cytokines secreted by
activated M1-type microglia have proinflammatory effects,
while activated M2-type microglia are essential in nerve
repair and plasticity.

2. Microglia and Stroke

Different stimuli and pathological environments determine
the phenotypes of microglia. Several studies have demon-
strated that nerve cells can release cytokines to promote
the transformation of M2 to M1. When a stroke occurs,
microglia exhibits the characteristics of dynamic change.
The early stage of stroke is dominated by the M2 type, which
appears 1~3 days after stroke, peaking at 3~5 days, and is
sustainable for 14 days. M1-type microglia appeared on
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day three and peaked on day 14, revealing the dynamic process
of microglia from neuronal protection to nerve injury after
stroke [12]. Based on physiological conditions, M1 and M2
microglia maintain a dynamic balance. However, this balance
will be disrupted when stimulated with stroke, trauma, inflam-
mation, and other stimuli. Ultimately, the different substances
induced by stimulation directly affect whether microglia could
protect or damage the nervous system [13].

Microglia can exert a neuroprotective effect by releasing
factors such as glial cell-derived neurotrophic factor (GDNF),
transforming growth factor-β (TGF-β), and P2X7 receptor,
involved in Ca2+ overload inhibition, angiogenesis, and remod-
eling of the cytoskeleton. On the other hand,microglia can pro-
mote the induction of matrix metalloproteinases (MMPs),
nitric oxides (NOS), TNF-α, and other inflammatory factors
involved in BBB disruption, vasospasm, cellular death, and
thrombosis, aggravating the brain injury poststroke [14, 15].

The activation of microglia in the inflammatory response
is a “double-edged sword” which plays a dual role in the
occurrence and development of ischemic stroke as the first
line of defense for central nervous system injury [16, 17].
M1-type microglia mainly produces proinflammatory medi-
ators and additionally plays a cytotoxic role in damaging the
nervous system. In contrast, M2-type microglia has protec-
tive factors supporting neuronal repair and regeneration.
Due to the pleiotropy of microglia during ischemic stroke,
its clinical significance deserves further study. Therefore,
regulating the activation of microglia and exploring the
dynamic changes of microglia after stroke is crucial in the
prognosis of ischemic stroke. Future studies will continue
to explore how to promote the M2-type polarization of
microglia, thus enabling brain injury repair. Moreover,
methods to inhibit the M1-type differentiation of microglia
need to be explored to reduce the secretion of inflammatory
factors, attenuate the brain damage, and ultimately reduce
the degree of cerebral ischemia injury and promote func-
tional recovery of the brain tissue [18].

3. Ischemic Stroke and Depression

Stroke is the leading cause of death, disability, and reduced
life span worldwide, and its incidence and prevalence are
increasing with age [19, 20]. According to the World
Health Organization (WHO) report, 15 million people suf-
fer from stroke yearly, which significantly burdens society
[20, 21]. Poststroke depression (PSD) is the most common
noncognitive neuropsychiatric complication, and about
30% of patients after stroke have depression [22]. The
major clinical manifestations are depressed mood, signifi-
cant changes in appetite or body mass, low self-worth,
sleep disorders, fatigue, inattention, and suicidal tendencies
[23]. PSD harms physical, cognitive, and functional reha-
bilitation, reduces the survival rate, and delays the recov-
ery among stroke patients, thereby becoming a severe
social and public health problem [24–27].

The prevalence of PSD is associated with the time point
of stroke onset, and about 30% of stroke survivors are
affected within five years after stroke [28]. Previous studies
have shown that the cumulative incidence of depression

after stroke is 39%-52%, usually occurring in the first month
after stroke, then gradually increasing and reaching its peak
around six months [29]. Another study assessed the occur-
rence of PSD at three and 12 months after stroke, with a rate
of 27.6% at three months and 24.8% at 12 months [30].
Based on the severity of PSD, it is divided into mild, moder-
ate, and severe types. A previous study revealed that 57% of
patients after stroke have PSD, 33% with mild depression,
20% with moderate depression, and 4% with severe depres-
sion [31]. The prevalence of PSD varies among different
studies. In the investigation of outpatients after stroke, it
was observed that the prevalence of mild PSD was about
23.9%, and that of severe PSD was approximately 24.0%.
Community patients had the lowest prevalence, 14% with
severe depression and 9% with low depression. In hospitals,
including emergency and convalescent patients, the preva-
lence of major depression was 21.6%. However, among the
discharged patients after stroke, the prevalence rate of major
depression was 24.0% [32].

The etiology of PSD includes psychosocial and biological
factors. In the first year after stroke, patients with PSD
depicted more neurological dysfunction, poorer recovery
outcomes, and higher morbidity and mortality. Therefore,
it is vital to identify the risk factors for PSD at an early stage.
PSD risk factors include smoking, mild global cognitive
impairment, female gender, less education, exposure to
stressful life events in the months leading up to stroke, and
comorbidities like diabetes and hypertension [33, 34]. Gen-
der is the most frequently studied risk factor in PSD with
controversial results [35, 36]. Other risk factors of PSD
include stroke severity and lesion location [37–41].

The pathogenesis of PSD is complex, with many pro-
cesses. The widely studied mechanism is the neurotransmit-
ter imbalance, a popular theory for the pathogenesis of PSD
[42–45]. Neurons can secrete a variety of monoamine neu-
rotransmitters, such as 5-hydroxytryptamine (5-HT) and
norepinephrine (NE). 5-HT exists in mammalian brain tis-
sues, especially in the cortex and synapses. 5-HT is catalyzed
by monoamine oxidase into 5-hydroxytryptophan and 5-
hydroxyindoleacetic acid, excreted through the urine.
Decreasing 5-HT concentration can lead to depressive
symptoms, including low mood and lack of confidence. In
contrast, the reduction of NE concentration causes the
decline of emotion, cognitive function, and activity regula-
tion ability [46–48]. A decrease in monoamine transmitters
is inversely related to the severity of depression. The possible
explanation for this may be because, among the brain
regions involved in emotion regulation, the amygdala, pre-
frontal lobe, and hypothalamus are dominant, which play a
transmitter regulation role by influencing the release of NE
and 5-HT [49–51]. Stroke lesions interrupt the neural path-
ways of NE and 5-HT release, reducing monoamine neuro-
transmitters in the brain, which contribute to depression
[52–54]. Previous studies depicted that the increased activity
of monoamine oxidase in PSD patients increases 5-HT
catabolism and decreases its function, causing neurological
dysfunction of the limbic system, reticulate structure, and
midline region of the brain stem, thereby aggravating
depressive symptoms [55–57].
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In addition, PSD is associated with dysregulation of
BDNF, an essential neurotrophic factor in the hippocampus,
cerebral cortex, and cerebellum. It binds to tyrosine kinase
receptor B (TrkB) and plays a crucial neurotrophic role
[58–61]. Its functions include nourishing damaged neurons,
regulating neural plasticity, depicting a vital role in the sur-
vival, differentiation, growth, and postinjury repair of neu-
rons, and participating in the initiation and development
of depression, regarded as a landmark indicator for the diag-
nosis of depression [62, 63]. Many studies have revealed that
the expression of BDNF and its high-affinity receptor TrkB
protein in the thalamus decrease after PSD, indicating PSD
occurrence is tightly associated with BDNF level, and the
lesser the production of BDNF, the more likely PSD will
occur [64, 65]. Infantino et al. found that the MED1/
BDNF/TrkB pathway is involved in thalamic hemorrhage-
induced pain and depression by regulating the activation of
microglia [66]. A recently published prospective multicenter
cohort study that enrolled 530 patients with minor stroke
indicates that the important markers affecting PSD at three
months are BDNF in females [67].

Moreover, inflammation is also involved in PSD devel-
opment [68, 69]. Considerable evidence indicates that
inflammation is involved in the occurrence and develop-
ment of PSD through related inflammatory pathways by
producing inflammatory mediators [70, 71]. Studies have
suggested that brain injury during stroke stimulates the body
to produce a rapid immune regulatory response. The periph-
eral immune system recruits inflammation-related cells and
develops inflammation-related factors, which migrate to
the brain injury area through the damaged blood-brain bar-
rier for immune regulation [72–75]. The imbalance of
homeostasis in the inflammatory state alters the endocrine
function of nerve cells. It influences the balance of neuro-
transmitter secretion in the brain, reducing the synthesis
and secretion of monoamine neurotransmitters, causing
PSD [76–78]. P2X4 receptors on the immune cells modulate
the inflammatory response, and receptor deletion protects
against stroke acutely. However, it predisposes depression-
like behavior chronically after stroke, associated with the
P2X4 receptors-induced regulation of BDNF release [79].
Kozak et al. reported no significant relationship between
major depression and basal proinflammatory cytokines such
as TNF-α, IL-1 β, IL-18, and BDNF expression in patients
who have experienced an acute ischemic stroke [80]. Other
researchers have proposed that stroke causes neurological
deficits and loss of daily living and social functions, putting
patients in a slow and long-term stress response that acti-
vates the hypothalamic-pituitary-adrenal (HPA) axis. More-
over, it causes excessive corticosteroid releasing hormone
and sympathetic nerve activity [81–83]. Excessive hormones
have toxic effects on nerve cells and affect the production of
neurotransmitters; overactivated sympathetic nerve activity
causes mood changes in patients leading to corresponding
mood and behavior changes. In addition, the activation of
the HPA axis can stimulate the upregulation of the expres-
sion of inflammatory factors, further promoting the activity
of the HPA axis and forming a vicious cycle leading to the
onset and persistence of PSD [84]. Presently, there are vari-

ous studies on inflammatory factors involved in PSD occur-
rence. Studies have shown that elevated levels of cytokines
such as IL-1β, IL-6, and TNF-α in serum are related to the
incidence of depression [85, 86]. Effective antidepressant
therapy reduces serum levels of inflammatory cytokines,
including IL-1β, TNF-α, and IL-6, in depressed patients
[87]. Neutrophil-to-lymphocyte (NLRs) and platelet-to-
lymphocyte ratios (PLRs) are also associated with depres-
sion. Higher NLRs and PLRs are associated with depression
six months after stroke, and the combined index is more
meaningful than being alone in the early clinical detection
of PSD [88]. A clinical study that enrolled 299 ischemic
stroke patients showed that increased NLRs at admission
are associated with PSD and could add prognostic informa-
tion for the early discovery of PSD [89].

There is no clear consensus on the pathogenesis of PSD.
Both depression and stroke should be considered to study
the pathogenesis of PSD comprehensively. The biological
abnormalities and the interrelation between neurotransmit-
ters involve multiple systems and signaling pathways. One
single pathogenesis of a specific system or a particular aspect
cannot provide a perfect explanation. Although detailed
research progress has been made in the neurobiology of
PSD, its pathogenesis’s etiology has not been fully clarified.
Fragmented studies are not linked together. Therefore,
exploring the influence of neural cellular signaling pathways
on the regulation of neurotransmitters and then revealing
their role in the pathogenesis of PSD could become a hotspot
of future research.

4. Microglia and PSD

The imbalance of the neuroimmune system could be an
essential factor in the pathophysiology of depression [90].
Compared with the control group, mice exposed to chronic
unpredicted stress depict significant depressed-like behav-
iors and increased corticosterone levels. Moreover, the num-
ber of microglia in the hippocampus of stressed mice
decreases, while certain microglia present malnutrition
forms [91, 92]. Chronic stress may contribute to differences
in the clinical presentation of stress-induced depression
under the control of sex-specific mechanisms by differen-
tially affecting neurons and microglia [93]. A systematic
review and meta-analysis, including 69 studies, examined
the cerebrospinal fluid, positron emission tomography,
and postmortem brain tissue and observed that increased
microglia activity and reduction of astrocytes were associ-
ated with major depressive disorder [94]. Another system-
atic review analyzed 51 articles evaluating inflammatory
markers in postmortem bipolar disorder brain samples.
Fifteen studies evaluated microglial cell markers, indicating
a potential link between microglia activation and the
occurrence and outcome of bipolar disorder [95]. Animal
experiments and autopsy results suggested that microglia
could be involved in the onset and progression of depres-
sion (Table 1). Activation of microglia has a vital role in
the pathogenesis of major psychiatric disorders associated
with hippocampal atrophy and disconnection of cognitive
structures [96, 97].
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Table 1: Summary of researches regarding the effect of microglia in poststroke depression.

Ref Model Animals Main findings

92 MCAO/R+CUMS Sprague-Dawley rats
Foraging exercise improves the behavioral scores, reduces the number of
microglia in the frontal lobe and striatum, and downregulates serum levels

of IL-6 and the IL-6/IL-10 ratio.

90 MCAO/R+CUMS Wistar rats
LCN2 may affect PSD by regulating microglial activation in the
hippocampus, with the involvement of the P38 MAPK pathway.

134 tMCAO+CUMS Sprague-Dawley rats
Morinda officinalis oligosaccharides attenuate depressive-like behaviors
after stroke by inhibiting hippocampal inflammation through modulating

microglial NLRP3 inflammasome.

11 MCAO/R+CUMS Wistar rats
The mRNA expression of proinflammatory markers (IL-1, TNF-α, iNOS,
and IL-1β), anti-inflammatory markers (CD206), and the M2 microglia
marker Arg1 upregulate in the hippocampal region in the PSD group.

61 MCAO+CUMS Sprague-Dawley rats
Amygdala microglia contribute to PSD pathogenesis and depression-like

behaviors by reducing the level of BDNF and TrkB.

25 BCCAO ICR mice
Inhibition of the fractalkine/CX3CR1 signaling pathway improves

depression and cognition via inhibiting microglia activation, promoting
OPC maturation and remyelination after cerebral ischemia.

13 MCAO/O+SIR ICR mice
Neurons and microglia-released IN-18 contribute to depression-like
behavior poststroke through activating the IL-18 receptor/NKCC1

signaling pathway.

18 MCAO/R+CUMS Sprague-Dawley rats
Xingnao Jieyu alleviates PSD by attenuating neuroinflammation, including
reduction of Iba1-positive cells, and downregulation of the TNF-α, IL-6,

and IL-1β expressions.

129 MCAO/R+CUMS Sprague-Dawley rats
Curcumin improves PSD by inhibiting neuroinflammation via diminishing

the P2X7R-mediated Ca2+ accumulation in microglia.

96 BCCAO C57BL/6 mice
Minocycline administration exerts antidepressant and anxiolytic effects by

inhibiting microglial activation.

97 BCCAO ICR mice
Minocycline exerts an antidepressant effect by inhibiting microglia

activation, promoting OPC maturation and remyelination.

45 MCAO/R+SIR C57BL/6 mice

Microglia function-induced IDO1-dependent neurotoxic kynurenine
metabolism contributes to the PSD pathogenesis. Aripiprazole reduces
depressive-like behavior and cognitive impairment by inhibiting IDO1,

HAAO, QUIN, and ROS.

79 MCAO/R
Global or myeloid-specific P2X4R

KO and wild-type mice

Global and myeloid-specific P2X4R KO mice show intermediate microglia
activation after stroke, with shorter processes, less arborization, and larger
soma. Myeloid-specific P2X4R KO mice show increased mRNA levels of
proinflammatory cytokines, decreased depression-related gene expression,

and reduced proinflammatory cytokine IL-1β in plasma after stroke.

68
Social defeat+4-

VO
Sprague-Dawley rats

Progesterone attenuates stress-induced microglia activation by regulating
polarized microglia and the inflammatory environment in the

hippocampus after ischemic injury.

69 Transient BCCAO Gerbils
DXT is widely used for the treatment of major depressive disorders.

Pretreated DXT exerts neuroprotective effect by attenuating microglia and
astrocyte activation and decreasing oxidative stress.

26 MCAO/R
Young and aged Sprague-Dawley

rats

HTR2B expression in the infarcted territory may render degenerating
neurons susceptible to attack by activated microglia and thus aggravate the

consequences of stroke, including anhedonic behavior.

27
Microsphere

embolism model
Wistar rats

Anxiety-like behavior is increased in males despite a significant increase in
microglial activation following microembolic stroke in both males and

females.

14 MCAO/R C57Bl/6 male

Pair housing enhances sociability and reduces avolitional and anhedonic
behavior, which is associated with reducing serum IL-6 and enhancing
peri-infarct microglia arginase-1 expression. Social interaction reduces

PSD and improves functional recovery.
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Various bacterial and viral infections could induce
depression [98–101]. These infectious pathogens have a
particular affinity for the brain and can induce microglial
activation [102, 103]. These pathogens can also induce
microglia to secrete proinflammatory cytokines, whose con-
centration levels have been associated with depression-like
symptoms [104–106]. Lipopolysaccharide (LPS) can acti-
vate microglia to cause depressive symptoms, whose sever-
ity is connected with the level of inflammatory cytokines
[107, 108]. LPS also induces depression by activating
microglia, and many drugs have exerted an antidepression
effect by inhibiting the activation of LPS-induced microglia
[109–111]. O’Connor et al. revealed a pivotal role for inter-
feron-γ and tumor necrosis factor-α in inducing indolea-
mine 2,3-dioxygenase and depressive-like symptoms in
response to bacillus Calmette-Guerin [112]. A previous
study showed that activation of peripheral blood mononu-
clear cells correlated with depression in patients with
chronic hepatitis C. This suggests a pivotal role of immune
cell activation in depression and neurocognitive dysfunc-
tion among chronic hepatitis C patients [113]. In addition,
the injection of interferon-γ and poly(I:C), a Toll-like
receptor-3 (TLR3) agonist mimicking the effect of HCV
double-strand RNA, caused depression-like symptoms,
and the proinflammatory genes were synergistically
induced in the hippocampus and prefrontal cortex [105].
The tight association between HCV infection and depres-
sion suggests that optimal care for the overall well-being
of patients with HCV infection needs adequate knowledge
of their psychological status [114]. Infection with human
immunodeficiency virus (HIV) has been associated with
an increase in the prevalence of depression [115, 116].
HIV infection is associated with neuroinflammation and
more significant psychopathological symptoms, which
imbalances may mediate in the kynurenic pathway [117].
As the critical kynurenic pathway enzymes that catabolize
kynurenine, kynurenine-3-monooxygenase produces neuro-
toxic metabolites in microglia [118], while kynurenine-
aminotransferase II synthesizes kynurenine acid in astro-
cytes [119]. Targeted intervention that reduces neuroin-
flammation and increases kynurenine acid in at-risk
kynurenine-aminotransferase II-TT-carriers may lessen the
depressive symptoms of HIV [120].

The inflammasome is a cytoplasmic protein complex, an
essential immune system component [121–123]. Microglia
play an important role in activating inflammasome as they
carry pattern recognition receptors (PRR) such as the Toll-
like receptor, triggering receptor expressed in myeloid cells
2 (TREM2). It recognizes pathogen-associated molecular
patterns (PAMP) and damage-associated molecular patterns
(DAMP) [124–126]. The microglia membrane is rich in
P2X7, activating the NLRP3 inflammasome in the microglia
under chronic stress, thus mediating depression-like behav-
ior [127–129]. Therapy such as electroacupuncture, curcu-
min, and simvastatin exhibit the antidepressant effect and
alleviate neuroinflammation by inhibiting the NLRP3
inflammasome and inflammatory mediators [130–135].
Selective serotonin reuptake inhibitors (SSRI) are the first-
line treatment for depression. Its representative drug fluox-
etine significantly inhibits the NLRP3 inflammasome activa-
tion in microglia and relieves depression-like behavior by
downregulating NLRP3 [136]. In addition, fluoxetine pre-
vents the exacerbation of cardiovascular dysfunction due
to socially isolated depression by activating Nrf2/HO-1
and inhibiting the TLR4/NLRP3 inflammasome signaling
pathway [137]. Moreover, clomipramine, perilla aldehyde,
cholecalciferol, geraniol, and silymarin also attenuate
depressive symptoms by the NLRP3-relative inflammatory
response [138–142].

5. Conclusion

PSD is common among stroke patients and has a high recur-
rence rate. Its risk factors and pathophysiological mechanism
are still unclear, so it is significant for preventing and treating
PSD. Microglia are a vital part of maintaining mental health
and a key mediator in managing stress and lifestyle. In the
pathophysiological mechanism of depression, microglia could
be involved in many processes and play a regulatory role in
neuroinflammation, nerve growth, and neuroplasticity. The
function of microglia in depression and the sequence of vari-
ous mechanisms and their interrelation are not clarified.
Therefore, understanding the role of microglia in the patho-
genesis of depression is of great significance for developing
treatment strategies against depression.

Table 1: Continued.

Ref Model Animals Main findings

15
Microembolism

model
Wistar rats

Microembolism infarcts are sufficient to lead to an increase in anxiety- and
depressive-like behaviors followed by spatial memory impairment, with no

trigger response of microglia, macrophages, or astrocyte.

135 MCAO/R Sprague-Dawley rats

Fluoxetine is a selective serotonin reuptake inhibitor that is widely used in
the treatment of major depression including after stroke. Fluoxetine exerts
neuroprotective effects associated with marked repressions of microglia

activation, neutrophil infiltration, and proinflammatory marker
expressions.

CUMS: chronic unpredictable mild stress; BCCAO: bilateral common carotid artery occlusion; SIR: spatial restraint stress; 4-VO: four-vessel occlusion; PSD:
poststroke depression; DXT: duloxetine; LCN2: lipocalin-2; IDO-1: indoleamine 2,3-dioxygenase 1; HAAO: hydroxyanthranilate 3,4-dioxygenase; QUIN:
quinolinic acid (QUIN); ROS: reactive oxygen species; KO: knock-out; HTR2B: serotonin receptor 2B.
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Background. Abnormal proliferation of vascular smooth muscle cells (VSMCs) is an important cause of vascular stenosis. The
study explored the mechanism of inhibition of vascular stenosis through the molecular mechanism of smooth muscle cell
phenotype transformation. Methods. Coronary heart disease-related genes were screened by bioinformatics, and the target
genes of miR-654-5p were predicted by dual-luciferase method and immunofluorescence method. miR-654-5p mimic
stimulation and transfection of TCF21 and MTAP into cells. SonoVue microbubble sonication was used to deliver miR-654-5p
into cells. Cell proliferation, migration, and invasion were detected by CCK-8, wound scratch, and Transwell. HE and IHC
staining were performed to study the effect of miR-654-5p delivery via SonoVue microbubble ultrasound on vessel stenosis in
a model of arterial injury. Gene expression was determined by qRT-PCR and WB. Results. TCF21 and MTAP were predicted
as the target genes of miR-654-5p. Cytokines induced smooth muscle cell proliferation, migration, and invasion and promoted
miR-654-5p downregulation; noticeably, downregulated miR-654-5p was positively associated with the cell proliferation and
migration. Overexpression of TCF21 promoted proliferation, invasion, and migration, and mimic reversed such effects. miR-
654-5p overexpression delivered by SonoVue microbubble ultrasound inhibited proliferation, migration, and invasion of cells.
Moreover, in arterial injury model, we found that SonoVue microbubble ultrasound transmitted miR-654-5p into the arterial
wall to inhibit arterial thrombosis and stenosis, while TCF21 was inhibited. Conclusion. Ultrasound delivery of miR-654-5p via
SonoVue microbubbles was able to inhibit arterial thrombosis and stenosis by targeting TCF21.

1. Introduction

Atherosclerosis is a systematic and progressive pathological
process that can occur in any part of blood vessels in the
human body and is the most frequently seen in arteries
[1]. Atherosclerosis causes noninflammatory, degenerative,
and proliferative lesions of blood vessels, increasing the inci-
dence of cardiovascular and cerebrovascular diseases [2–4].
Pathological diagnosis showed that intravascular thrombosis
and stenosis are the main characteristics of atherosclerosis
[5]. In recent years, percutaneous coronary intervention
(PCI) is often applied to treat patients with coronary artery

stenosis caused by atherosclerosis [6]. However, some
patients have vascular stenosis recurrence in the lesions,
which not only reduces the therapeutic effect of PCI but also
increases the possibility of atherosclerosis and recurrence [7].

At present, it is believed that the abnormal proliferation
of the neointimal membrane is the pathophysiological basis
of restenosis after PCI during the process of injured vascular
repair [8]. The enhancement of proliferation and migration
of vascular smooth muscle cells (VSMCs) is an important
cause of neointimal hyperplasia after vascular injury [9,
10]. The high elasticity of VSMCs enables them to rapidly
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adapt to changes in the surrounding environment, especially
when stimulated by extracellular matrix components, cyto-
kines, shear stress, and other factors. VSMCs significantly
reduce the expression of their differentiation markers,
thereby increasing proliferation, the ability to migrate and
synthesize the extracellular matrix involved in neointima
formation [11, 12]. Accordingly, the expression of VSMC
phenotype plays an important role in vascular diseases.
Therefore, understanding the molecular mechanism of
VSMC phenotype transformation possibly provides a regu-
latory target for the prevention and treatment of restenosis
after PCI.

In recent years, data indicated that microRNAs (miR-
NAs) play an important regulatory role in a variety of car-
diovascular and cerebrovascular diseases induced by
atherosclerotic plaques [13, 14]. Our results indicated that
miR-654-5p was expressed in patients with coronary heart
disease through bioinformatics analysis, but whether miR-
654-5p was involved in the formation of atherosclerotic pla-
ques has not been reported yet. Therefore, this study further
explored miR-654-5p, whether 654-5p is involved in the
phenotypic transformation process of VSMCs and the
degree of vascular stenosis, so as to determine the biological
significance of miR-654-5p in regulating atherosclerotic
plaques.

TCF21 was predicted as a target gene of miR-654-5p by
TargetScan and miRWalk. A study found that TCF21 plays
an important role in the activation of proinflammatory gene
expression in coronary artery smooth muscle cells [15].
However, to the best of our knowledge, there is currently
no research conducted on the molecular mechanism of the
regulation of miR-654-5p targeting TCF21 in smooth mus-
cle cell phenotype transformation. Thus, the current study
used ultrasound microbubble contrast agent to deliver
miR-654-5p into inflammatory-stimulated smooth muscle
cells and carotid injury model in rats and explored the
impact of the regulation of miR-654-5p in atherosclerotic
plaque through targeting TCF21.

2. Methods

2.1. Data Extraction from the GEO Database. Terms “coro-
nary artery disease” and “miRNAs” were retrieved in the
GEO datasets (https://www.ncbi.nlm.nih.gov/gds) to obtain
the datasets of differentially expressed miRNAs. We
obtained the dataset GSE59421 as the basis for differentially
expressed miRNA in patients with vascular embolism in the
current study. Next, the differentially expressed genes in
patients with coronary artery disease and healthy controls
were selected to further determine differentially expressed
genes, and the intersection of multiple gene sets was shown
by Venny 2.1.0 software (http://bioinfogp.cnb.csic.es/tools/
venny/index.html).

2.2. Biological Information Analysis. TargetScan 7.2 (http://
www.targetscan.org/vert_72/) and miRWalk (http://
mirwalk.umm.uni-heidelberg.de/) were used to predict the
target gene(s) of miR-654-5p.

2.3. Cell Culture. The T/G HA-VSMC cell lines were pur-
chased from American Type Culture Collection (ATCC®
CRL-1999™, Manassas, USA). The cells were cultured in
Roswell Park Memorial Institute (RPMI) medium 1640 con-
taining 10% fetal bovine serum (FBS, Gibco, USA) at 37°C in
a 5% CO2 atmosphere. VSMCs were treated with interleu-
kin-1β (IL-1β, 40 ng/mL, MBF18, Sigma-Aldrich, USA),
tumor necrosis factor-α (TNF-α, 25 ng/mL, T0157, Sigma-
Aldrich, USA), platelet-derived growth factor BB (PDGF-
BB, 20 ng/mL, P6101, Sigma-Aldrich, USA), and transform-
ing growth factor-β (TGF-β, 10 ng/mL, T1940, Sigma-
Aldrich, USA) for 24h. After the treatment, CCK-8, wound
scratch, Transwell, and qRT-PCR were performed to detect
the proliferation, migration, invasion, apoptosis, and miR-
654-5p levels, respectively. In addition, VSMCs were treated
by different concentrations of PDGF-BB (0ng/mL, 1 ng/mL,
5 ng/mL, 10ng/mL, 20ng/mL, and 40ng/mL) for 48h.

2.4. Transfection. Cells were seeded into 6-well plates at 1
× 106/mL. The next day, cells were 80-90% confluent and
transfected. 20 pmol of scramble, mimics, inhibitor, NC,
TCF21, MTAP, and mimics+MTAP (Shanghai Gene Phar-
maceutical Co., Ltd., China) were dissolved in 50μL DMEM
(Hyclone, USA) and 1μL Lipofectamine 2000 (Invitrogen,
USA), respectively. Add it to 50μL DMEM, let stand for
5min at room temperature, and mix the two. Next, the mix-
ture was added to a 6-well plate and placed in a cell incuba-
tor at 37°C with 5% CO2 for continued cultivation. The
medium was changed 24 h after transfection, and the cells
were harvested after 72 h of culture.

2.5. Construction of miR-654-5p Lentiviral Expression Vector.
miR-654-5p primer was designed based on the characteris-
tics of the pLVX-shRNA2 plasmid vector (VT1457, Clon-
tech, USA). miR-654-5p was subjected to PCR
amplification, and fragments were separated and purified
by 1% agarose gel electrophoresis (T2036, Sigma-Aldrich,
USA) and then double-digested by restriction endonucleases
BamH I (IVGN0058, Thermo Fisher Scientific, USA) and
EcoR I (IVGN0118, Thermo Fisher Scientific, USA) to
obtain purified miR-654-5p fragments. The pLVX-shRNA2
plasmid vector was double-digested by BamH I and EcoR
I, and as a linearized empty lipid vector, the vector was
ligated by purified PCR product under T4 DNA ligase at
16°C overnight. After PCR amplification, positive clones of
the PCR product were cultured, and plasmids were extracted
using a plasmid extraction kit (K211004A, Thermo Fisher
Scientific, USA).

2.6. Luciferase Activity Assay. For dual-luciferase reporter
assays, 3′UTR of TCF21 sequence containing miR-654-5p
binding sites was inserted into a pmirGLO dual-luciferase
vector (Promega, USA) to generate wild-type (WT)
pmirGLO-TCF21. The mutant (MUT) of TCF21 sequence
in miR-654-5p binding sites was synthesized using a Site-
Directed Mutagenesis Kit (F542, Thermo Fisher Scientific,
USA) and inserted into a pmirGLO dual-luciferase vector
to generate MUT pmirGLO-TCF21. Similarly, 3′UTR of
DDR1 or MTAP containing the predicted miR-654-5p-

2 Oxidative Medicine and Cellular Longevity

https://www.ncbi.nlm.nih.gov/gds
http://bioinfogp.cnb.csic.es/tools/venny/index.html
http://bioinfogp.cnb.csic.es/tools/venny/index.html
http://www.targetscan.org/vert_72/
http://www.targetscan.org/vert_72/
http://mirwalk.umm.uni-heidelberg.de/
http://mirwalk.umm.uni-heidelberg.de/


RE
TR
AC
TE
D

binding sites or MUT sites was, respectively, inserted into
pmirGLO dual-luciferase vector, named accordingly as
pmirGLO-DDR1-3′UTR-WT, pmirGLO-DDR1-3′UTR-
MUT, pmirGLO-MTAP-3′UTR-WT, and pmirGLO-
MTAP-3′UTR-MUT. After that, the pmirGLO vector con-
taining WT or MT TCF21, DDR1, or MTAP sequence
was, respectively, cotransfected with miR-654-5p mimic into
T/G HA-VSMC cells by Lipofectamine 2000 (Invitrogen,
USA). After incubation for 48h, the relative luciferase activ-

ity in the cells was measured using Dual-Luciferase Reporter
Assay protocol (Promega, Madison, WI).

2.7. Construction of Ultrasound Microbubbles and
Transfection of Smooth Muscle Cells. SonoVue ultrasound
microbubble contrast agent (Bracco, USA) was dissolved in
5mL physiological saline to form a microbubble suspension.
T/G HA-VSMC cells in logarithmic growth phase were
selected and divided into blank group (cells without any

Table 1: Primers used in real-time PCR analysis.

Gene Primer sequence Species

miR-1
Forward: 5′-TAAAGTGGGGACAGCAAAATGC-3′
Reverse: 5′-AGCACAAGGTAGAGAAGGTAGAG-3′ Human

miR-133b
Forward: 5′-CCCCTTCAACCAGCTAGTCG-3′
Reverse: 5′-GTGTCGTGGAGTCGGCAATT-3′ Human

miR-431
Forward: 5′-CCGTCATGCAGTCGTATCCA-3′
Reverse: 5′-GTATCCAGTGCGTGTCGTGG-3′ Human

miR-654-5p
Forward: 5′-TGCGTCGTATCCAGTGCAAT-3′
Reverse: 5′-GTCGTATCCAGTGCGTGTCG-3′ Human

miR-376c
Forward: 5′-TTGTCGTATCCAGTGCAATTGC-3′
Reverse: 5′-GTCGTATCCAGTGCGTGTCG-3′ Human

miR-136
Forward: 5′-TGGAGTCGTATCCAGTGCAA-3′
Reverse: 5′-GTCGTATCCAGTGCGTGTCG-3′ Human

miR-411
Forward: 5′-ACGGTCGTATCCAGTGCAAT-3′
Reverse: 5′-GTCGTATCCAGTGCGTGTCG-3′ Human

miR-299-3p
Forward: 5′-TGGGATGGTAAACCGCTTGT-3′
Reverse: 5′-TGTCGTGGAGTCGGCAATTG-3′ Human

miR-337-5p
Forward: 5′-ACGGCTTCATACAGGAGTTGT-3′
Reverse: 5′-TGTCGTGGAGTCGGCAATTG-3′ Human

miR-323-3p
Forward: 5′-TTACACGGTCGACCTCTGTC-3′
Reverse: 5′-TGTCGTGGAGTCGGCAATTG-3′ Human

miR-539
Forward: 5′-CCTTGGTGTGTGTCGTATCCA-3′
Reverse: 5′-GTATCCAGTGCGTGTCGTGG-3′ Human

miR-376a
Forward: 5′-GTAGTCGTATCCAGTGCAATTGC-3′

Reverse: 5′-GTCGTATCCAGTGCGTGTCG-3′ Human

miR-410
Forward: 5′-TTCGGTCGTATCCAGTGCAA-3′
Reverse: 5′-GTCGTATCCAGTGCGTGTCG-3′ Human

miR-329
Forward: 5′-TCTGGGTTTCTGTTTCGTCGT-3′
Reverse: 5′-GTGTCGTGGAGTCGGCAATT-3′ Human

TCF21
Forward: 5′-TCCTGGCTAACGACAAATACGA-3′
Reverse: 5′-TTTCCCGGCCACCATAAAGG-3′ Human

MTAP
Forward: 5′-CAGGCGAACATCTGGGCTTT-3′
Reverse: 5′-GGACTGAGGTCTCATAGTGGT-3′ Human

GAPDH
Forward: 5′-GGTGAAGGTCGGAGTCAACG-3′
Reverse: 5′-CAAAG TTGTCATGGATGTACC-3′ Human

U6
Forward: 5′-TCGCTTTGGCAGCACCTAT-3′
Reverse: 5′-AATATGGAACGCTTCGCAAA-3′ Human
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treatment), control group (cells cocultured with the plasmid
of miR-654-5p), liposome group (cells cocultured with lipo-
somes carrying the miR-654-5p plasmid), SonoVue group
(the microbubble contrast agent and the plasmid were
immediately added to the cell suspension seeded in a 6-
well culture plate, and the suspension was then irradiated
by a UVX radiometer (UV Products, Upland, CA)), micro-
bubble group (microbubble contrast agent and the plasmid
were immediately added into cell suspension seeded in a 6-
well culture plate), ultrasound group (the plasmid was
immediately added into cell suspension seeded in a 6-well
culture plate, and the suspension was then irradiated by a
UVX radiometer), and microbubble ultrasound group
(microbubble contrast agent was immediately added into
cell suspension seeded in a 6-well culture plate, and then,
the suspension was irradiated by a UVX radiometer).

2.8. Cell Viability. Cells at logarithmic growth phase were
selected, and the cell density was adjusted to 1 × 105/mL in
Dulbecco’s modified Eagle’s medium (DMEM;
C11995500BT, Gibco, MA, USA) medium containing 10%
FBS. Next, the cells were inoculated into a 96-well plate,
and 10μL cell counting kit-8 (CCK-8, 96992, Sigma-Aldrich,
USA) solution was added into each well and incubated for
4 h. Absorbance at 450 nm was determined by enzyme
microscopy (Multiskan GO, Shanghai Bajiu Industrial Co.,
Ltd., Shanghai, China).

2.9. Cell Apoptosis. Cells at logarithmic growth phase were
selected, the cell density was adjusted to 1 × 105/mL, and
the cells were then washed for four times by PBS and
digested by trypsin for 2min. Next, trypsin was discarded,
and 1mL RPMI-1640 was added into cells, which were
repeatedly blown into a single cell fluid. All cell suspensions
were transferred into 15mL centrifugal tube and centrifuged
at 1000 × g for 5min at 4°C. Subsequently, the supernatant
was discarded and 1mL RPMI-1640 was added into the cen-
trifugal tube. The cells were resuspended in a 1× Annexin
binding buffer, 5μL fluorescein isothiocyanate (FITC)
Annexin V, and 1μL of 100μg/mL propidium iodide (PI)
(85-BMS500PI, MULTI SCIENCES, Hangzhou, China)
solution, and the 300μL 1× Annexin binding buffer was
added into the cell suspension at room temperature and held
for 15min. Finally, the stained cells were analyzed by flow
cytometry.

2.10. Wound Scratch. Transfected cells were seeded into 6-
well plates at 5 × 105 per well. After 24 hours, scratch the
cells quickly with a uniform width. After washing the sus-
pension cells, culture the cells with a low serum concentra-
tion (1%) medium. Then, the 0 h and 48 h time points
were selected to record the cell migration at the same loca-
tion by photographing, and the migration distance was mea-
sured by ImageJ software version 1.8.0.
Relativemobility = ð0 h scratchwidth − 48 h scratch widthÞ/0
h scratch width × 100%.

2.11. Transwell. After transfection for 24 h, the transfected
cells were diluted into a density of 1 × 106/mL and pipetted
into the upper chamber of the Transwell containing suspen-
sion solution with 0.2mL FBS-free DMEM, while the com-
plete medium was added into the lower chamber. After
incubation for 48 h, the upper side of the polycarbonate
membrane was wiped, leaving the underside of the mem-
brane containing invaded cells. Finally, the cells were stained
by crystal violet for 15min at normal atmospheric tempera-
ture. Three random areas on each membrane were selected
to count the number of the migrated cells under a micro-
scope (×200). ImageJ software (version 1.8.0) was used to
analyze the images in this assay.

2.12. Colony Formation Assay. The cells were transfected
and digested, counted, and cultured in 12-well plates at
100 cells per well at 37°C in a 5% CO2 atmosphere for 3
weeks, and the conditioned medium was changed every 3 d
to observe the formation of clones. The culture was termi-
nated when the number of cloned cells was within 50-150

Group 2Group 1

14 5 155

Figure 1: Differentially expressed genes for early-onset coronary
heart disease. Venny map was drawn to find the differentially
expressed miRNA of early onset in the coronary heart disease
group and the healthy control group.

Table 2: Differentially expressed miRNAs in platelets between
patients with premature coronary artery disease and healthy
controls.

ID P value t B logFC

hsa-miR-1 0.03 -2.28 -3.64 -0.49

hsa-miR-133b 0.04 -2.05 -4.10 -0.45

hsa-miR-431 0.01 -2.78 -2.54 -0.37

hsa-miR-654-5p 0.01 -2.65 -2.84 -0.36

hsa-miR-376c 0.02 -2.49 -3.21 -0.35

hsa-miR-136 0.03 -2.19 -3.82 -0.33

hsa-miR-411 0.01 -2.56 -3.05 -0.33

hsa-miR-299-3p 0.01 -2.74 -2.64 -0.32

hsa-miR-337-5p 0.02 -2.41 -3.38 -0.31

hsa-miR-323-3p 0.04 -2.07 -4.06 -0.30

hsa-miR-539 0.01 -2.55 -3.07 -0.30

hsa-miR-376a 0.04 -2.07 -4.05 -0.27

hsa-miR-410 0.06 -1.93 -4.31 -0.25

hsa-miR-329 0.05 -2.02 -4.14 -0.25
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Figure 2: Effects of growth factors on the growth of VSMCs and miRNA expression. (a) CCK-8 was performed to detect viability of human
aortic smooth muscle cell treated by IL-1β (40 ng/mL), TNF-α (25 ng/mL), PDGF-BB (20 ng/mL), and TGF-β (10 ng/mL) for 24 h at 37°C in
a 5% CO2 atmosphere (n = 3, ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 vs. control). (b, d) The migration distance of human aortic smooth
muscle cell was detected by wound scratch assay (n = 3, ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 vs. control). (c, e) The invasion of
human aortic smooth muscle cell was detected by Transwell. (f) qRT-PCR was performed to detect the expression of miRNA in human
aortic smooth muscle cell treated by IL-1β, TNF-α, PDGF-BB, and TGF-β for 24 h at 37°C in a 5% CO2 atmosphere (n = 3, ∗P < 0:05, ∗∗
P < 0:01, and ∗∗∗P < 0:001 vs. control). (g) The effect of different treatment times of PDGF-BB (20 ng/mL) on the expression of miR-
654-5p in VSMCs by qRT-PCR. (h) The effect of different treatment concentrations of PDGF-BB (1 ng/mL, 5 ng/mL, 10 ng/mL, 20 ng/
mL, and 40 ng/mL) on the expression of miR-654-5p in VSMCs by qRT-PCR. (i) CCK-8 was performed to detect the viability of VSMCs
treated by different treatment concentrations of PDGF-BB (1 ng/mL, 5 ng/mL, 10 ng/mL, 20 ng/mL, and 40 ng/mL).
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fields, the medium was discarded, and the cells were rinsed
twice in Dulbecco’s Phosphate-Buffered Saline (DPBS,
D8662, Sigma-Aldrich, USA). 1mL methanol (34860,
Sigma-Aldrich, USA) was added into the each well, and
the cells were fixed for 15min. 1mL Giemsa (999D715,
Thermo Fisher Scientific, USA) was added into each well
for 30min. Colony formation rate was calculated by colony
formation rate = ðnumber of colonies/number of seeded
cellsÞ × 100%. Each treatment was carried out in triplicate.

2.13. Immunofluorescence. The cells were inoculated in the
petri dish at the cell density of 1 × 105/mL for cell crawling,

and the cells were divided into scramble-transfected cells,
mimic-transfected cells, and scramble-transfected cells
treated with 20 ng/mL PDGF and mimic-transfected cells
treated with 20ng/mL PDGF. After the treatment, the cells
were centrifuged at 1000 × g at 4°C for 5min, and immuno-
fluorescence was performed for identifying the fluorescent of
the cells. Briefly, the cell smear was washed by PBS for three
times and then fixed on ice acetone (01000356-25g, Beijing
Ouhe Technology Co., Ltd., http://www.ouhechem.com/,
China) for 15min. Next, while the cell smear was dried,
PBS was used to wash the cells for three times. TCF21/
Pod1 antibody (C07617Cy3, Signalway Antibody, USA)
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Figure 3: Expression of miR-654-5p in PDGF-treated VSMCs. (a) qRT-PCR was performed to detect the miR-654-5p mRNA expression in
VSMCs transfected with miR-654-5p mimics. (b) qRT-PCR was performed to detect the expression of miR-654-5p in miR-654-5p mimic-
transfected VSMCs treated by PDGF for 24 h. (c) The viability of miR-654-5p mimic-transfected VSMCs treated by PDGF was detected by
CCK-8. (d) Wound scratch was performed to detect the migration of miR-654-5p mimic-transfected VSMCs treated by PDGF. (e)
Transwell was performed to detect the invasion of miR-654-5p mimic-transfected VSMCs treated by PDGF.
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and MTAP antibody (ab23393, 1 : 100, Abcam, USA) were
added into the cells, respectively, and incubated together at
4°C in a heat preservation box incubation. Next, conjugated
secondary antibody was added into the cells at 37°C for 2 h,
and the cells were washed by PBS for three times and then
incubated with DAPI for 3min. Finally, fluorescence of the
cells was determined under a fluorescence microscope (Delta
Optical IB-100, Delta Optical, Poland).

2.14. Source and Grouping of Rats. The animal model was
established using 8-week-old male Sprague-Dawley rats
(n = 66). Animal experiments were approved by Nanjing

Medical University. Rats were randomly divided into control
group (n = 6, rats were routinely fed), sham-operated control
group (n = 6), rat vascular injury model group (n = 6), blank
group (n = 6, sham-operated), control group (n = 6, sham-
operated rats were injected with miR-654-5p cocultured
plasmid in the tail vein), liposome group (n = 6, cocultured
liposomes carrying miR-654-5p plasmid were injected into
the tail vein of rats), vascular injury model SonoVue group
(n = 6, microbubble contrast agent and plasmid were
injected into rat vascular injury model via tail vein) (UVX
radiometer (UV Products, Upland, CA) irradiation), micro-
bubble group (n = 6, microbubble injury model) (bubble
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Figure 4: The effects of miR-654-5p on cell viability, migration, and invasion. (a) qRT-PCR was performed to detect the miR-654-5p mRNA
expression in VSMCs transfected with miR-654-5p inhibitor. (b) qRT-PCR was performed to detect the expression of miR-654-5p in miR-
654-5p inhibitor-transfected VSMCs treated by PDGF for 24 h. (c) The viability of miR-654-5p inhibitor-transfected VSMCs treated by
PDGF was detected by CCK-8. (d) Wound scratch was performed to detect the migration of miR-654-5p inhibitor-transfected VSMCs
treated by PDGF. (e) Transwell was performed to detect the invasion of miR-654-5p inhibitor-transfected VSMCs treated by PDGF.
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Figure 5: Continued.
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contrast agent and plasmid were injected into rat vascular
injury model via tail vein), ultrasound group (n = 6, plasmid
was injected into rat vascular injury model through tail vein
and then irradiated with UVX radiometer), and microbubble
ultrasound (n = 6, microbubble contrast agent was injected
into the tail vein of a rat model of vascular injury and irradi-
ated with a UVX radiometer).

2.15. Establishment of Rat Vascular Injury Model. Each rat
was intraperitoneally injected with 30-40mg/kg pentobarbi-
tal hydrochloride (69020181, Sinopharm Chemical Reagent
Beijing Co., Ltd, (http://www.crc-bj.com/Products.aspx/),
China). The rat was successfully anesthetized, and an inci-
sion of about 3 cm was made in the middle of the rat’s neck.
The left common carotid artery is found next to the left tra-
chea, dividing the vagus and sympathetic nerves around the
artery. A small opening was made at the distal end of the
vessel, and a 2.0 Fogarty catheter microembolization ball
(Edwards Lifesciences, Irvine, California) was injected into
the vessel along the incision. When the rats could breathe
stably, endotracheal intubation was removed, and 1000,000
units of penicillin sodium (SP303201, Sinopharm Chemical
Reagent Beijing Co., Ltd, (http://www.crc-bj.com/Products
.aspx?/), China) were injected into the rats after the opera-
tion. The rats were then fed by general feeding. Similarly,
0.1mL normal saline was injected into the rats in the sham
operation control group. Blood flow velocity in rat vascular
injury model was measured by intelligent analysis. Vascular
diameter in rat vascular injury model was measured by
straightedge.

2.16. Hematoxylin and Eosin (HE) Staining. The sections
with rat aortic tissue were stained by HE staining. The tis-
sues were fixed by formaldehyde (SF877503, Sinopharm
Chemical Reagent Beijing Co., Ltd., (http://www.crc-bj

.com/Products.aspx?q=%e7%94%b2%e9%86%9b&&p=1/),
China), dehydrated by gradient alcohol (80%, 90%, 95%,
100%), made transparent by xylene (10023418, Sinopharm
Chemical Reagent Beijing Co. Ltd., http://www.crc-bj.com/
default.aspx, China), immersed and embedded in wax, and
finally made into tissue slices (4μm). Slides containing tissue
were deparaffinized in xylene, dephenylated with 100%, 95%,
80%, and 70% ethanol for 2min, and then rinsed twice with
distilled water to rehydrate. The slides were stained by
hematoxylin for 20min and then washed under running
water to remove the blue. The slides were placed in acidifica-
tion solution (hydrochloric acid (10011008, Sinopharm
Chemical Reagent Beijing Co., Ltd., http://www.crc-bj.com/
default.aspx, China) : 75% ethanol = 1 : 99) for 1min to
remove cytoplasm blue. The slides were washed under tap
water for 10min, then stained by eosin (Beijing Zhongshan
Jinqiao Biotechnology Co., Ltd., http://med9519.yixie8
.com/, China) for 15min, and then dehydrated in 100% eth-
anol for 15min. Xylene was made transparent in 15min;
finally, neutral gum was used to seal the film, and an optical
microscope (CKX31, Olympus, Japan) was used to observe
the pathological changes of rat aortic tissues.

2.17. Immunohistochemical Staining (IHC). After dewaxing
and hydrating rat aortic tissue sections, the sections were
soaked in citrate buffer (pH 6.0) and heated in a microwave
oven for 10 minutes for antigen retrieval. After rinsing with
distilled water for 2min, the sections were soaked in 3%
H2O2 for 10min at room temperature to eliminate endoge-
nous peroxidase activity. Anti-TCF21 antibody (ab32981,
1 : 100, Abcam, USA) and anti-MTAP antibody (ab126770,
1 : 100, Abcam, USA) were added to the sections and incu-
bated overnight at 4°C. Sections were then incubated with
goat anti-rabbit IgG H&L (HRP) (1 : 1000; ab205718,
Abcam, USA) for 30 minutes at 37°C. Sections were stained
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Figure 5: Target gene prediction of miR-654-5p. (a) The targeted gene of miR-654-5p was detected by TargetScan 7.1 and miRDB. (b)
TargetScan 7.1 was used to predict the target gene of miR-654-5p. (c) Dual-luciferase reporter assay was used to analyze the fluorescence
activity of TCF21 in overexpression of miR-654-5p. (d) Dual-luciferase reporter assay was used to analyze the fluorescence activity of
DDR1 in overexpressed miR-654-5p. (e) Dual-luciferase reporter assay was used to analyze the fluorescence activity of MTAP in
overexpression of miR-654-5p.
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with DAB Horseradish Peroxidase Chromogenic Kit (Beyo-
time, Shanghai, China) and observed under a light micro-
scope (CKX31, Olympus, Japan).

2.18. Quantitative Reverse Transcription-Polymerase Chain
Reaction (RT-PCR). Total RNAs in cells and tissues were
extracted using Trizol reagent (15596018, Thermo Fisher
Scientific, USA), and NanoDrop (FSC-6539918, (http://
eGeneralMedical.com/), USA) was used to determine RNA
concentration and purity. Total RNA (1μg) was converted
into cDNA using a SuperScript II first-strand cDNA synthe-

sis system (Invitrogen, USA). The mRNA expression levels
were determined by SYBR-Green PCR Master Mix (Thermo
Fisher Scientific, USA) in the 7500 Real-Time PCR System
(Thermo Fisher Scientific, USA). The PCR program was
set as follows: pretreatment at 95°C for 30 s, at 60°C for
30 s, at 60°C for 30 s for 45 cycles. The 2-ΔΔCT method was
used to determine the expression levels of RT-PCR products
[16]. Primers are summarized in Table 1.

2.19. Western Blot. The total protein of cells and tissues was
extracted using RIPA Lysis and Extraction Buffer (89901,
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Figure 6: Effects of miR-654-5p on TCF21 expression in VSMCs. (a, b) Western blotting was performed to determine the expression level of
TCF21 in miR-654-5p mimic-transfected VSMCs treated by PDGF. (c) qRT-PCR was used to detect the TCF21 mRNA expression level in
miR-654-5p mimic-transfected VSMCs treated by PDGF. (d, e) Western blotting was used to determine the expression level of TCF21 in
miR-654-5p inhibitor-transfected VSMCs treated by PDGF. (f) qRT-PCR was used to detect the TCF21 mRNA expression level in miR-
654-5p inhibitor-transfected VSMCs treated by PDGF.
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Thermo Fisher Scientific, USA). Extracted protein mixture
was centrifuged at 1000 × g for 5min at 4°C. BCA protein
kit (QPBCA, Sigma-Aldrich, USA) was used to determine
the protein concentration. The proteins were separated by
SDS-PAGE and transferred onto polyvinylidene fluoride
(PVDF) membranes (EMD Millipore, USA). The membrane
was blocked by 5% nonfat milk at room temperature for 1 h.
The membrane was incubated with anti-TCF21 antibody
(ab32981, 1 : 100, Abcam, USA), anti-MTAP antibody
(ab126770, 1 : 100, Abcam, USA), and β-actin (mouse,
1 : 1000, ab8226, Abcam) at 4°C overnight. After washing,
the membrane was incubated with goat anti-mouse or goat
anti-rabbit IgG (H+L) (Proteintech, USA) for 2 h and then

washed by PBST for three times. The bands were detected
by using an ECL kit (MAB5350, Sigma-Aldrich, USA) and
scanned by a supersensitive multifunctional imager (ImageJ,
version 4.7, AMERSHAM IMAGER 600, GE).

2.20. Statistical Analysis. The statistical analysis was per-
formed using SPSS 17.0 software (SPSS, Inc., Chicago, IL,
USA). The results were expressed as mean ± standard
deviation (SD). One-way analysis of variance (ANOVA)
was used for analyzing the differences between multiple
groups, and t-test was used for comparing the differences
in the mean between the continuous variables. The
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Figure 7: Immunofluorescence detects TCF21 expression. (a) Immunofluorescence detection of TCF21 in miR-654-5p mimic-transfected
VSMCs treated by PDGF. (b) Immunofluorescence detection of TCF21 in miR-654-5p inhibitor-transfected VSMCs treated by PDGF.
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experiment was conducted in triplicate. P less than 0.05 was
considered as statistically significant.

3. Results

3.1. Differentially Expressed Genes for Early-Onset Coronary
Heart Disease. Bioinformatics analysis was conducted to
obtain miRNAs with different platelet expressions in
patients with early coronary heart disease and healthy con-
trols. According to Figure 1, bioinformatics analysis identi-

fied 14 miRNAs differentially expressed in platelets in
patients with early-onset coronary heart disease and healthy
controls (group 1), and a total of 155 miRNAs were differen-
tially expressed in platelets of healthy controls after the drug
administration (group 2). Through R software, 5 differentially
expressed genes, which were obtained through Venny analysis,
may be confounding factors; thus, the 5 genes were removed,
leaving miR-1, miR-133b, miR-431, miR-654-5p, miR-376c,
miR-136, miR-411, miR-299-3p, miR-337-5p, miR-323-3p,
miR-539, miR-376a, miR-410, and miR-329 (Table 2).
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Figure 8: Effects of miR-654-5p on MTAP expression in VSMCs. (a, b) Western blotting was performed to determine the expression level of
MTAP in miR-654-5p mimic-transfected VSMCs treated by PDGF. (c) qRT-PCR was performed to detect the MTAP mRNA expression
level in miR-654-5p mimic-transfected VSMCs treated by PDGF. (d, e) Western blotting was used to determine the expression level of
MTAP in miR-654-5p inhibitor-transfected VSMCs treated by PDGF. (f) qRT-PCR was used to detect the AEMA3A mRNA expression
level in miR-654-5p inhibitor-transfected VSMCs treated by PDGF.
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3.2. Effects of Growth Factors on the Growth of VSMCs and
miRNA Expression. IL-1β, TNF-α, platelet-derived growth
factor BB (PDGF-BB), and transforming growth factor-β
(TGF-β) were used to stimulate VSMCs and expressions of
genes related to VSMC proliferation, migration, invasion,
and apoptosis. As shown in Figure 2, the result showed that
the viability of VSMCs stimulated by growth factors
increased compared to the control group (P < 0:5 and P <
0:01, Figure 2(a)); moreover, the migration distance
(Figures 2(b) and 2(d)) and invasion (Figures 2(c) and
2(e)) of the cells increased significantly (P < 0:5, P < 0:01).
QRT-PCR was performed to detect the expression of
miRNA (Figure 2(f)), and the results showed that the
expression of miR-654-5p was significantly downregulated
in cells of each treatment group (IL-1β-treated group,

TNF-α-treated group, PDGF-BB-treated group, and TGF-
β-treated group). Since the expression of miR-654-5p was
significantly decreased after PDGF-BB treatment, the cells
were treated by PDGF-BB to explore the effects of PDGF-
BB (20ng/mL) for different treatment times (0, 3 h, 6 h,
12 h, 24 h, and 48 h) on miRNA expressions in VSMCs,
and the results showed that the expression of miR-654-5p
decreased in the cells treated by PDGF-BB for 3 h, 6 h,
12 h, 24 h, and 48h (P < 0:01, Figure 2(g)). In addition, the
miR-654-5p expression decreased in VSMCs treated by dif-
ferent concentrations (0, 1, 5, 10, 20, and 40ng/mL) of
PDGF-BB (P < 0:05 and P < 0:01, Figure 2(h)), indicating
that the viability of VSMCs treated by different concentra-
tions of PDGF-BB increased in a dose-dependent manner
(P < 0:05 and P < 0:01, Figure 2(i)).
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Figure 9: Immunofluorescence detects MTAP expression. (a) Immunofluorescence detection of MTAP in miR-654-5p mimic-transfected
VSMCs treated by PDGF. (b) Immunofluorescence detection of MTAP in miR-654-5p inhibitor-transfected VSMCs treated by PDGF.
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Figure 10: Continued.
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3.3. Expression of miR-654-5p in PDGF-Treated VSMCs and
the Effects of miR-654-5p on Cell Viability, Migration, and
Invasion. miR-654-5p mimics were transfected into VSMCs,
and we found that the expression level of miR-654-5p was
increased significantly in the cells (P < 0:01, Figure 3(a)),
whereas the expression of miR-654-5p was significantly
inhibited when the cells were transfected with mimics
treated by PDGF (P < 0:01, Figure 3(b)). Moreover, the via-
bility decreased in VSMCs transfected by miR-654-5p
mimics but increased in miR-654-5p mimic-transfected
VSMCs treated by PDGF (P < 0:05 and P < 0:01,
Figure 3(c)). Wound scratch was performed to determine
the effect of overexpressed miR-654-5p on the migration of
PDGF-treated cells, and the result showed that overexpres-
sion of miR-654-5p could decrease the migration of VSMCs;
however, when the cells were treated by PDGF, the migra-
tion of the cells was significantly promoted (P < 0:05 and P
< 0:01, Figure 3(d)). Transwell was performed to detect
the effect of overexpression of miR-654-5p on the migration
of PDGF-treated cells, and we found that overexpression of
miR-654-5p inhibited the invasion of VSMCs, while cell
invasion was significantly promoted when the cells were
treated by PDGF (P < 0:05 and P < 0:01, Figure 3(e)). More-
over, inhibitor was transfected into the cell to investigate the
effects of low expression of miR-654-5p on cell viability,
migration, and invasion. Firstly, we confirmed that the
expression of miR-654-5p was inhibited in inhibitor-
transfected VSMCs (P < 0:01, Figure 4(a)), and the expres-
sion level was significantly inhibited when the inhibitor-
transfected cells were treated by PDGF (P < 0:05 and P <
0:01, Figure 4(b)). Next, the results of CCK-8 showed that
the viability was increased in VSMCs transfected by inhibi-
tor as compared with scramble-transfected cells, and it was
significantly increased in inhibitor-transfected VSMCs
treated by PDGF (P < 0:05 and P < 0:01, Figure 4(c)).
Wound scratch data demonstrated that low-expressed
miR-654-5p increased the migrations of VSMCs and
inhibitor-transfected VSMCs treated by PDFG as compared
with the inhibitor-transfected VSMCs (P < 0:05 and P < 0:01

, Figure 4(d)). Transwell results indicated that low-expressed
miR-654-5p promoted the invasions of VSMCs and
inhibitor-transfected VSMCs treated by PDFG as compared
with the inhibitor-transfected VSMCs (P < 0:05 and P < 0:01
, Figure 4(e)).

3.4. Target Gene Prediction of miR-654-5p and Its Effect on
Target Gene Expression in VSMCs. We used TargetScan
and miRWalk to predict 42 genes that have a targeting rela-
tionship with miR-654-5p (Figure 5(a)); in addition, previ-
ous studies have shown that TCF21, DDR1, and MTAP are
associated with coronary heart disease and blood vessels
and vascular smooth muscle damage [17–19]. TargetScan
7.2 predictions revealed that miR-654-5p has reciprocal
binding sites with TCF21, DDR1, and MTAP (Figure 5(b)).
In addition, we constructed pmirGLO dual-luciferase
reporter vectors, namely, TCF21-WT and TCF21-MUT,
and cotransfected pmirGLO-TCF21 with miR-654-5p
mimics into VSMCs and found that TCF21-WT luciferase
vitality significantly improved inhibition (P < 0:01,
Figure 5(c)). DDR1-WT and DDR1-MUT were constructed
and cotransfected with miR-654-5p mimic into VSMCs; the
luciferase activity of DDR1-WT (P < 0:05, Figure 5(d)) and
MTAP-WT was significantly inhibited (P < 0:01,
Figure 5(e)). The significant decrease in luciferase activity
following TCF21 and MTAP binding to the mimic indicated
that miR-654-5p binds more strongly to TCF21 and MTAP
in cells. Therefore, we further explored the effect of different
expression of miR-654-5p on TCF21 and MTAP, and the
results of western blot (Figures 6(a) and 6(b)) and qRT-
PCR (Figure 6(c)) showed that miR-654-5p mimics signifi-
cantly inhibited. The expression of TCF21 was increased in
VSMCs, whereas it was increased in miR-654-5p mimic-
PDGF-treated transfected cells (P < 0:01). However, PDGF
significantly promoted the expression level of TCF21 in
VSMCs transfected with miR-654-5p inhibitor (P < 0:05
and P < 0:01, Figures 6(d)–6(f)). Furthermore, immunofluo-
rescence staining with TCF21 antibody showed that the fluo-
rescence of TCF21 was significantly increased in PDGF-
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Figure 10: Effects of miR-654-5p on VSMC viability, migration, and invasion by targeting TCF21. (a) The expression of TCF21 in TCF21-
transfected VSMCs was detected by qRT-PCR. (b) The expression of miR-654-5p in mimic- or TCF21-transfected VSMCs was detected by
qRT-PCR. (c) The expression of TCF21 in mimic- or TCF21-transfected VSMCs was detected by qRT-PCR. (d) Western blotting was used
to determine the expression level of TCF21 in mimic- or TCF21-transfected VSMCs. (e) The viability of mimic- or TCF21-transfected
VSMCs was detected by CCK-8. (f) Wound scratch was used to detect the migration of mimic- or TCF21-transfected VSMCs. (g)
Transwell was used to detect the invasions of mimic- or TCF21-transfected VSMCs. (h) Cloning formation experiment was used to
detect the proliferation of mimic- or TCF21-transfected VSMCs.
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Figure 11: Continued.
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treated VSMCs, but was suppressed in PDGF-treated
VSMCs transfected with mocks (Figure 7(a)). Notably, the
fluorescence of TCF21 was in the VSMCs transfected with
inhibitors significantly increased in PDGF treatment
(Figure 7(b)).

In addition, the results of western blotting (Figures 8(a)
and 8(b)) and qRT-PCR (Figure 8(c)) demonstrated that
the expression of MTAP was significantly inhibited by
miR-654-5p mimics in VSMCs, but was elevated in miR-
654-5p mimic-transfected cells treated by PDGF (P < 0:01).
However, PDGF greatly upregulated the expression level of
MTAP in VSMCs transfected with miR-654-5p inhibitor
(P < 0:05 and P < 0:01, Figures 8(d)–8(f)). Furthermore,
immunofluorescence staining on MTAP antibody showed
that the fluorescence MTAP increased significantly in
VSMCs treated by PDGF, but was inhibited in PDGF-
treated VSMCs transfected with mimics (Figure 9(a)). How-
ever, the fluorescence amount of MTAP was significantly
increased in PDGF-treated VSMCs transfected with inhibi-
tor (Figure 9(b)).

3.5. Effects of miR-654-5p on VSMC Viability, Migration, and
Invasion through Targeting TCF21. We transfected TCF21
overexpression vector and mimics into the cells to further
investigate the effects of miR-654-5p on cell viability, migra-
tion, and invasion through targeting TCF21. The expression
of TCF21 was significantly increased in VSMCs transfected
with TCF21 overexpression vector (P < 0:01, Figure 10(a));
however, the expression of miR-654-5p was greatly inhibited
in cells transfected with TCF21 overexpression vector
(P < 0:01, Figure 10(b)), and overexpressed miR-654-5p
could inhibit the TCF21 expression (P < 0:01, Figures 10(c)
and 10(d)). The viability was inhibited in VSMCs transfected
with mimics, whereas overexpression of TCF21 reversed the
effect of mimics on cell viability (P < 0:01, Figure 10(e)).
Wound scratch data showed that the migration of VSMCs
increased significantly in the cells transfected with TCF21,
but mimics inhibited the effect of TCF21 overexpression
vector on the migration of VSMCs (P < 0:01 and P < 0:001,

Figure 10(f)). Moreover, Transwell results demonstrated
that the invasion of VSMCs increased greatly in the cells
transfected with TCF21, but mimics inhibited the effect of
TCF21 overexpression vector on invasion of VSMCs
(P < 0:01, Figure 10(g)). Colony formation assay data
showed that the proliferation of VSMCs was significantly
increased in the cells transfected with TCF21, but mimics
inhibited the effect of TCF21 overexpression vector on the
proliferation of VSMCs (P < 0:01 and P < 0:001,
Figure 10(h)).

3.6. Effects of miR-654-5p on VSMC Viability, Migration, and
Invasion through Targeting MTAP. MTAP overexpression
vector and mimics were transfected into the cells to further
investigate the effect of miR-654-5p on cell viability, migra-
tion, and invasion through targeting MTAP. We observed
that the expression of MTAP was significantly increased in
VSMCs transfected with MTAP overexpression vector
(P < 0:01, Figure 11(a)); however, when the cells transfected
were with MTAP overexpression vector, the expression of
miR-654-5p was significantly inhibited (P < 0:01,
Figure 11(b)), and overexpressed miR-654-5p could inhibit
the MTAP expression (P < 0:01, Figures 11(c) and 11(d)).
The viability was inhibited in VSMCs transfected with
mimics, whereas overexpression of MTAP reverses the effect
of mimics on cell viability (P < 0:05 and P < 0:01,
Figure 11(e)). Wound scratch showed that the migration of
VSMCs was significantly increased in the cells transfected
with MTAP, but mimics inhibited the effect of MTAP over-
expression vector on migration of VSMCs (P < 0:05 and P
< 0:01, Figure 11(f)). Transwell data showed that the inva-
sion of VSMCs was significantly increased in the cells trans-
fected with MTAP, but mimics inhibited the effect of MTAP
overexpression vector on invasion of VSMCs (P < 0:05 and
P < 0:01, Figure 11(g)). Colony formation assay showed that
the proliferation of VSMCs increased significantly in the
cells transfected with MTAP, but mimics inhibited the effect
of MTAP overexpression vector on proliferation of VSMCs
(P < 0:01, Figure 11(h)).
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Figure 11: Effects of miR-654-5p on VSMC viability, migration, and invasion by targeting MTAP. (a) The expression of MTAP in MTAP-
transfected VSMCs was detected by qRT-PCR. (b) The expression of miR-654-5p in mimic- or MTAP-transfected VSMCs was detected by
qRT-PCR. (c) The expression of MTAP in mimic- or MTAP-transfected VSMCs was detected by qRT-PCR. (d) Western blotting was used
to determine the expression level of MTAP in mimic- or MTAP-transfected VSMCs. (e) The viability of mimic- or MTAP-transfected
VSMCs was detected by CCK-8. (f) Wound scratch was used to detect the migration of mimic- or MTAP-transfected VSMCs. (g)
Transwell was used to detect the invasions of mimic- or MTAP-transfected VSMCs. (h) Cloning formation experiment was used to
detect the proliferation of mimic- or MTAP-transfected VSMCs.

17Oxidative Medicine and Cellular Longevity



RE
TR
AC
TE
DRe

lat
iv

e m
iR

-6
54

-5
p

m
RN

A
 ex

pr
es

sio
n 

le
ve

l ##
^̂

10
8
6
4
2
0

–
–

+ +
+

+

+
+

+

+

+

+ +
+–

–

–
–
–

–
–

– ––

–

–
–

–
–

Plasmid
Liposome
SonoVue

Ultrasound

⁎

(a)

#
^̂

O
D

 v
al

ue

0.8

0.6

0.4

0.2

0.0

–
–

+ +
+

+

+
+

+

+

+

+ +
+–

–

–
–
–

–
–

– ––

–

–
–

–
–

Plasmid
Liposome
SonoVue

Ultrasound

⁎

(b)

–

–

–

–

+

–

–

–

+

+

–

–

+

+

+

–

+

+

–

–

+

+

–

–

+

+

–

–

Plasmid

200 𝜇m

200 𝜇m

200 𝜇m 200 𝜇m 200 𝜇m 200 𝜇m

200 𝜇m

200 𝜇m

200 𝜇m

200 𝜇m

200 𝜇m200 𝜇m200 𝜇m200 𝜇m

Liposome

SonoVue

Ultrasound

20
0 
×

0 
h

24
 h

(c)

200 𝜇m 200 𝜇m 200 𝜇m 200 𝜇m 200 𝜇m 200 𝜇m 200 𝜇m

10
0 
×

–

–

–

–

+

–

–

–

+

+

–

–

+

+

+

–

+

+

–

–

+

+

–

–

+

+

–

–

Plasmid

Liposome

SonoVue

Ultrasound

(d)

–

–

–

–

+

–

–

–

+

+

–

–

+

+

+

–

+

+

–

–

+

+

–

–

+

+

–

–

Plasmid

Liposome

SonoVue

Ultrasound

(e)

Re
la

tiv
e m

ig
ra

tio
n

di
st

an
ce

 (c
m

)

1.5

1.0

0.5

0.0

– + + +

+

+ +

+ +– – – –

–Plasmid
– +– – –– – –Liposome

+ + +– – – –SonoVue
Ultrasound

⁎⁎
#

^

(f)

Re
la

tiv
e i

nv
at

io
n

ra
te

 (%
)

1.5

1.0

0.5

0.0

– + + +

+

+ +

+ +– – – –

–Plasmid
– +– – –– – –Liposome

+ + +– – – –SonoVue
Ultrasound

⁎⁎

#

^̂

(g)

Re
lat

iv
e c

ol
on

y
nu

m
be

rs

1.5

1.0

0.5

0.0

– + + +

+

+ +

+ +– – – –

–Plasmid
– +– – –– – –Liposome

+ + +– – – –SonoVue
Ultrasound

⁎

##

^̂

(h)

Figure 12: Transfection efficiency of miR-654-5p and effects of ultrasound-mediated SonoVue-miR-654-5p microbubble on VSMC
viability, migration, and invasion. (a) The expression of miR-654-5p in VSMCs transfected with SonoVue-microRNA and adenovirus
was detected by qRT-PCR. (b) The viability of VSMCs transfected with SonoVue-microRNA and adenovirus was detected by CCK-8. (c,
f) Wound scratch detection of the effect of SonoVue-microRNA overexpression on VSMC migration. (d, g) Transwell was used to detect
the invasion of VSMCs with overexpressed SonoVue-microRNA. (e, h) Cloning formation experiment was used to detect the
proliferation of VSMCs with overexpressed SonoVue. Abbreviations: qRT-PCR: quantitative real-time polymerase chain reaction.
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3.7. Transfection Efficiency of miR-654-5p and TCF21 and
Effects of Ultrasound-Mediated SonoVue-miR-654-5p
Microbubble on VSMC Viability, Migration, Invasion, and
Apoptosis. miR-654-5p expression in cells was significantly
promoted by SonoVue-miR-654-5p overexpression
(P < 0:01, Figure 12(a)). The viability was significantly inhib-
ited by SonoVue-miR-654-5p overexpression liposome
transfected into VSMCs (P < 0:01, Figure 12(b)). SonoVue-
miR-654-5p overexpression inhibited the migration of
VSMCs (P < 0:01, Figures 12(c) and 12(f)), and cell invasion
was inhibited in VSMCs transfected with SonoVue-miR-
654-5p overexpression liposome (P < 0:01, Figures 12(d)
and 12(g)). Moreover, colony formation assay showed that
the proliferation of VSMCs decreased significantly in the
cells transfected with SonoVue-miR-654-5p overexpression
liposome (P < 0:01, Figures 12(e) and 12(h)). In addition,
apoptosis of VSMCs was significantly promoted when Sono-
Vue-miR-654-5p overexpression liposome was transfected

into the cells (P < 0:01, Figures 13(a) and 13(b)). The results
of qRT-PCR (Figure 13(c)) and western blotting
(Figure 13(d)) showed that the TCF21 expression was signif-
icantly inhibited in VSMCs transfected with SonoVue-miR-
654-5p overexpression liposome (P < 0:01).

3.8. Effects of Ultrasound-Mediated SonoVue-miR-654-5p
Microbubble Contrast Agent on Vascular Injury Model.
Injury in rat carotid artery was created by 2.0 Fogarty cath-
eter balloon to establish carotid artery injury model as a pos-
itive group. After the establishment of the rat vascular injury
model, pathological examination showed a significant
increase in the degree of stenosis of the vascular vessels in
the model group as compared with the control group and
the sham group (Figure 14(a)); meanwhile, in rat vascular
injury model, blood flow velocity increased significantly
(P < 0:01, Figure 14(b)), and vascular diameter decreased
significantly greatly (P < 0:01, Figure 14(c)). The result of
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Figure 13: Transfection efficiency of TCF21 and effects of ultrasound-mediated SonoVue-miR-654-5p microbubble on VSMC apoptosis. (a,
b) Flow cytometry was used to detect the effect of SonoVue-microRNA overexpression on VSMC apoptosis. (c) The expression of TCF21 in
SonoVue-microRNA overexpressed with VSMCs was detected by qRT-PCR. (d) Western blotting was used to determine the expression level
of TCF21 in VSMCs overexpressed with SonoVue-miRNA.
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qRT-PCR showed that the miR-654-5p expression level was
significantly downregulated in the model group (P < 0:01,
Figure 14(d)), and from Figures 14(e) and 14(f), it was found
that TCF21 expression increased noticeably in the model
group (P < 0:01). Moreover, histopathologic staining showed
that the degree of vascular stenosis was highly obvious in the
model group (Figure 14(g)). Furthermore, ultrasound-

mediated SonoVue-miR-654-5p microbubble was used to
treat the rat model of vascular injury, and the results showed
that the degree of vascular stenosis was significantly
improved in the model treated by SonoVue-miR-654-5p
(Figure 15(a)), and in the rat vascular injury model, blood
flow velocity decreased (P < 0:05, Figure 15(b)), and vascular
diameter increased as compared with untreated rats
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Figure 14: Histopathological changes and gene expression in vascular injury model. (a) Pathological examination of vascular injury of rat
vascular injury model. (b) Blood flow velocity in rat vascular injury model was measured by intelligent analysis. (c) Vascular diameter in rat
vascular injury model was measured by straightedge. (d) The expression of miR-654-5p was detected in blood vessel of rat vascular injury
model by qRT-PCR. (e) Western blotting was used to determine the expression level of TCF21 in blood vessel of rat vascular injury model. (f
) qRT-PCR was used to detect the TCF21 expression in blood vessel of rat vascular injury model. (g) Immunohistochemical assay was used
to observe the damage of tissue of rat vascular injury model.
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Figure 15: Effects of ultrasound-mediated SonoVue-miR-654-5p microbubble contrast agent on vascular injury model. (a) SonoVue delivers
microRNA into the vascular wall, and the pathological degree of vascular stenosis in the model was examined. (b) Blood flow velocity in rat
vascular injury model was measured by intelligent analysis. (c) Vascular diameter in rat vascular injury model was measured by straightedge.
(d) qRT-PCR was used to detect the expression of miR-654-5p in rat vascular injury model treated by SonoVue-microRNA. (e) Western
blotting was used to determine the expression level of TCF21 in a rat vascular injury model treated by SonoVue-microRNA. (f)
Immunohistochemical assay was used to observe the damage of tissue of rat vascular injury model treated by SonoVue-microRNA.
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(P < 0:05, Figure 15(c)). The result of qRT-PCR showed that
the miR-654-5p expression level was significantly upregu-
lated in the model group treated by SonoVue-miR-654-5p
(P < 0:01, Figure 15(d)); moreover, from Figures 15(e) and
15(f), it could be found that the TCF21 expression decreased
significantly in the model group treated by SonoVue-miR-
654-5p (P < 0:01). Histopathologic staining showed that vas-
cular stenosis was inhibited in the model group treated by
SonoVue-miR-654-5p (Figure 15(g)).

4. Discussion

Phenotypic transformation of VSMCs is an important cause
of vascular stenosis [9]. At present, there are mainly several
molecular biological mechanisms involved in the phenotypic
transformation of VSMCs. Inhibition of miR-145 expression
leads to airway smooth muscle cell proliferation and migra-
tion and downregulates the expression of airway type I col-
lagen and contractile protein MHC in smooth muscle cells
[20]; moreover, Wang showed that miRNA-195 can reduce
proliferation and migration of VSMCs and inhibit the syn-
thesis of IL-1β and IL-6 in VSMCs [21]. In this study,
through bioinformatics analysis, we found that miR-654-5p
is a differentially expressed gene in patients with coronary
heart disease and healthy subjects. The current study
explored the effects of miR-654-5p on phenotypic transfor-
mation of VSMCs, as there is currently a lack of research
on such an aspect. We found that inflammatory factors play
a key role in the phenotypic transformation of VSMCs;
moreover, a study found that IL-1β can stimulate the prolif-
eration and migration of VSMCs through P2Y2 receptor
[22] and that inhibiting TNF-α, TGF-β, and PDGF-BB pro-
duction could inhibit proliferation and invasion of VSMCs
[23, 24]. In the study, VSMCs was stimulated by IL-1β,
TNF-α, TGF-β, and PDGF-BB, and the results showed that
the viability, migration, and invasion of VSMCs were pro-
moted, which was consistent with previous studies [23, 24].
The study found that miR-638 was highly expressed in
human VSMCs. When PDGF-BB was used to treat the cells,
the expression of miR-638 was downregulated in dose- and
time-dependent manners [25]. Subsequently, we observed
that the expression of miR-654-5p decreased by PDGF-BB
treatment in dose- and time-dependent manners, while
overexpression of miR-654-5p inhibited the proliferation,
invasion, and migration of smooth muscle cells by PDGF-
BB. At the same time, inhibition of miR-654-5p enhanced
the effect of PDGF-BB on the cells.

Previous study confirmed that miR-328 inhibited PDGF-
BB-induced pulmonary artery smooth muscle cell prolifera-
tion and migration by binding to PIM-1 [26]. miR-638
inhibits the proliferation and migration of smooth muscle
cell induced by PDGF-BB through Nor1 [25]. It was also
reported that miR-654-5p can bind to genes to regulate the
proliferation and metastasis of various tumors [27, 28]. In
this study, we further investigated the effects of miR-654-
5p on the biological characteristics of VSMCs induced by
PDGF-BB through binding the cells to target genes. TCF21
and MTAP were predicted and confirmed as the target genes
of miR-654-5p using the bioinformatics website, dual-

luciferase assay, and immunofluorescence. Studies showed
that aryl hydrocarbon receptor protein is localized in human
carotid atherosclerotic lesions [29] and that TCF21 can pro-
mote the expression of aryl hydrocarbon receptor and acti-
vate the inflammatory gene expression program, thereby
increasing the risk of developing coronary artery diseases
[15]. In addition, studies demonstrated that MTAP is highly
expressed in atherosclerotic lesions, and that downregula-
tion of MTAP in macrophages may be achieved by a path-
way, which could inhibit TNF-α expression [19]. In this
study, we found by in vitro cell experiments that overexpres-
sion of TCF21 promoted the proliferation, migration, and
invasion of VSMCs. Overexpression of MTAP also pro-
moted the migration and invasion of VSMCs but did not
have much effect on cell proliferation. Furthermore, by
transfecting miR-654-5p mimic into cells, we found that
overexpression of miR-654-5p could inhibit the prolifera-
tion, migration, and invasion of TCF21, so we speculated
that miR-654-5p could pass the target gene, and inhibition
of TCF21 expression regulates PDGF-BB-induced prolifera-
tion and migration of VSMCs.

Studies showed that inhibiting miR-146 expression in rat
VSMCs significantly reduces cell proliferation and migration
[30]; moreover, overexpression of miR-214 in serum-free
VSMCs can greatly reduce the proliferation and migration
of VSMCs, while knocking down miR-214 noticeably
increases the proliferation and migration of VSMCs [31].
Studies on miR-654-5p are less conducted; however, Lu
et al. found that cell proliferation and metastasis were inhib-
ited after shRNA-654-5p was transfected into oral squamous
cell carcinoma cells [32]. miR-654-5p is highly expressed in
breast cancer cell, and functional analysis indicated that
miR-654-5p overexpression inhibits the growth and inva-
sion of MDA-MB-468 and BT-549 cells and induces apopto-
sis [27]. To further investigate the effect of miR-654-5p on
the biological properties of smooth muscle cells, ultrasound
microbubbles were used to deliver the miR-654-5p plasmid
into smooth muscle cells, and the results showed that Sono-
Vue microbubble ultrasound-miR-654-5p overexpression
inhibited VSMC proliferation, migration, and invasion, pro-
moted apoptosis, and inhibited TCF21 expression; thus, we
hypothesized that miR-654-5p is an important gene, which
affects the phenotypic transformation of smooth muscle
cells. Furthermore, we performed in vivo studies to deter-
mine the role of miR-654-5p by establishing a rat model of
carotid artery injury, and the results showed that SonoVue
microbubble ultrasound transmitted miR-654-5p into the
arterial wall and that arterial thrombosis and stenosis and
TCF21 were inhibited.

In conclusion, our findings suggested that miR-654-5p is
an important gene regulating VSMC phenotypic transfor-
mation, as it inhibits TCF21 expression and cell prolifera-
tion, invasion, and metastasis, thereby controlling arterial
thrombosis and stenosis.
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Reactive oxygen species (ROS) play an essential part in physiology of individual cell. ROS can cause damage to various
biomolecules, including DNA. The systems that have developed to harness the impacts of ROS are antique evolutionary
adaptations that are intricately linked to almost every aspect of cellular function. This research reveals the idea that during
evolution, rather than being largely conserved, the molecular pathways reacting to oxidative stress have intrinsic flexibility.
The coding sequences of the ATF2, ATF3, ATF4, and ATF6 genes were aligned to examine selection pressure on the
genes, which were shown to be very highly conserved among vertebrate species. A total of 33 branches were explicitly
evaluated for their capacity to diversify selection. After accounting for multiple testing, significance was determined using
the likelihood ratio test with a threshold of p ≤ 0:05. Positive selection signs in these genes were detected across vertebrate
lineages. In the selected test branches of our phylogeny, the synonymous rate variation revealed evidence (LRT, p value =
0.011 ≤ 0.05) of gene-wide episodic diversifying selection. As a result, there is evidence that diversifying selection occurred
at least once on at least one test branch. These findings indicate that the activities of ROS-responsive systems are also
theoretically flexible and may be altered by environmental selection pressure. By determining where the genes encoding
these processes are “targeted” during evolution, we may better understand the mechanism of adaptation to oxidative stress
during evolution.
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1. Introduction

Since the beginning of life on Earth, oxidative stress has been
a main a burden on biological systems. Since the advent of
plants and the initiation of photosynthesis, living systems
have had to deal with the challenge of higher oxygen levels.
This has continued with the development of aerobic oxida-
tive respiration. Reactive oxygen species include peroxides
(for example, H2O2), hydroxyl radicals (OH), superoxide
(O2), and oxygen, to name a few (ROS) [1]. During the
day and night cycle, oxidative stress varies. In more recent
evolutionary times, the harmful effects of various manmade
substances have resulted in oxidative stress due to human
actions on the environment [2]. A balance of antioxidant
and prooxidant components regulates ROS levels. An oxida-
tive stress condition occurs when rising amounts of ROS are
not responded by increased reducing or antioxidant activity.
Higher levels of ROS are a possible source of injury for many
macromolecules due to the production of single and double-
stranded DNA breaks and irreversible denaturation of
proteins produced by the oxidation and carbonylation of
arginine, proline, lysine, and threonine residues (Figure 1)
[3]. Many cellular systems, both enzymatic and nonenzy-
matic, have developed to resist these effects. Gene expression
control systems that allow animals to withstand or harness
the consequences of increased ROS levels are usually old
evolutionary adaptations intricately linked to most levels of
cellular function [4]. These routes have recognized a lot of
interest in studies using genetically available model species.
It is unclear how these systems originated or adapted to dif-
ferent environmental conditions during evolution although
[5]. Researchers have found evidence of species-specific dis-
tinctions among animals when exploiting the ROS effects.
During fertilization, the plasma membrane NADPH-
oxidase produces an extracellular burst of H2O2 production
and the enzyme ovoperoxidase [6]. External chemical and
physical stressors are imposed on cells by foreign molecules
that disrupt metabolic or signaling systems and changes in
temperature or pH. Internal molecular stressors, such as cre-
ating reactive metabolic products, can affect cells [7]. The
ability of cells and tissues to modify molecular processes in
response to such stimuli is crucial for maintaining tissue
homeostasis [8].

The gene expression regulatory systems that allow
organisms to endure increased ROS levels or control their
effects are intricately intertwined with most aspects of cel-
lular function. Most elements of cellular physiology are
intricately intertwined with these gene expression regula-
tory systems, which are usually old evolutionary adapta-
tions [1]. These processes have garnered much interest
in research that has used a small number of genetically
reachable model organisms [10]. However, relatively less
is recognized about how these systems have evolved and
how they have adapted to varied environmental situations
throughout evolutionary history. This study is aimed at
examining the ATF gene family’s evolutionary links,
physiochemical characteristics, comparative genomics,
and analysis of ATF genes in vertebrate species. We con-
ducted thorough comparative investigations of the activat-

ing transcription factor genes coding proteins directing
the DNA repair process in over 164 of vertebrates spe-
cies. In this study, the gene and protein sequences of ver-
tebrate activating transcription factors were evaluated to
identify the selection pressure on these genes. This selec-
tive pressure may play a major role in adaptive evolution.
In this work, we investigate the evolution of these genes
in diverse vertebrates and how natural selection and
genetic variation have impacted the evolution of this gene
family through time.

2. Materials and Methods

2.1. Data Curation and Sequence Analysis. The orthologous
coding sequences of ATF genes from 164 vertebrate
genomes, including the human genome, were taken using
the biomart programme [11]. As a result, we got all gene
sequences from Ensembl [12] and the NCBI GenBank [13].
The Ensembl database was used to find the protein
sequences (Tables S1-S4). InterPro [14] domain annotation
was used to identify protein domains of ATF proteins. The
genome-wide domain prediction selected Activating
Transcription Factor’s Basic leucine zipper (bZIP) domain
[15]. The sequences of all nonhuman orthologous
transcript isoforms, as well as the human MANE transcript
isoform, were included in a dataset [16]. The orthologous
sequences were then aggregated using the MMseqs2
programme [17], with at least 80% sequence similarity
within each cluster, and a cluster including the human
sequence was chosen for further investigation.

2.2. Adaptive Selection in the ATF Genes. We evaluated the
sequences to clearly identify the variations that may define
adaptive phenotypes, genetic variation, and demographic
statistics in order to fully comprehend the adaptiveness
of positively selected sites. The abovementioned positively
selected gene candidates were carefully explored by quar-
rying various protein databanks. We used maximum like-
lihood parameters to evaluate the coding sequences of
ATF2, ATF3, ATF4, and ATF6 genes to discover adaptive
selection [18]. The branch-site model and two alternative
maximum likelihood approaches were used to find
branches under positive selection employed in PAML
package [19] and the HyPhy package in the Datamonkey
Web Server (http://www.datamonkey.org) [20]. In a simi-
lar fashion, we utilised MEME derived from HyPhy v2.5
in order to identify positively chosen locations for genes
that were shown to be positively selected by aBSREL. In
our subsequent studies, we concentrated on potential
genes and codons, for which there was evidence of positive
selection based on both sets of data [19]. Positive selection
was validated using the selecton server, which avoids false-
positive PAML results by using the mechanistic empirical
combination (MEC) model to estimate selection pressure
for individual codons [21]. Within the context of a multi-
ple sequence alignment, selecton enables the ratio to fluc-
tuate between distinct codons. In addition to this, the
results of the selecton tool were graphically displayed
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using color scales that show the varied types of selections
that were carried out [22].

2.3. Conservation Analysis and Protein Network Analysis.
Using an intuitive user interface, the web-based applica-
tion ConSurf (http://consurf.tau.ac.il/) calculated the evo-
lutionary conservation scores in the human ATF2, ATF3,
ATF4, and ATF6 proteins and mapped them onto protein
structures. Structurally and functionally significant areas of
the protein generally evolutionarily conserved residues that
are geographically near to one other [23]. Due to their role
in protein networks or their proximity to enzymes, these
proteins have a higher level of amino acid conservation
than other proteins. As a result, changes to conserved
amino acids have a greater impact on protein structure
and function than polymorphisms in flexible protein
regions [23]. The degree of conservation is greatly depen-
dent on the function of the protein domain and can range
from being extremely conserved in position and amino
acid to being quite varied. This range is due to the fact
that different protein domains have different functions.
When differentiated by their respective binding partners,
ion-binding sites are found to have a greater tendency
toward conservation than functional sites that bind pep-
tides or nucleotides [23, 24]. We performed a protein-
protein interaction study on ATF proteins to determine
the functional networks between ATF genes and the other
genes involved in base excision repair in oxidative stress.
STRING software [25] was used to conduct the interaction
analysis, and commercial Cytoscape software [26] was

used to show the results. STRING not only integrates
well-known classification systems like Gene Ontology and
KEGG but also provides innovative classification methods
based on high-throughput text mining and clustering of
the interaction network itself [27].

2.4. Transcriptomic Analysis. We combined the results of
these large-scale transcriptome studies and shed light on
ATF gene biology using the Genotype-Tissue Expression
(GTEx) database Release V8 (dbGaP Accession
phs000424.v8.p2) [28], which provides gene-level associa-
tion data describing the testing and mediating effects of gene
expression levels on phenotypes. We searched with the term
activating transcription factor with the gene information
(ATF2: ENSG00000115966.16, ATF3: ENSG0000
0162772.16, ATF4: ENSG00000128272.14, and ATF6:
ENSG00000118217.5) using bulk tissue expression panel.
The project’s goal is to generate a complete open resource
for understanding tissue-specific expression and regulation.
Nearly 1000 persons had tissue samples obtained from 54
nondiseased areas for molecular tests [29].

3. Results

The goal of this work was to assess the gene sequences of
activating transcription factor genes in various vertebrate
species in order to quantify the vigour of selection in these
genes, which may be implicated in adaptive evolution. We
looked for three genes involved in mending DNA bases
damaged by reactive oxygen species, which are triggered by

Figure 1: Base excision repair (BER) pathways are involved in cellular responses to stress and the repair of nucleotide damage in DNA. It is
the pathway showing the number of unique enzyme activities [9].
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a sequence of DNA glycosylases such ATF2, ATF3, ATF4,
and ATF6. We discovered that these genes have a signal of
adaptive evolution in that they repair DNA bases that have
been damaged by reactive oxygen species.

3.1. Adaptations in the ATF Genes across Mammalian
Phylogeny. In this study, we examined ATF2, ATF3,
ATF4, and ATF6 genes for evidence of adaptation ranging
from modest (BUSTED (p < 0:01)) to progressively strong
(BUSTED (p < 0:05)). We calculated the average fraction
of codons subjected to adaptive evolution in ATF genes.
We extracted the proportion of favourably chosen codons
for each coding sequence and averaged this proportion
across branches. In the selected test branches of ATF2
phylogeny, BUSTED with synonymous rate variation dis-
covered evidence (p < 0:05) of gene-wide episodic diversi-
fying selection (p < 0:05). As a result, there is evidence
that diversifying selection occurred at least once on three
test branches. Using synonymous rate variation, we found
no evidence of gene-wide episodic diversifying selection
(p > 0:05) in the selected test branches of ATF2 phylogeny.
In this case, there is no evidence to support the hypothesis
that any sites along the test branch have experienced
diversifying selection throughout this investigation
(Figure 2). A gene-wide episodic diversifying selection in
the test branches of ATF4 phylogeny detected diversifying
selection (p < 0:05) in the selected test branches of ATF4
phylogeny using synonymous rate variation (LRT). Diver-
sifying selection has taken place at two test branches infer-
ring that the site has undergone diversifying selection
(Figure 2). While investigating the selected test branches
of the phylogeny of ATF6 gene, BUSTED found no evi-
dence (p > 0:05) of gene-wide episodic diversifying selec-
tion throughout the genome (Figure 2).

3.2. Positive Selection of Activating Transcription Factors.
The coding sequences of 164 species were aligned and
compared with the reference sequence that best explain evo-
lution in nature in order to find evidence of positive selec-
tion. Three types of tests may be used to detect and
quantify adaptation in a multispecies coding sequence align-
ment: branch tests, site tests, and branch-site tests. Branch
tests are the most popular type of test. A lineage-specific
selection technique was used to identify distinct lineages
under selection pressure throughout the evolution of verte-
brate species. Both of these tests focused on the branch that
includes humans and great apes. Our approach incorporates
stringent measures for reducing the amount of false posi-
tives, such as removing orthologs that were only distantly
comparable, manually correcting alignments, and only eval-
uating genes and sites that were found by both tests for pos-
itive selection. In addition, we investigated the potential
locations for selection to see how they varied among human
and nonhuman great ape population statistics. This helped
us validate the candidate sites. We conducted research on
archaic human genomes in order to provide a rough esti-
mate for the date at which favourably selected sites in the
human lineage occurred. An adaptive branch-site random
effects likelihood (aBSREL) model was utilised by us in order
to quantify selection probability and discover lineage-
specific selection for each phylogenetic grouping. This was
done so that lineage-specific selection could be uncovered.
After that, the aBS-REL approach was used to evaluate each
gene in order to identify lineages that had been subjected to
adaptive selection when the species were undergoing evolu-
tionary adaptations. The aBSREL model revealed that the
genes identified by BUSTED as being subject to positive
selection in mammalian lineages were likewise subject to
selection pressure in mammalian lineages (Table 1). The
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Figure 2: ATF gene phylogeny test branches with episodic diversifying selection over the whole genome. The BUSTED null model is the
selection model for the unconstrained model, whereas the selection model for the constrained model is the BUSTED alternative model.
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aBSREL revealed the evidence of episodic diversifying selec-
tion on 5 of the 38 branches in the phylogeny of ATF2 gene,
which is a significant finding. A total of 38 branches of ATF2
gene were subjected to formal testing for the purpose of
diversifying selection. After accounting for multiple testing,
the significance of the results was determined using the like-
lihood ratio test (p < 0:05) (Figure 3). It was discovered that
episodic diversifying selection occurred on one out of every
32 branches in the phylogeny of ATF3 by aBSREL. A total
of 32 branches of ATF3 gene were subjected to formal test-
ing for the purpose of diversifying selection. After account-
ing for multiple testing, the significance of the results was
determined using the likelihood ratio test (p < 0:05)
(Figure 3). A total of 33 branches of ATF4 were subjected
to formal testing for the purpose of diversifying selection.
After accounting for multiple testing, the significance of
the results was determined using the likelihood ratio test
(p < 0:05) (Figure 3). A total of 33 branches were subjected
to formal testing for the purpose of diversifying selection.
After accounting for multiple testing, the significance of
the results was determined using the likelihood ratio test
(p < 0:05) (Figure 3).

We found that these ATF genes have been under adap-
tive selection across vertebrate species, including chimpan-
zee, sheep, cattle, mandarin fish, afer afer, kangaroo rat,
red deer, and pika in ATF2, ATF3, ATF4, and ATF6, respec-
tively (Table 1). We carried out probability analysis to exam-
ine a number of different ratio-based models in order to find
codons in ATF genes that are prone to positive selection.

The factors associated with gene selection in 164 species
were determined with the help of the codeml programme,
and positive selection was examined with the help of various
models. According to the findings of the likelihood ratio test
(LRT), which was 0, the ATF2 gene test in M7-M8 did not
provide significant results (p > 0:05). On the other hand,
scores of 16.97, 12.19, and 190.62 on the likelihood ratio test
(LRT) indicated that the ATF2, AT4, and AT6 genes had
gained selection signals. According to the findings of the test
for the selection model M8, which indicated that M8 was
accepted and M7 was rejected (p > 0:05), the ATF3 gene
had signs of purifying selection, which indicates that M8
was chosen above M7. According to the findings of both
the NEB and the BEB studies, the genes ATF2 and ATF4
exhibited evidence of positive selection at probabilities of
95 and 99 percent, respectively.

We subsequently analysed the probability values using
FEL, MEME, and SLAC, analyses to reveal positive selection
signals during the evolutionary process (Figure 4). Positive
evolutionary selection was detected in the ATF2, ATF3,
ATF4, and ATF6 genes of vertebrates (Table 2). With a pos-
terior probability of 95 percent, we found several sites under
positive selection in the basic leucine zipper (bZIP) domain
of the Activating Transcription Factor protein using BEB
analysis. By merging the findings of PAML with the data
set in the selecton server, which recognizes adaptive selec-
tion at specified sites in the protein, we were able to confirm
positive selection. The substitution rates were found using
the MEC model (Figures S1-S4).

Table 1: The adaptive branch-site random effects likelihood (aBSREL) test provides evidence of episodic diversifying selection on branches
of the ATF gene phylogeny. In the detailed results table, significance and the number of rate categories inferred at each branch are presented.

Gene Branch in selection B LRT Test p ≤ 0:05 Uncorrected p ≤ 0:05 ω distribution over sites

ATF2

CHIMPANZEE 0.000 77.0226 0.000 0.001
ω1 = 1:000 98%ð Þ
ω2 = 1000 1:8%ð Þ

SHEEP 0.000 49.4928 0.001 0.001
ω1 = 0:0460 99%ð Þ
ω2 = 1460 0:90%ð Þ

CATTLE 0.000 16.0401 0.0038 0.0001
ω1 = 0:000 100%ð Þ
ω2 = 1560 0:22%ð Þ

ATF3 MANDARIN_FISH 0.000 13.5521 0.0124 0.0004
ω1 = 0:1150 93%ð Þ
ω2 = 84:80 7:3%ð Þ

ATF4

CATTLE 0.0296 15.6649 0.0044 0.0001
ω1 = 1:0000 99%ð Þ
ω2 = 1000 0:93%ð Þ

AFER_AFER 0.1048 11.0642 0.0436 0.0014
ω1 = 0:2420 96%ð Þ
ω2 = 14:00 3:8%ð Þ

ATF6

KANGAROO_RAT 0.0816 39.5383 0.001 0.001
ω1 = 0:1020 95%ð Þ
ω2 = 38500 5:2%ð Þ

RED_DEER 0.0647 31.6534 0.001 0.001
ω1 = 0:1810 96%ð Þ
ω2 = 38500 3:6%ð Þ

PIKA 0.0909 23.7437 0.0001 0.001
ω1 = 0:1460 96%ð Þ
ω2 = 21300 4:4%ð Þ

B: optimized branch length; LRT: likelihood ratio test statistics for selection; Test-p value: p value corrected for multiple testing; Uncorrected p value: raw p
value without correction for multiple testing; ω distribution over sites: inferred ω estimates and respective proportion of sites.
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3.3. Conservation and Protein Network Analysis. Using the
ConSurf server, we examined at how duplicates have evolved
in various animals both horizontally and vertically. Analyz-
ing conserved residues revealed a network of interdependent
connections in the structural and functional topographies of
places that had been chosen with care. Protein amino acid
positions may have coevolved because of structural or func-
tional relationships. We used ATF2, ATF3, ATF4, and ATF6
homologs as inputs to a conservation analysis in order to
find various conserved residues that were thought to be
under positive selection. Conservation values that vary from
1 to 9 were employed to anticipate conserved amino acids.
Variable conservation values range from 1–4, moderate con-
servation values range from 5–6, and extremely high conser-
vation values range from 7–9 (Figures S5-S8). Between the
number of amino acid residues and the strength of their
coevolutionary ties, a connection has been found.
Subnetworks of amino acid residues discovered in the
protein’s domains have favourably chosen nodes. Research
shows that these ATF protein portions are physically and
functionally unique from one other.

The interactive network is justified by the nodes, lines,
and colors (Figure 5). In various investigations, it has been
discovered that the genes for certain proteins are associ-
ated in their expression. After creating a coexpression
analysis database based on RNA expression patterns and
protein coregulation data supplied by ProteomeHD, the
STRING calculated coexpression scores based on the data.
For cytochrome proteins, the signaling intensities of the
proteins were investigated in detail. When comparing the
number of protein residues engaged in signal receiving
and communicating, the researchers discovered that more
protein residues are involved in signal receiving. Colors
characterize the outcomes, which are represented on the
anticipated structures (Figure 6).

3.4. Transcriptomic Signatures of the Activating
Transcription Factors. An expression quantitative trait locus
(eQTL) browser is a primary resource in the GTEx database
that maintains and displays the results of a national research
initiative to discover the relationship between genetic vari-
ants and high-throughput molecular-level expression phe-
notypes. Several tissues show considerable associations
between the majority of genes. There were strong connec-
tions between oxidative stress and ATF2 and ATF6, whereas
ATF3 and ATF4 were substantially expressed in the artery,
adipose, colon, and skin tissues (Figures 6 and 7). However,
when we looked at the average across all (significant) genes
using multiple enrichment metrics, tissues predicted to be
more enriched for illnesses and presently known biology
did not consistently do so. Multiple tissues are implicated
in several noteworthy correlations. Context specificity and
a shared regulation mechanism may be to blame for this.

4. Discussion

Recent developments in molecular biology, including use
of Microarray technology for gene expression profiling,
have revealed new information on the animal stress
response, notably the impact of stress on gene regulation
[12, 13]. It has been determined that the ability to target
ROS-induced covalent alterations of bases is a key adapta-
tion for surviving the damaging impacts of the surround-
ing environment. For organisms to withstand high
amounts of ROS or harness their effects, most of their
physiological processes are intricately linked to gene
expression regulatory systems [30]. These gene expression
regulation systems are usually old evolutionary adaptations
intricately intertwined with most elements of cellular phys-
iology and function [31]. Oxidative stress activates numer-
ous regulatory mechanisms, including cell cycle regulation
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Figure 3: Selective assessments of vertebrate activating transcription factor genes performed with the aBSREL models are presented. It is
possible to classify the sites in a branch according to the inferred beta distribution; the branch’s length is divided into segments based on
the proportion of sites in each class, and the color of the segment shows the magnitude of the related values. In the case of thicker
branches, those with a p < 0:05 (corrected for multiple testing) for rejecting the null hypothesis have undergone diversifying positive
selection. In contrast, those with a p value greater than 1 are identified as having undergone diversifying negative selection.
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and apoptosis, which help shield organisms against ROS.
ROS-induced cellular responses include cell cycle arrest
and apoptosis, which are critical in determining a cell’s
destiny [32]. At lower concentrations, ROS can reversibly
inactivate cysteine and methionine residues that are sensi-
tive to redox and operate as an alternative system through
the inactivation of enzymes with cysteine active site resi-
dues, such as phosphotyrosine-phosphatases [33]. We
identified the adaptive selection in ATF4 and ATF6 genes
in the basic leucine zipper (bZIP) domain of ATF and
related proteins is a DNA-binding and dimerization

domain; ATF is a basic leucine zipper (bZIP) transcription
factor that is induced by a variety of stress signals includ-
ing cytokines, genotoxic agents, and physiological stresses.
It is involved in cancer development and the host’s
defense against infections. It acts as a negative regulator
of proinflammatory cytokine production and is crucial in
avoiding acute inflammatory disorders. Animals lacking
ATF are more susceptible to endotoxic shock-induced
mortality [34]. ATF3 dimerizes with Jun and other ATF
proteins; heterodimers operate as activators or repressors,
depending on the promoter environment. bZIP factors
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Figure 4: Maximum probability dN/dS estimates for each ATF site, together with predicted profile confidence intervals A horizontal grey
line represents dN/dS = 1 (neutrality). Vertical dashed lines represent division boundaries (if any exist). The asymptotic 2 distribution is
used to determine statistical significance. Site-to-site synonymous rate variation is included in this research.
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regulate a vast array of cellular functions via homo- and
heterodimers networks [35].

The branch-site random effect likelihood test (BSREL
test) [36] and the BUSTED test [37], both included in the
HYPHY package [38], are used to evaluate this hypothesis
(materials and methods). In an adaptive evolution study,
the BSREL and BUSTED tests are used to determine the per-
centage of codons in which the rate of nonsynonymous
changes is higher than the synonymous rate (dN/dS > 1)
for a certain coding sequence [38]. We used the BUSTED
test to estimate the ratio of codons throughout the whole
tree and the BSREL test to compute the ratios of selected
codons for each branch [20]. Both of these tests were further
evaluated two alternate evolutionary simulations, one with
adaptive replacements and the other without, to compre-
hend if the adaptive model fits the data significantly bet-
ter [39].

The results of this phylogenetic analysis are used to
deduce the evolutionary history of repair pathways and
the proteins that comprise them, as well as to predict
the repair phenotypes of species with sequenced genomes
[40, 41]. The ATF genes of vertebrates have been found
to be under positive selection. Residues that had been pos-
itively selected were found in a wide range of amounts and
locations. We uncovered two codons that were positively

Table 2: The FEL study’ detailed site-by-site results. The asymptotic 2 distribution is used to determine statistical significance. Site-to-site
synonymous rate variation is included in this research. For site-level dN/dS ratios, approximate confidence ranges have been calculated.

Gene Codons α β α = β LRT p value TBL Selection type

ATF2

63 0 1.097 0.685 2.724 0.0988 1.779 Diversifying

502 0 3.515 2.592 5.507 0.0189 6.737 Diversifying

505 0 1.128 0.859 3.272 0.0705 2.233 Diversifying

506 0 2.092 1.663 5.251 0.0219 4.323 Diversifying

ATF3

115 0 0.273 0.188 0.743 0.3888 1.799 Diversifying

121 0 0.934 0.525 0.855 0.3553 5.029 Diversifying

122 0 0.808 0.521 1.64 0.2004 4.989 Diversifying

238 0.259 1.224 0.861 0.916 0.3386 8.247 Diversifying

246 0 0.567 0.423 1.8 0.1797 4.049 Diversifying

264 0.25 2.333 0.771 1.331 0.2487 7.391 Diversifying

276 0 0.61 0.504 1.103 0.2937 4.83 Diversifying

ATF4

16 0 1.408 0.992 4.671 0.0307 3.04 Diversifying

73 0 0.756 0.488 3.35 0.0672 1.495 Diversifying

157 0 0.696 0.487 2.752 0.0971 1.493 Diversifying

161 0 0.532 0.317 2.975 0.0846 0.971 Diversifying

259 0 1.782 1.465 3.138 0.0765 4.489 Diversifying

269 0 0.897 0.652 3.015 0.0825 1.998 Diversifying

ATF6

176 0 0.978 0.593 7.165 0.0074 5.141 Diversifying

181 0 1.306 0.906 3.646 0.0562 7.854 Diversifying

187 0 0.321 0.183 4.438 0.0351 1.586 Diversifying

348 0 0.325 0.215 3.149 0.076 1.862 Diversifying

551 0 1.307 0.808 3.056 0.0805 7.000 Diversifying

α: the rate of synonymous substitution at a given location. β: the rate of non-synonymous substitution at a given location. α = β: under the neutral model, the
rate estimate. LRT: beta = alpha vs. beta &neq; alpha p value likelihood ratio test statistic: p value: evidence of selection asymptotic p value. TBL: total branch
length.

Figure 5: The activating transcription factors are expressed in
human tissues. The expression data of the indicated genes across
different human tissues from the GTEx consortium [28].
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selected in the functional domains of the human ATF2,
ATF3, ATF4, and ATF6 proteins (Figure 2). BER in verte-
brate genomes relies heavily on molecules known as acti-
vating transcription factors (ATFs) [42]. Thus, the
paralogues undergo relaxed purifying selection immedi-
ately after duplication. Orthologous repeats have been
shown to develop under selection that is least strong. We
further demonstrate that this selection affects each copy,
suggesting that selection maintains the specific functional-

ity of particular repetitions throughout the genome [43].
There are strong connections between oxidative pressure
and the body’s internal clock. Several researchers have
hypothesized that the massive oxidation reaction resulting
from the emergence of plants and photosynthesis was one
of the earliest stirring forces for forming an interior time
system during the genesis of life on Earth [25]. The syn-
thesis and scavenging of hydrogen peroxide are highly
dependent on the time of day; as a result, the emergence
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of an endogenous 24 h clock system was a crucial step in
the development of a temporally synchronized homeostatic
reaction to reactive oxygen species. All four ATF2, ATF3,
ATF4, and ATF6 gene sequences have been analysed by
MAFFT and shown to have a common protein domain
(Figures 2). These genes have LRT values of 0 for the
M2 and M1 evolutionary models, and LRT values of 1.48
for the M1 model for ATF2. In purifying selection zones,
protein mutations undergo deleterious nonidentical
changes, making it unlikely that they would remain fixed
throughout time [25, 44]. The next step was to find amino
acid residues with Ꙍ > 1 value. ATF2, ATF3, ATF4, and
ATF6 genes have undergone positive selection with LRT
values of 6.54, 9.16, and 0.48, respectively, using the M8
evolutionary model (Table 1). Some regions of other pro-
teins that have undergone substantial positive selection
have evolved more quickly than the mature protein,
according to our findings [26, 27]. In the case of the
ATF proteins, dynamic selection has led to a change
intended to increase protein secretion efficiency [45]. Since
branch-site analysis might result in unclear selection due
to multinucleotide alterations, we utilised the aBSREL
model to corroborate our findings. Both the aBSREL and
site models demonstrated comparable selection patterns.
The results demonstrate that the observed overall selection
patterns are accurate [27, 46]. The cellular stress response
is ubiquitous with enormous physiological and pathologi-
cal implications. It is a cell defense mechanism against
the harm that external factors impose on macromolecules
[32]. Cellular processes triggered by DNA and protein
damage are inextricably linked and have comparable com-
ponents [47]. Other stressor-specific cellular responses to
reestablish homeostasis are frequently engaged concur-
rently with the cellular stress response [39, 48]. Addition-
ally, cells may assess stress and initiate a death mechanism
(apoptosis) when tolerance limits are surpassed. Genotype-
Tissue Expression (GTEx) database is maintained by the
National Center for Biotechnology Information (NCBI)
to investigate the link between genetic diversity and gene
expression in normal human tissues [49]. The GTEx data-
base comprises an expression quantitative trait locus
(eQTL) browser, a central resource for storing and dis-
playing results of a national research initiative to establish
the genetic variation-phenotype connection. This informa-
tion can help interpret results from genome-wide associa-
tion studies [28]. We utilised this database to investigate
the relationship between the five SNP loci found in this
study and the levels of ATF expression in diverse human
tissues [50]. The process of duplicating genes is an evolu-
tionary approach that helps genomes evolve in a variety of
different directions. In the case of other proteins, a process
known as positive selection takes place after a duplication
event. This indicates the selective pressure that maintains
genetic diversity [51]. The relaxed selection was lacking
during the evolution of ATF genes in avian and vertebrate
lineages, adding credence to Bayesian phylogenetic
approaches [52]. Further, we demonstrated that interac-
tions, such as physical interactions, may have a part to
play in the coadaptation of proteins to their environment.

We observed that amino acids that are highly diverse
across geographic regions in protein-coding genes tend to
be adaptable, which may contribute to the long-term evo-
lution that has occurred [53, 54]. The aerobic range is
defined by systemic limits in the oxygen supply capacity
of breathing and circulation. Systemic hypoxemia results
from conditions that exceed the range in which oxidative
metabolism may be sustained, resulting in diminished
individual development and population abundance. These
systemic reactions usually precede the initiation of an
organismal or cellular stress response. Due to the fact that
the onset of stress and the loss of performance define the
limits of normal physiological function, researching them
can give crucial information about the capacity and limita-
tions of organismal acclimation and adaptive evolution.

The structure must be extremely strong in order to
support a wide range of activities that are dependent on
the recognition of molecules by other molecules. Some
examples of these activities include the interaction of sub-
strates to enzymes, the assembly of proteins into transcrip-
tion factors, and the linkages between transcription factors
proteins and their DNA targets. However, recognition
events are often simply the initial step in a process that
takes place on a molecular level. A change in the confor-
mation of the macromolecule in question must be revers-
ible for it to be possible to carry out the aforementioned
function. Because of this need, the structure of the mole-
cule must possess the required amount of flexibility.

Given the significance of these genes, two important
questions that have been raised concern the regulation of
heat shock gene expression and the operation of heat shock
proteins. We now understand that the alleged “heat shock
response” is actually a smaller subset of a larger cellular
stress response. When exposed to UV radiation, oxidative
damage, DNA damage, or carbohydrate deprivation, certain
reactions take place. Some of these reactions resemble the
heat shock response, while others seem to be distinct.

5. Conclusion

Current knowledge of the molecular processes reacting to
oxidative stress suggests that many major regulatory path-
ways are highly conserved across a wide range of species,
including humans, yeast, and Drosophila. However, these
processes have undergone significant alterations throughout
time. ATF2, ATF3, ATF4, and ATF6 were found to be the
strongest candidate genes associated with tree lifespan, inter-
nal, and external stress conditions that cause bulky lesions
and DNA single-strand breaks and play an important role
in DNA repair. As a result, our findings may provide a
framework to conduct further research to explore the rela-
tionships between the DNA damage and repair pathways
among vertebrate species. Our research on the molecular
evolution of DNA regulatory genes revealed that trans-
acting factors frequently contributed to an increase in the
rates of nonsynonymous substitutions when compared with
structural genes. These findings were based on the findings
of a study that was conducted by our group. The evolution
of gene families is sped up by the processes of gene
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duplication, gene transfer, and gene loss, all of which play
significant roles in the process. This speeds up the turn-
over of genes, which results in the birth of new family
members and the death of others. This is apparent when
seen through the lens of evolutionary theory.
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Background. Asymmetric dimethylarginine (ADMA) is a nonselective nitric oxide synthase inhibitor. ADMA is thought to inhibit
the production of nitric oxide (NO) by neurons after oxygen-glucose deprivation (OGD). The gap junction protein Connexin-36
(cx-36) is involved in the pathophysiology of stroke. We investigated whether ADMA could protect neurons from OGD insults by
regulating the expression of cx-36. Methods. Cultured rat cortical neuronal cells were used. Neurons were treated with OGD with
or without ADMA pretreatment. The lactate dehydrogenase (LDH) release rate was used to assess neuronal injury. Intracellular
NO levels were determined using 4-amino-5-methylamino-2′,7′-difluorofluorescein diacetate. Western blotting was performed to
detect cx-36 expression. Results. The LDH release rate increased in the supernatant of neurons after the OGD insult, whereas
ADMA treatment reduced the LDH release rate. Intracellular NO levels increased following OGD treatment, and this increase
was not inhibited by ADMA treatment. Expression of cx-36 was upregulated in neurons under OGD conditions, and treatment
with ADMA downregulated the expression of cx-36. Conclusions. ADMA protects neurons from OGD insult, and cx-36
downregulation may be a possible pathway involved in ADMA-mediated neuronal protection.

1. Introduction

Asymmetric dimethylarginine (ADMA), an endogenous
analog of arginine, was found to inhibit nitric oxide (NO)
production by competing for the binding site of arginine in
nitric oxide synthase (NOS). It nonselectively inhibits
NOS, including endothelial NOS (eNOS), inducible NOS
(iNOS), and neuronal NOS (nNOS) [1].

ADMA is used as a biomarker to identify endothelial
dysfunction owing to its effect on eNOS. Increased ADMA
levels have been observed in patients with hypertension,
hyperlipidemia, diabetes, atrial fibrillation, old age, and ath-
erosclerotic burden [2–4], as well as in patients with acute
stroke [5, 6] and chronic stroke [7, 8]. In addition to inhibi-
tion of eNOS, ADMA can also inhibit the activity of iNOS
and nNOS. NO produced by iNOS and nNOS may induce
oxidative stress in neurons. It is well known that NO pro-
duction significantly increases after acute ischemic stroke,
thereby inducing oxidative stress, which contributes to sec-

ondary neuronal injury after stroke [9]. As a nonselective
inhibitor of nNOS and iNOS, ADMA could potentially pro-
tect neurons during stroke in a very early phase; however,
the literature is sparse in this area.

Gap junctions are important signal transduction path-
ways that allow small molecules (up to 1,000 daltons) and
ions to diffuse from one cell to a neighboring cell [10, 11].
Gap junctions open when two hemichannels in adjacent
plasma membranes dock with each other. Each hemichannel
consists of six connexin subunits. One of these subunits,
Connexin-36 (cx-36), is expressed mainly in neurons and
retinal cells [12–14]. In the physiological state, there is little
expression of cx-36 in the mature central nervous system.
However, in the context of stroke, inflammation, epilepsy,
and trauma, cx-36 expression is increased [15–19]. Amounts
of opened gap junctions increase rapidly in oxygen-glucose-
deprived neurons, causing ionic dysregulation and possibly
contributing to neuronal death [20]. Cx-36 has been proven
to play a critical role in the pathophysiology of N-methyl-D-
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aspartate- (NMDA-) mediated neuronal death, with both
cx-36 gene knockout and cx-36-specific inhibition showing
a protective effect on neurons from NMDA toxicity [21].
However, the role of cx-36 in neuronal death when neurons
undergo oxygen-glucose deprivation (OGD) is unknown,
not to mention its role in the neuronal protective effect of
ADMA. Although ADMA has been shown to modulate the
expression of other connexins, such as cx-43, cx-37, and
cx-40 [22], the effect of ADMA on cx-36 is still unknown.

Our study aimed to investigate the protective effect of
ADMA on neurons in an OGD model and explore the effect
of ADMA on cx-36 in neurons after OGD insult.

2. Methods

2.1. Reagents. ADMA was obtained from Sigma-Aldrich (St.
Louis, MO, USA). Neurobasal A medium, B27 supplement,
and no glucose DMEM were purchased from Invitrogen
(Grand Island, NY, USA), and mouse anti-connexin 36 anti-
body was obtained from Invitrogen (Carlsbad, CA, USA).
Mouse anti-β-tubulin III (neuronal) antibody was pur-
chased from Sigma-Aldrich (St. Louis, MO, USA).
Peroxidase-conjugated AffiniPure goat anti-mouse IgG (H
+L) was purchased from Jackson ImmunoResearch (West
Grove, PA, USA). A cytotoxicity detection kit based on lac-
tate dehydrogenase (LDH) was obtained from Roche Diag-
nostic GmbH (Mannheim, Germany). 7-Nitroindazole (7-
NI), 1400w, BCA Protein Assay Kit, and fluorescent probe
3-amino, 4-aminomethyl-2′,7′-difluorescein, diacetate
(DAF-FM DA), and phenylmethanesulfonyl fluoride
(PMSF) were purchased from Beyotime (Jiangsu, China).
Other reagents were obtained from Sigma-Aldrich.

2.2. Primary Cortical Neuronal Cultures. Adult pregnant
Wistar rats were purchased from Shanghai SLAC Laboratory
Animal Company, China. Primary cortical neuronal cultures
were obtained from fetal Wistar rat at embryonic day 14
(E14). Rats were placed in a 12 h light-dark cycle, under
environmentally controlled conditions (ambient tempera-
ture, 22 ± 2°C; humidity, 40%) and with free access to food
and water. All experimental processes were implemented
according to experimental standards of Fudan University,
as well as international ethical guidelines for experimenta-
tion on animals. Primary cortical neuronal cultures were
prepared as previously described, with slight modification
[23]. Briefly, the cerebral cortex was removed; after that,
meninges were removed from the cortex. The cerebral cortex
tissues were dissociated using 0.25% trypsin for 20min at
room temperature (24 ± 2°C). After titration and resuspen-
sion in neurobasal A medium supplemented with B27, the
cells were plated on poly L-lysine-coated glass coverslips,
96-well plates, or 100mm dishes. The culture medium was
changed by half every 3 days. Cultured neurons were used
to investigate in vitro day 7–10 (DIV 7–10).

2.3. Oxygen and Glucose Deprivation/Reoxygenation. Pri-
mary neurons (DIV 7–10) were subjected to OGD/reoxy-
genation (OGD/R) as previously described, with minor
modifications [24]. Briefly, the cells were washed three times

with Hank’s balanced salt solution (HBSS), incubated in
deoxygenated glucose-free DMEM in an anaerobic chamber
(Forma anaerobic system, Thermo) with an atmosphere
(<0.1% O2) containing 85% N2, 10% H2, and 5% CO2 at
37°C, and terminated after 45min by replacing deoxygen-
ated glucose-free DMEM with original medium in normal
incubator for the subsequent 0–24 h reoxygenation (R).
Control cells were obtained normally.

2.4. Cytotoxicity Assessment. Neuronal cytotoxicity was
assessed using a cytotoxicity detection kit ground on the
LDH activity released from the cytosol of damaged cells into
the supernatant [25]. The experiments were performed
according to the manufacturer’s protocol. Total LDH activ-
ity was measured in the supernatant of cells that had been
repeatedly frozen and thawed thrice. The relative LDH
release rate is represented as the ratio of extracellular LDH
activity to total LDH activity.

2.5. Intracellular NO Assay. Intracellular NO was detected
using the fluorescent probe DAF-FM DA [26]. DAF-FM
DA penetrates the cell membrane and is converted to
DAF-FM by intracellular esterases, which cannot penetrate
the cell membrane. The fluorescence emitted by the DAF-
FM was very weak; however, the signal became much stron-
ger coexisting together with NO. Neuronal cells were cul-
tured in 96-well plates. The cells on DIV 7-10 after OGD/
R treatment were incubated with DAF-FM DA (5μM) in
an incubator (at 37°C with dark) for 20min and then rinsed
with PBS (pH 7.8) for three times. The DAF-FM fluores-
cence intensity was detected by a fluorescence microplate
reader (SpectraMax M5, Molecular Devices, USA) with an
excitation wavelength of 495nm and an emission wave-
length of 515nm. Intracellular NO production was reflected
by the relative ratio to the control cells. The experiments
were repeated thrice with eight readings for every group.
To differentiate the effect of NOS subtypes, we used
nNOS-specific inhibitor 7-NI (with final concentration
50μM) and iNOS-specific inhibitor 1400w (with final con-
centration 10μM).

2.6. Neuronal Cell Pretreatment. ADMA was added to the
supernatant of cultured cells in 24 h before OGD/R treat-
ment, and the final concentration was 30μM. The ADMA
concentration remained unchanged throughout the experi-
ment. 7-NI or 1400w was added to the supernatant of cul-
tured cells immediately after OGD treatment.

2.7. Western Blot. Western blotting was used to assay the
expression of cx-36. The cells were planted on 100mm
dishes. After diverse treatments, the cells were collected by
scraping in ice-cold radioimmunoprecipitation lysis buffer
containing 1% Triton, 1% deoxycholate, 0.1% SDS,
1mmol/l EDTA, 50mmol/l Tris (pH 7.4), and 150mmol/l
NaCl, supplemented with PMSF, and then centrifuged at
18,000 × g for 20min. The supernatant was collected. Using
the BCA kit, the quantity of the total protein was determined
in every supernatant. 10% SDS-PAGE was used to separate
the protein electrophoretically. Separated protein was trans-
ferred onto PVDF membranes (Millipore). Then, the
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membranes were immersed in blocking buffer (1× Tris-
buffered saline (TBS, pH 7.6) containing 5% BSA) for 2 h
at room temperature. The membranes were then incubated
overnight with primary cx-36 (diluted 1 : 1000) antibodies
at 4°C. After rinsing three times with TBS-Tween (0.1%
Tween 20), the membranes were dug into solution of goat
anti-mouse secondary HRP-conjugated IgG antibodies
(diluted 1 : 1000) for 1 h at room temperature (24 ± 2°C).
Equal loading was ensured by detecting the membranes with
an anti-mouse β-tubulin (neuronal) antibody (1 : 5,000 dilu-
tion). Detection was performed using an enhanced chemilu-
minescence assay kit (Millipore). The western blots were
captured using a Molecular Imager (ChemiDoc™ XRS+,
Bio-Rad, USA), and the intensities were quantified using
Image Lab software (Bio-Rad, USA).

2.8. Statistical Analysis. Data are presented as mean ± SEM
based on three separate experiments. One-way ANOVA
analysis was used to analyze the difference between different
groups, followed by LSD post hoc tests for multiple compar-
isons tests or Kruskal–Wallis nonparametric ANOVA with
adjustment for multiple comparisons. Paired Student’s t-tests
were used for comparisons between two groups only. Differ-
ences were considered statistically significant at P < 0:05.

3. Results

3.1. ADMA Protects Neurons from OGD/R Injury. We mea-
sured the relative LDH release rate to assess neuronal injury
resulting from OGD/R. Compared with those in the control,
neurons undergoing OGD injury showed a time-dependent
increase in LDH release rate during the time course of reper-
fusion (Figure 1). The relative LDH release rate was 46:82
% ± 0:72% of maximal LDH release 24 h after reperfusion.
We selected a reperfusion time point of 2 h for further anal-
ysis. We found that neurons pretreated with ADMA (0μM,
3μM, 10μM, 30μM, and 100μM) showed a decreased LDH
release rate after OGD/R. However, we did not observe any
concentration-dependent decreases. When pretreated with
a high dose of ADMA (300μM), the LDH release rate
remained slightly elevated, although without significance
(Figure 2).

3.2. ADMA Did Not Inhibit the NO Production of Neurons
after OGD/R Insult. The NO production in neurons after
OGD/R showed a time-dependent profile (Figure 3(a)).
Using the nNOS-specific inhibitor 7-NI and the iNOS-
specific inhibitor 1400w, we could easily identify the type
of NOS that was the primary source of NO production at
different time points after OGD/R. Immediately after
OGD/R, NO production markedly increased, which was cat-
alyzed by nNOS (Figure 3(c)). After that, NO production
started to decrease until 4 h after OGD/R then started to rise
again reaching a peak at 6 h after OGD/R. iNOS was respon-
sible for the second peak in NO production (Figure 3(b)).
Surprisingly, as a nonselective NOS inhibitor, ADMA at
30μM did not suppress NO production in the pretreated
neurons. In contrast, the ADMA 30μM group produced

more NO than that by the baseline OGD/R group at 12h
after OGD/R (Figure 3(d)).

3.3. ADMA Attenuated the Expression of cx-36 in Neurons
after OGD/R. Since the protective effect of ADMA on neu-
rons after OGD/R was not due to its inhibitory effect on
NOS, there must be other mechanisms. Previous studies
showed that cx-36 expression increased after ischemic stroke
[27] and was accompanied by the transfer of electrolytes
from one cell to another, which might lead to the dysfunc-
tion and eventual death of cells [20]. Further studies were
conducted to explore the effect of ADMA on cx-36 expres-
sion after OGD/R. Cortical neurons plated in 10 cm dishes
were used in this experiment. The neurons underwent
OGD treatment for 45min and reperfusion under normal
condition for 0–24 h. During the time course of reperfusion,
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the expression of cx-36 increased, which was higher than
that of the control and higher than that at 0 h after OGD
treatment (Figure 4). We considered 4 h as the time point
for further investigation. Neurons were pretreated with
ADMA at 30μM for 24h before OGD treatment, as
designed previously. The duration of OGD was 45min. Sub-
sequently, neurons were returned to normal conditions for
another 4 h. Our results showed that pretreatment with
ADMA at 30μM attenuated the increased expression of
cx-36 4 h after OGD/R (Figure 5).

4. Discussion

To the best of our knowledge, this is the first study to focus
on the protective effect of ADMA on neurons undergoing an
OGD/R insult. Our results showed that ADMA may protect
neurons from OGD/R insults. However, intracellular NO
level in neurons was not, as we supposed, affected by ADMA
following OGD/R insult. Protection might be mediated via
the suppression of cx-36 expression.

As mentioned above, ADMA can inhibit nNOS and
iNOS, reducing the production of neurotoxic NO, thereby
demonstrating its potential neuroprotective ability. Several
studies have already proven this hypothesis using different
models [28, 29]. Cardounel and Zweier showed that ADMA
protected neurons from NMDA-induced neurotoxicity [28].
Tang et al. demonstrated that ADMA attenuated ROS accu-
mulation in MPP+-treated PC12 cells and protected neurons
from MPP+-triggered cell death [29, 30]. However, Wang
et al. reported that exogenous ADMA may induce apoptosis
in PC12 cells in a concentration- and time-dependent man-
ner [31]. The different effects of ADMA in PC12 cells may
be due to differences in the treatment protocols and assess-
ment assays. Zhao et al. found that dimethylarginine dimethy-
lamino hydrolase-1- (DDAH-1-) knockout rats demonstrated
aggravated neurological damage after MCAO/R in an in vivo
study [32]. This result seems contradictory to that of the pres-
ent study. As reported previously, DDAH-1 is distributed in
multiple cell types, including neurons, astrocyte cells, and vas-
cular structures, while DDAH-2 is distributed exclusively in
neurons [33]. As a result, DDAH-1 knockout might affect
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various cell types of animals and is not limited to neurons,
which could not explain the effect of DDAH-1 knockout in
neurons. Our study focused on cortical neurons and provided
evidence of the neuroprotective effect of ADMA in cortical
neurons undergoing OGD treatment. The different results
might lie in different models.

It is well known that ADMA is a competitive inhibitor of
NOS, where iNOS and nNOS are involved in the physiopa-
thology of stroke. We hypothesized that ADMA protected
neurons from OGD/R treatment by attenuating NO levels

in neurons. However, we could not prove our hypothesis
in this study. We found that the NO levels burst with two
peaks in the context of OGD/R (Figure 3(a)). However,
exogenous ADMA treatment did not suppress NO
(Figure 3(d)). Furthermore, 12 h after OGD/R, NO produc-
tion increased to a peak level in the OGD/R group with
ADMA pretreatment, higher than that in the OGD/R group
without ADMA pretreatment. Previous data showed that the
nNOS inhibitory effect of ADMA was concentration-
dependent. An ADMA concentration of 30μMmight inhibit
23% of NO production by nNOS, while an ADMA concen-
tration of 100μM could inhibit nNOS activity by 100% [28].
In our study, we used 30μM as the pretreatment dosage.
However, inhibition of nNOS by ADMA was not observed.
The possible reasons might be as follows: first, the insult pro-
cedures were different in the two studies. In the study by
Cardounel and Zweier, neurons were treated with NMDA;
as in our study, neurons were treated with OGD/R. The
mechanisms underlying the neurotoxic effects of OGD/R
are more complex than those of NMDA. Second, the sensi-
tivities of the NO detection assays were different. Third,
compared with the specific nNOS inhibitor 7-NI, the nNOS
inhibitory effect of ADMA is very weak, and the dosage of
ADMA used in our study was not powerful enough to
inhibit nNOS. Klein et al. showed that ADMA upregulated
iNOS expression in airway epithelial cells in vivo and
in vitro [34]; however, the inhibition of iNOS was quite weak
as well [35]. ADMA pretreatment might also increase
expression of iNOS in neurons. As a result, when the neu-
rons underwent OGD/R, the NO production might appear
higher than that without ADMA pretreatment, which might
partly explain our data where NO production was higher in
group with ADMA pretreatment than those without ADMA
treatment at 12 h after OGD/R (Figure 3(d)).

Nevertheless, despite the level of NO in neurons, ADMA
still protected neurons from OGD/R (Figure 2). This is con-
sistent with previous data [28]. Therefore, there may be
other mechanisms that enable ADMA-mediated neuronal
protection. In the subarachnoid hemorrhage rat model,
ADMA was positively correlated with cx-43, indicating that
ADMA might regulate the expression of connexins [36].

cx-36 is an electrical synapse that allows the transmis-
sion of ions and electricity between neighboring neurons,
and cx-36 plaques were found to strengthen gap-junctional
conductance rapidly and profoundly [37]. It has been previ-
ously shown that cx-36 promotes cortical spreading depolar-
ization and induces ischemic brain damage [38]. Cx-36 may
also upregulate the expression of inflammatory cytokines in
a depressive-like behavior animal model [39]. As a result, the
downregulation or inhibition of cx-36 may have a neuropro-
tective effect. A transient increase in cx-36 expression was
observed in ischemic cortex neurons in vivo and in vitro,
and using the cx-36 gene elimination technique and a cx-
36 inhibitor, cx-36 was proven to be toxic in stroke [40].
In the case of OGD/R, cx-36 expression in neurons
increased. This is consistent with previous in vitro studies
that were not limited to cortical neurons [41, 42]. According
to a study performed by Li et al., leonurine decreased the
expression of cx-36 in OGD PC12 cells, indicating that cx-
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36 might be the target protein for the protective effect of leo-
nurine in OGD PC12 cells [43]. Moreover, cx-36 inhibition
might reduce the level of phosphorylated calmodulin-
dependent protein kinase II (pCaMKII) and the ratio of
pCaMKII/CaMKII, thus protecting PC-12 cells from OGD
insult [43]. Similar results were observed in the present
study. When pretreated with ADMA, the increased expres-
sion of cx-36 was attenuated in OGD/R neurons, indicating
that ADMA might protect neurons from OGD/R by modu-
lating the cx-36 expression.

The limitation of our study was that we did not use a cx-
36 specific inhibitor. It has been shown that cx-36 inhibition
is neuroprotective [40, 44]. We did not know the mechanism
underlying the effect of ADMA on cx-36 expression in this
work. According to previous studies, the potential regulator
of cx-36 expression or function included CaMKII pathway
[45], group II metabotropic glutamate receptors (mGluRs)
pathway, and cAMP-dependent protein kinase-dependent
signaling pathway [40]. However, we have no idea whether
these pathways are also involved in the regulation of ADMA
on cx-36, and we also do not know if there is any other path-
way. To make the mechanism clear, further investigation is
needed.

In our work, we proposed a possibility of ADMA to be a
neuroprotective agent in the early stage of stroke. Pretreat-
ment in the study did restrict the clinical application in the
current situation. However, situation in human body is quite
different from animals, let alone cultured cells. To achieve
the goal of translation from bench to bed, lots of work need
to be done in the future.

In conclusion, ADMA may protect neurons from OGD/
R insult by attenuating the cx-36 expression. Therefore,
ADMA might be a potential agent to protect neurons from
death in the early stages of stroke, which requires further
experimental and clinical investigation.
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The infiltration of blood components into the brain parenchyma through the lymphoid system is an important cause of
subarachnoid hemorrhage injury. AQP4, a water channel protein located at the astrocyte foot, has been reported to regulate
blood–brain barrier integrity, and its polarization is disrupted after SAH. Neuronal ferroptosis is involved in subarachnoid
hemorrhage- (SAH-) induced brain injury, but the inducing factors are not completely clear. Transferrin is one of the inducing
factors of ferroptosis. This study is aimed at researching the role and mechanism of AQP4 in brain injury after subarachnoid
hemorrhage in mice. An experimental mouse SAH model was established by endovascular perforation. An AAV vector
encoding AQP4 with a GFAP-specific promoter was administered to mice to achieve specific overexpression of AQP4 in
astrocytes. PI staining, Fer-1 intervention, and transmission electron microscopy were used to detect neuronal ferroptosis, and
dextran (40 kD) leakage was used to detect BBB integrity. Western blot analysis of perfused brain tissue protein samples was
used to detect transferrin infiltration. First, neuronal ferroptosis 24 h after SAH was observed by PI staining and Fer-1
intervention. Second, a significant increase in transferrin infiltration was found in the brain parenchyma 24 h after SAH
modeling, while transferrin content was positively correlated with neuronal ferroptosis. Then, we observed that AQP4
overexpression effectively improved AQP depolarization and BBB injury induced by SAH and significantly reduced transferrin
infiltration and neuronal ferroptosis after SAH. Finally, we found that AQP4 overexpression could effectively improve the
neurobehavioral ability of SAH mice, and the neurobehavioral ability was negatively correlated with transferrin brain content.
Taken together, these data indicate that overexpression of AQP4 in the mouse brain can effectively improve post-SAH
neuronal ferroptosis and brain injury, at least partly by inhibiting transferrin infiltration into the brain parenchyma in the
glymphatic system.

1. Introduction

Stroke is divided into ischemic stroke and hemorrhagic
stroke, and hemorrhagic stroke accounts for 20%~30% of
all strokes [1]. Although the incidence of hemorrhagic stroke
is lower than that of ischemic stroke, its prognosis is worse,
and its mortality and disability rates are higher than those of
ischemic stroke [2]. Subarachnoid hemorrhage caused by
ruptured intracranial aneurysm is one of the main forms of

hemorrhagic stroke, with an annual incidence of approxi-
mately 10.5/100,000 people in China [3]. At present, there
have been a large number of experimental studies on the
intervention of brain injury after stroke, but the results of
experimental studies have little effect in clinical application
[4]. The scientific prevention and treatment of brain injury
after SAH is an urgent problem in today’s society [1].

Neuronal death is an important component of brain
injury after SAH [5]. An increasing number of studies
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suggest that SAH triggers neuronal ferroptosis [6–8], and
intervention with ferroptosis inhibitors is beneficial for
improving early brain injury (EBI) after SAH [9, 10]. Mature
neurons have a high level of polyunsaturated ether
phospholipids (PUFA-EPLS), which makes them sensitive
to ferroptosis [11, 12]. Glutamine (0.1mm) and recombi-
nant transferrin (0.25-5μg/mL) caused ferroptosis in mouse
embryonic fibroblasts (MEFs) deprived of amino acids [13].
The normal medium of primary cortical neurons contained
0.5-2mM glutamine, suggesting that the environment of
neurons was rich in glutamine. Transferrin is not typically
expressed by neurons, but it is absorbed by neurons through
TFR1-mediated endocytosis, which is the primary source of
iron in neurons [14]. Blood is known to be rich in transferrin
[15]. Therefore, it is worth considering whether transferrin
enters the glymphoid system after SAH infiltrates the brain
parenchyma and participates in neuronal ferroptosis.

The glymphoid system is a channel for the exchange of
cerebrovascular cerebrospinal fluid and interstitial fluid, dis-
tributed in the Virchow-Robin space and perivascular space
(PVS) [16]. Privious research has stated “Bathing the brain”
to describe the role of the glymphoid system under physio-
logical conditions [17]. PVS includes the spaces around
small cerebral arteries, capillaries, and venules, which consti-
tute channels that allow a range of substances to move [18].
Within a few minutes of the occurrence of SAH, blood com-
ponents rapidly diffuse into the subarachnoid space and PVS
[19]. Loss of astrocyte foot process anchoring to the base-
ment membrane accompanied by the loss of polarized local-
ization of AQP4 to astrocytic endfeet has been shown to be
associated with vasogenic/extracellular edema in neuroin-
flammation [20]. In addition, it has been shown that SAH
impairs the polarization of astrocyte AQP4 [21], while
AQP4 knockout aggravates SAH-induced brain injury
through impairment of the glymphoid system [22]. In addi-
tion, literature studies have shown that upregulation of
AQP4 improves blood–brain barrier integrity and perihema-
tomal edema following intracerebral hemorrhage [23].

Here, we investigated the occurrence and possible initia-
tor of neuronal ferroptosis after SAH in mice. By using pro-
pidium iodide (PI) staining, we provided a description of the
correlation between brain cell ferroptosis and transferrin
content, alluding to the critical role of transferrin in SAH-
induced brain cell ferroptosis. We assessed the effect of
AQP4 overexpression on transferrin content as well as brain
cell ferroptosis. Finally, we demonstrated that AQP4 overex-
pression effectively improved the neurobehavioral ability of
SAH mice. In this study, we provide the first demonstration
of transferrin function in an animal model of SAH and
establish the essential role of AQP4 in regulating transferrin
infiltration into the brain parenchyma.

2. Materials and Methods

2.1. Animals. Five to 8-week-old C57BL/6J male mice weigh-
ing 25-30 g were purchased from Zhaoyan Research Center
(Suzhou, China) Co., Ltd. Standard feed and drinking water
were provided. This study was approved by the Ethics Com-
mittee of the First Affiliated Hospital of Soochow University.

Detailed animal usage information is provided in the supple-
mentary material 1 (Supplementary Table S1).

2.2. Mouse SAH Model. The endovascular perforation
method was used to establish the mouse SAH model as pre-
viously reported [24, 25]. Mice were anesthetized with 3%
isoflurane using a small animal gas anesthesia machine
(R500IP; RWD Life Technology Co., Shenzhen, China),
and anesthesia was maintained with 1.5% isoflurane [26].
Then, they were placed in a stereotaxic apparatus (Anhui
Zhenghua Biological Equipment Co., Ltd., Anhui, China).
The mice were placed in a supine position, and a midline
incision was made in the neck. After exposing the right com-
mon carotid artery (CCA), external carotid artery (ECA),
and internal carotid artery ICA, the ECA was ligated and
fashioned into a stump. The suture (L2000, Guangzhou Jial-
ing) was advanced into the ICA from the ECA stump
through the common carotid bifurcation. The suture was
further advanced into the intracranial ICA until resistance
was felt. Before the suture was withdrawn from the ICA, it
was pushed an additional 1mm further. After ensuring
hemostasis, the wound was adapted and sutured. For the
sham-operated animals, all procedures were the same as
those for the SAH mice, except for artery puncture. Then,
all the mice were returned to their cages after injecting
1ml 0.9% saline. All mice had free access to food and water.
The grade of SAH was evaluated with a score of 0-18 to mea-
sure the degree of bleeding and was carried out by two
researchers who were unaware of the experiment. Images
of the bottom of the brain were taken, and the 6 segments
at the bottom of the basal cistern were evaluated on a scale
from 0 to 3 (0, no SAH; 1, very little subarachnoid blood;
2, moderate blood with visible arteries; and 3, blood clot
obliterating all arteries within the segment). Finally, the
scores of each part are summed. Mice with SAH
classification scores < 8 were excluded and replaced. In
sham-operated mice, the score is always 0.

2.3. Ferrostatin-1 Treatment. For in vivo experiments, we
injected 1 pmol ferrostatin-1 (1μl of 25mg Fer-1 dissolved
in 0.01% DMSO saline, Sigma Aldrich, SML0583) into the
lateral ventricle immediately after 0.5 h of SAH modeling
and simultaneously injected 1μl solvent into the control
group in the same way [27]. The coordinates of intraventric-
ular injection were 1.0mm in the lateral direction relative to
the bregma, 0.5mm in the posterior direction, and 2.5mm
in depth. After 24 hours, the head was decapitated, and the
brain tissue was harvested. PI dye (Sigma–Aldrich, St. Louis,
MO, USA) (1μg/g) was injected intraperitoneally 2 hours
before the head was decapitated.

2.4. Immunofluorescence Staining. As previously reported,
brain tissue was cut into 7μm paraffin sections [28]. Briefly,
the antigens were retrieved using freshly prepared 1%
sodium citrate antigen retrieval solution for 20min. The par-
affin sections were boiled in antigen retrieval solution for
5min and then soaked in cooled antigen retrieval solution
for 5min. The above operation was repeated twice. Next,
0.1% Triton was added for 10min. After that, we used 5%
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BSA to block these sections for 1 h at room temperature. The
target protein primary antibody was added according to the
manual, and the solution was incubated overnight at 4°C.
The primary antibodies were as follows: AQP4 rabbit mAb
(1 : 300, Cell Signaling Technology, #59678, USA) and goat
CD31 antibody (1 : 300, R&D systems, AF3628, USA). Then,
the corresponding fluorescent secondary antibody was
added. The secondary antibodies were as follows: donkey
anti-rabbit IgG Alexa Fluor 488 (1 : 300, Thermo Fisher Sci-
entific, A-21206, USA) and donkey anti-goat IgG Alexa
Fluor 555 (Thermo Fisher Scientific, A-21432, USA). The
solution was incubated at 37°C for 1.5 h [26]. Brain sections
were sealed with DAPI and observed under a fluorescence
microscope. Coronal brain sections containing the basal
temporal lobe were analyzed (Fig. S2).

2.5. Propidium Iodide (PI) Staining. As previously reported,
twenty-two hours after the establishment of the SAH model,
mice were injected with PI (Sigma–Aldrich, St. Louis, MO,
USA) (1μg/g) intraperitoneally [29]. After 2 hours, they
were perfused with PBS, the heads were decapitated, and
the materials were removed. After being fixed with parafor-
maldehyde for 24 hours, they were dehydrated with 30%
sucrose. Then, brain tissue was cut into 8μm sections in
the dark and under freezing conditions. Quick Antigen
Retrieval Solution for Frozen Sections (Beyotime, P0090)
was added for 10min. Next, 0.1% Triton was added for
10min, and 5% BSA was used to block these sections for
1 h at room temperature. The target protein primary anti-
body was added, and the solution was incubated overnight
at 4°C. The primary antibody was mouse anti-NeuN
(1 : 300, Abcam, ab279296, USA). Then, the corresponding
fluorescent secondary antibody was added, and the solution
was incubated at 37°C for 1.5 h. The secondary antibodies
were as follows: donkey anti-mouse IgG Alexa Fluor 488
(1 : 300, Thermo Fisher Scientific, A-21202, USA). Brain
sections were sealed with DAPI and observed under a fluo-
rescence microscope (OLYMPUS BX50/BX-FLA/DP70;
Olympus Co.). Coronal brain sections containing the basal
temporal lobe were analyzed (Fig. S2). In short, PI+/NeuN
+ cells were counted by observers who were blinded to the
experimental groups. We inspected and photographed six
microscopic fields of each sample and calculated the average.

2.6. Western Blot Analysis. The brain tissues were collected
from the base of the temporal lobe and stored immediately
at −80°C. As previously reported, the temporal base brain
tissues of C57 mice were collected and homogenized in cell
lysate buffer for Western blotting and IP (P0013, Beyotime
Institute of Biotechnology, China) and allowed to stand for
30 minutes. The tissue homogenate was collected into a
centrifuge tube and centrifuged at 12,000 rpm/min for 10
minutes at 4°C. The supernatant was taken, and the protein
concentration was measured by the bicinchoninic acid assay
(BCA, Beyotime Institute of Biotechnology) [30]. Then, each
protein sample (10~60μg/lane) was loaded on a 10% SDS–
PAGE gel, separated by electrophoresis, and transferred to
a polyvinylidene fluoride membrane by electrophoresis
(Millipore Corporation, Billerica, MA, USA), followed by

blocking with 5% BSA at room temperature for 60 minutes
and then incubating with primary antibody overnight at
4°C. The primary antibodies were as follows: rabbit anti-
transferrin antibody (1 : 1000, Abcam, ab278498, USA) and
β-tubulin (9F3) rabbit mAb (1 : 1000, Cell Signaling Technol-
ogy, #2128, USA). The diluted horseradish peroxidase-labeled
secondary antibody was incubated at room temperature for
approximately 1 hour and then washed with PBST (PBS
+0.05% Tween 20) 3 times for 5 minutes each. The secondary
antibodies were as follows: anti-rabbit IgG and HRP-linked
antibody (1 : 2000, Cell Signaling Technology, #7074, USA).
After the Ponceau was stained and washed off, the enhanced
chemiluminescence kit was used for band visualization, and
then, the protein relative quantitative normalization analysis
was performed by the ImageJ software. Detailed antibody
information is provided in the supplementary material 1 (Sup-
plementary Tables S3, S4 and S5). Full Western blot lane is
presented in supplementary material 2.

2.7. Stereotaxic Adenoassociated Virus Injection. AAV9-
AQP4 containing adenoassociated virus GFAP-MCS-EGFP
was used for overexpression of AQP4 protein (NM_
009700.3→NP_033830.2 aquaporin-4 isoform M1) in
mouse astrocytes and its negative control (Jike gene; Gen-
Bank: NM-009700) and stored at -80°C. According to the
manufacturer’s instructions, 1μl adenoassociated virus
(1:1E + 13 v.g/ml) was injected into the lateral ventricle.
The coordinates from bregma were 1.0mm posterior,
1.8mm lateral, and 2.4mm deep [21]. Leave the needle for
5 minutes after the AAV injection and then pull it out slowly.
We established an SAHmodel three weeks after AAV9-AQP4
injection. Detailed AAV information is provided in the sup-
plementary material 1 (Supplementary Table S2).

2.8. Quantification of AQP4 Polarization. Perivascular polar-
ization of AQP4 was measured as previously described [31].
DAPI images were used to identify blood vessels. Blood ves-
sels have flattened nuclei and clusters or lines of nuclei out of
focus compared to the surrounding tissue. CD31 images
were used to identify the astrocytes around the blood vessels
[32]. Briefly, the median immunofluorescence intensity of
perivascular regions was measured. A threshold analysis
was then used to measure the percentage of the region exhi-
biting AQP4 immunofluorescence greater than or equal to
perivascular AQP4 immunofluorescence (AQP4% area).
Polarization was expressed as the percentage of the region
that exhibited lower AQP4 immunoreactivity than the peri-
vascular endfeet (“polarization” = 100 –AQP4%area). AQP4
vessel coverage was measured by first delineating the area of
the vessel from the CD31 channel image. This region of
interest was then placed on the AQP4 channel image thre-
sholded for immunoreactivity for extraction of the percent-
age vessel coverage (% immunoreactivity of AQP4 of
whole delineated vessel).

2.9. FITC-Dextran (40 kD) Injection. Briefly, FITC-dextran
(40 kD, Thermo Fisher, D3328) was injected intravenously
21 hours post-SAH [33]. The mice were sacrificed 3
hours following tracer infusions, perfused, and fixed with
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paraformaldehyde. Brains were removed and cut into 10μm
slices. Cerebrovascular permeability was evaluated by fluo-
rescence imaging.

2.10. Electron Microscopy. Briefly, the brain tissue sections
were postfixed with 4% paraformaldehyde +2.5% glutaralde-
hyde in 0.1M PB for 14 hours at 4°C. Then, they were
washed and stored in 0.1M PB [34]. The coverslips were
processed for electron microscopy as previously described
with modifications [35]. Ultrathin sections at 70-80 nm were
cut on an ultramicrotome and collected on Formvar-coated
single slot grids (Electron Microscopy Sciences). Grids were
stained with uranyl acetate and lead citrate solutions, dried,
and stored in a grid box for EM imaging. Micrographs were
taken on a Tecnai Biotwin transmission electron microscope
(FEI, Hillsboro, Oregon, USA). We measured mitochondrial
size as the percentage area of the total area of the cytoplasm
[36] (comprising >1800 mitochondria in total) using ImageJ
v.1.49 (http://imagej.nih.gov/ij/). Analysis was performed by
an investigator blinded to treatment group assignment.

2.11. Foot Fault Test. As previously reported, the mouse was
placed on an elevated steel grid (30 cm ðLÞ × 35 cm ðWÞ ×
3 cm ðHÞ) with a grid opening of 2.25 cm 2 (1:5 cm × 1:5
cm square) [37, 38]. The mice received 5 days of pretraining
before the operation. The data in the last training session were
recorded as baseline. The total number of steps was counted
for a videotaped 1-minute observation period. The number
of forelimb and posterior limb foot faults (when the forelimb
or posterior limb fell through the grid) was recorded. The data
were collected by unwitting staff. The data are expressed as the
percentage of errors with damage to the forelimb and poste-
rior limb. This test will be repeated three times at the indicated
times after the operation, recorded separately, and averaged.

2.12. Adhesive Removal Test. As previously reported, the
sticker (0:2 × 0:2 cm2) was placed on the paw on the inner
radius of each animal’s upper limb with equal pressure
[37]. The stickers were placed on the left forelimbs of each
animal. Then, the mouse was gently placed into the plexi-
glass box, and the number of seconds to touch and remove
each tape was recorded. The mice were trained 3 times a
day before surgery for 5 consecutive days and were tested
regularly (3 times, 15 minutes apart for each mouse) at the
indicated times after SAH [26]. The average time of the three
trials of touching and removing the sticker will be calculated.

2.13. Rotarod Test. As previously reported, low speed: the
instrument is set to accelerate from 0 rpm to 10 rpm within
30 s and maintained to 300 s; high speed: the instrument is
set to accelerate from 4 rpm to 40 rpm and maintained to
300 s within 120 s [39, 40]. The mice will be placed on a
rotating rod apparatus, and preoperative training will con-
tinue for 5 days. On the first and second days, the mice will
be trained on a low-speed rotating rod once a day. On the
third day, low-speed and high-speed training will be carried
out successively. Then, on the fourth day, the mice were
trained twice at high speed at the test speed. High-speed
training was performed three times on the fifth day. The last
three test data recorded the day before the operation were

taken as the baseline. The mice were subjected to three tests
at the indicated times after the SAH operation, with an inter-
val of 15 minutes, and the average value was taken [26].

2.14. Garcia Neuroscore. The sensorimotor Garcia test was
performed on mice at the indicated times after SAH [41]. In
short, the modified Garcia score is a complete sensorimotor
evaluation system. We scored each test from 0 to 3
(full score = 18 points): (A) body proprioception, (B) forelimb
walking, (C) limb symmetry, (D) roll over, and (E) climb.
Autonomous movement: in a quiet environment, place the
mouse in a new squirrel cage, observe its activity within 5
minutes, and score according to the number of touches on the
four sides of the cage wall; autonomous movement of the limbs:
move the mouse and lift the tail end to observe the free move-
ment and symmetry of its limbs; forelimb extension exercise: lift
the tail end of the mouse so that its forelimbs are close to the
edge of the table, and observe the extension of its forelimbs;
metal net climbing: place the mouse on the tilted metal cage
cover and observe its climbing situation. Normal mice will
climb up with their limbs. Lift the tail of the mouse and drag
it away from the cage cover to observe the grasping power of
its limbs; body tactile response: in a quiet environment, from
back to front, avoiding the sight of the mouse, touch the body
of the mouse with a blunt-headed wooden stick to observe its
response; whisker response: in a quiet environment, use a
blunt-headed wooden stick to touch the rat from the back side;
response to vibrissae touch: in a quiet environment, a blunt stick
was brushed against the vibrissae on each side; the stick was
moved toward the whiskers from the rear of the animal to avoid
entering the visual fields. The reaction of mice was observed.

2.15. qPCR. The mRNA expression of AQP4 (NM_
009700.3) was measured as previously described [42].
Briefly, total RNA was isolated from the brain tissues of mice
using the TRIzol kit (15596018, Thermo Fisher, US) and
reverse transcribed into cDNA (2μg total RNA per sample)
using the High-Capacity cDNA Reverse Transcription Kit
(4368814, Thermo Fisher, USA) according to the manufactur-
er’s instructions. The primer sequences used for the reaction
were AGATCAGCATCGCTAAGTCCGT TCCCAATCCTC
CAACCACAC (Ribobio, China). qPCR was performed using
the PowerUp™ SYBR™ Green Master Mix, and mRNA
expression levels were quantified using the 2−ΔΔCt method.

2.16. Statistical Analysis. All data are expressed as the
mean ± standard deviation ðSDÞ. The GraphPad Prism 9.0
software (GraphPad, San Diego, CA, USA) was used for sta-
tistical analysis. Post hoc power analysis was performed
according to power analysis. The Kolmogorov–Smirnov test
was used to test the normality of the distribution of the test
data set. Data groups with normal distribution (two groups)
were compared using two-sided unpaired Student’s t-test.
One-way or two-way ANOVA was used for multiple com-
parisons, and Tukey’s post hoc test was used for compari-
sons between two pairs of multiple groups. P < 0:05
indicates a statistically significant difference. The correlation
between transferrin and PI staining was analyzed with
Spearman’s rank correlation coefficient for the neuroscore
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and beam walking score. For the Garcia neuroscore, adhe-
sive removal, foot fault tests, and rotarod test, the correlation
between neurobehavior and transferrin was analyzed with
Pearson’s product–moment correlation coefficient. The
best-fit linear regressions are shown. A P value of 0.05 was
considered statistically significant.

3. Results

3.1. SAH Triggers Brain Cell Ferroptosis and Transferrin
Infiltration. Ferrostatin-1 is a recognized ferroptosis inhibi-

tor [27]. To verify the existence of ferroptosis of nerve cells
after SAH in mice, we used Fer-1 intraventricular injection
after surgery. The results showed that compared with the
vehicle group, the Fer-1 group had significantly reduced
neuronal death (sham vs. SAH, P < 0:0001; SAH vs. SAH
+vehicle, P = 0:9888; and SAH+vehicle vs. SAH+Fer-1, P =
0:0119; Figures 1(a) and 1(b)). This phenomenon indicates
ferroptosis in mouse brain cells after SAH. Transferrin is
an important factor in ferroptosis in cells [13]. Twenty-
four hours after puncture-induced SAH in mice, brain tis-
sues from the base of the temporal lobe were collected for
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Figure 1: SAH triggers brain cell ferroptosis and transferrin infiltration. (a, b) Representative photomicrographs and quantification of PI-
positive nerve cells in the ipsilateral cortex after Fer-1 was used. n = 6 per group. Fluorescence colors: DAPI: blue; PI: red; NeuN: green.
Scale bar = 40μm. The quantification of PI-positive and NeuN-positive cells is expressed as positive cells per square millimeter. Data are
the mean ± standard deviation ðSDÞ (ANOVA Fð3, 20Þ = 42:78P < 0:0001; ∗∗∗P < 0:001, ∗P = 0:0119, post hoc Tukey’s test). (c) Western
blot analysis shows the level of transferrin protein in the ipsilateral cortex after SAH. n = 12 per group. Data are the mean ± standard
deviation ðSDÞ (t-test t(11) = 4.511; ∗∗∗P < 0:001). (d) Spearman correlation analysis between transferrin- and PI-positive cells in mouse
brain tissue 24 h after SAH.
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western blot analysis. Our results showed that compared
with that in the sham group, the expression of transferrin
in the SAH group was increased (sham vs. SAH, P =
0:0002; Figure 1(c)). Next, we measured the correlation
between the expression of transferrin and PI+ nerve cells.
The results showed that there was a significant positive corre-
lation between the number of PI+ cells and the expression of
transferrin (Figure 1(d)). The above results show that SAH
triggers brain cell ferroptosis and transferrin infiltration.

3.2. AQP4 Overexpression Improves SAH-Induced AQP4
Depolarization. qPCR was used to detect the expression level
of AQP4 mRNA in brain tissue after AAV-AQP4 overex-
pression. Our results showed that the expression level of
AQP4 mRNA in the AAV-AQP4 group was approximately
2-fold that in the vector group (P = 0:0427, Fig. S1). To fur-
ther explore this possibility, we assessed the level of AQP4
using immunofluorescence staining. Twenty-four hours
after SAH, the AQP4 level in astrocytes was significantly
decreased compared with that in the sham group, and com-
pared with that in the SAH+vector group, AAV-AQP4 signif-
icantly increased the expression of AQP4 (sham vs. SAH,
P < 0:0001; SAH vs. SAH+vector, P = 0:9945; and SAH+vec-
tor vs. SAH+AAV-AQP4, P < 0:0001; Figures 2(a), 2(g), and
2(e)). Vascular cross-sectional analysis of the temporal cortex
from mice revealed impaired perivascular AQP4 expression
after SAH (Figures 2(b), 2(c), 2(h), and 2(i)). Perivascular
localization of AQP4 was reduced, and polarization was
reduced. SAH+AAV-AQP4 reversed this change compared
to the SAH+vector group. 89.01% (±2.74%), 72.34%
(±2.90%), 72.90% (±2.11%), and 80.23% (±2.32%) are in the
cortex of mice (sham vs. SAH, P < 0:0001; SAH vs. SAH+vec-
tor, P = 0:9809; and SAH+vector vs. SAH+AAV-AQP4, P =
0:0004; Figure 2(g)). Together, these data provide evidence
that astrocytic AQP4 expression and its polarized localization
are similarly perturbed in a region of the SAH mouse brain.

3.3. AQP4 Overexpression Reduces Transferrin Content and
Neuronal Ferroptosis in the Brain Parenchyma of SAH
Mice. The effects of AAV-AQP4 on BBB integrity in SAH
model mice were assessed by a FITC-dextran permeability
assay [33]. At 24 h after SAH, 40 kD dextran extravasation
was detected in the mouse brain parenchyma, which was
improved to some extent by AAV-AQP4 treatment
(Figure 3(a)). We evaluated the expression of transferrin
using Western blotting. Compared with the vector treatment
group, the transferrin expression level in the AQP4 overex-
pression group was significantly decreased (SAH vs. SAH
+vector, P = 0:9146 and SAH+vector vs. SAH+AAV-AQP4,
P = 0:0053; Figures 3(b) and 3(c)). We used PI staining to
evaluate the death of neurons after SAH. Our results showed
that the number of neurons containing PI in the SAH+vec-
tor group was significantly higher than that in the SAH
+AAV-AQP4 group, and there were no significant changes
in the SAH+AAV-AQP4+vehicle group compared with the
SAH+AAV-AQP4 group (SAH+vector vs. SAH+AAV-
AQP4, P < 0:0001 and SAH+AAV-AQP4 vs. SAH+AAV-
AQP4+vehicle, P = 0:9943; Figures 3(d) and 3(e)). There
were no significant changes in the SAH+AAV-AQP4+vehi-

cle group compared with the SAH+AAV-AQP4+Fer-1
group (P = 0:9992). The results showed that overexpression
of AQP4 reduced ferroptosis in neurons after SAH in mice.
In ferroptosis, shrunken mitochondria have been observed,
while the formation of apoptotic bodies was absent, and
the plasma membrane remained intact [43]. As the sole pos-
itive morphologic criterion for ferroptosis is shrunken mito-
chondria, we quantified mitochondrial size following AAV-
AQP4 treatment. AAV-AQP4 treatment increased the mean
percentage area of cytoplasm covered by mitochondria
(SAH+vector vs. SAH+AAV-AQP4, P = 0:0186; Figures 3(f
) and 3(g)). These results indicate that overexpression of
AQP4 can reduce transferrin and neuronal ferroptosis in
brain tissue after SAH.

3.4. AQP4 Overexpression Improves Neurobehavioral
Dysfunction in SAH Mice. Mice developed sensorimotor
impairment after stroke, which was manifested by a decrease
in Garcia neuroscore, an increase in the number of foot faults,
an increase in the time of the adhesive removal test, and a
decrease in the time of the rotarod test (Figures 4(a)–4(f)).
To evaluate the neurological damage after SAH in mice, the
evaluation was carried out by researchers who did not know
the group. The results showed that compared with the base-
line, the Garcia score of the mice decreased significantly one,
two, three, and seven days after SAH. Compared with the
vehicle group, the Garcia score of the AAV-AQP4 group was
significantly improved on day 3 (SAH+vector vs. SAH
+AAV-AQP4, P = 0:0296; Figure 4(a)). Compared with the
baseline, the proportion of the number of wrong steps in the
contralateral forelimbs and hindlimbs of mice after SAH was
significantly increased. AQP4 treatment significantly reduced
the percentage of incorrect steps three days after SAH (SAH
+vector vs. SAH+AAV-AQP4, day 1, P = 0:0079; day 2, P =
0:0133; and day 3, P = 0:0008; Figure 4(b). SAH+vector vs.
SAH+AAV-AQP4, day 1, P = 0:0002; day 2, P = 0:0207; and
day 3, P = 0:0038; Figure 4(c)). At the same time, we found
that compared with the vehicle treatment group, the waiting
time for SAH mice in the AQP4 treatment group to touch
and remove the tape from the paw was significantly reduced
at 1, 2, 3, and 5 days after SAH (SAH+vector vs. SAH
+AAV-AQP4, day 1, P = 0:0066; day 2, P = 0:0019; day 3,
P = 0:0004; and day 5, P = 0:0002; Figure 4(d). SAH+vector
vs. SAH+AAV-AQP4, day 1, P = 0:0174; day 2, P = 0:002;
day 3, P = 0:0154; and day 5, P = 0:0002; Figure 4(e)). In
addition, in the mice in the AQP4 treatment group, on
days 1, 2, 3, and 5 after SAH, compared with the vehicle
treatment group, the rod time in the rod rotation experi-
ment was slightly increased (SAH+vector vs. SAH+AAV-
AQP4, day 1, P < 0:0001; day 2, P < 0:0001; day 3, P <
0:0001; and day 5, P = 0:0197; Figure 4(f)). Overall, AQP4
treatment significantly improved the early sensory and dys-
kinesias of SAH in mice.

3.5. Neurobehavioral Ability Was Negatively Correlated with
Transferrin Brain Content in SAH Mice. The results of Pear-
son correlation analysis showed that there was a significant
negative correlation between the Garcia score (R = −0:8746,
P < 0:0001), the residence time of the rod (R = −0:7088,
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P < 0:0001), and the expression of transferrin after 24 h of
SAH (Figures 5(a) and 5(f)). At the same time, there was
a significant positive correlation between the foot fault
rate (R = 0:7481, R < 0:0001; R = 0:7368, R < 0:0001) as
well as the adhesive removal test time (R = 0:7485, P <
0:0001; R = 0:7368, P < 0:0001) and the expression level
of transferrin (Figures 5(b)–5(e)). Overall, neurobehav-

ioral ability was negatively correlated with transferrin
brain content in SAH mice.

4. Discussion

Ferroptosis has drawn wide attention since the term was put
forward in 2012 [43]. This unique cell death program is
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Figure 2: AQP4 overexpression improves SAH-induced AQP4 depolarization. (a, g) Immunofluorescence staining analysis of perivascular
AQP4 expression changes in mouse temporal cortex large vessels 24 h after SAH. n = 6 per group. CD31: red, AQP4: green; DAPI: blue.
Scale bar = 20μm. Data are the mean ± standard deviation ðSDÞ. (b, c, h, i) Representative immunofluorescence images of blood vessels in
the cortex of (b) sham, (c) SAH, (h) SAH+vector, and (i) SAH+AAV-AQP4 group mice stained for AQP4 and CD31, illustrating
placement of the 40μm axis perpendicular to blood vessels for quantification of expression across vessel cross-sections, illustrating AQP4
expression surrounding blood vessels in the cortex. Ten cross-sections of one blood vessel from one mouse were selected. (d) Viral
vector pattern diagram. (e) Immunofluorescence intensity statistics for AQP4. Data are the mean ± standard deviation ðSDÞ (ANOVA
Fð3, 20Þ = 88:80P < 0:0001; ∗∗∗P < 0:001, post hoc Tukey’s test). (f) Quantification of AQP4 polarization. n = 6 per group (ANOVA F
ð3, 20Þ = 56:75P < 0:0001; ∗∗∗P < 0:001; post hoc Tukey’s test).
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Figure 3: AQP4 overexpression reduces transferrin content and neuronal ferroptosis in the brain parenchyma of SAH mice. (a)
Representative images of FITC-dextran (40 kD) after post-SAH intravenous injections at 24 hours after SAH (scale bar = 50 μm). (b, c)
Western blot analysis showed the levels of transferrin in the cortex after AAV overexpression of AQP4. n = 6 per group. Data are the
mean ± SD (ANOVA Fð2, 15Þ = 8:3P = 0:0036; ∗∗P = 0:0053, post hoc Tukey’s test). (d, e) Representative fluorescence micrographs and
quantification of PI-positive and neuron-positive cells in the cortex after AAV overexpression of AQP4, n = 6 per group. Fluorescence
colors: NeuN: green; PI: red; DAPI: blue. Scale bar = 20μm. The quantification of PI-positive and NeuN-positive neurons is expressed as
positive cells per square millimeter. Data are the mean ± SD (ANOVA Fð3, 20Þ = 157:2P < 0:0001; ∗∗∗P < 0:001, post hoc Tukey’s
test). (f) Electron microscopic images of the SAH+vector group and SAH+AAV-AQP4 group. (g) AAV-AQP4 treatment reduced the
mean percentage area of cytoplasm covered by mitochondria. Data are the mean ± SEM (as this is the convention in the electron
microscopy field) (∗P = 0:0186, t-test).
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driven by iron-dependent phospholipid peroxidation and is
modulated by multiple cellular metabolic pathways, includ-
ing redox homeostasis, iron metabolism, and mitochondrial
activity [44]. Neuronal death after SAH is an important fac-
tor affecting prognosis [45]. Previous studies have shown
that neuronal ferroptosis occurs after SAH, but the mecha-
nism is unclear [46]. In addition, neurons have high levels
of PUFA-EPLS and live in an environment rich in gluta-
mine, which makes mature neurons sensitive to ferroptosis
[12]. Studies have shown that 1 minute after the modeling
of the intravascular puncture SAH model in mice, the eryth-
rocyte flow rate and blood flow in the anterior capillary arte-
riole decreased to 20% of those before modeling [47].
Subsequently, the arterioles dilated or contracted inconsis-
tently for 60 minutes, and the red blood cell flow and blood
flow in the arterioles continued to decrease, suggesting neu-
rovascular dysfunction [47]. The results obtained in these
studies indicate that the transient disturbance of microcircu-
lation after SAH in the acute phase may lead to oxidative
stress, which in turn mediates ferroptosis. Therefore, ferrop-
tosis may play a more important role in brain injury than the
current understanding. The focus of this study was to clarify

the factors that induce neuronal ferroptosis after SAH and
the role of AQP4 in this process.

AQP4 is not just involved in ferroptosis; previous studies
have shown that AQP4 knockout aggravates brain edema,
blood–brain barrier disruption, and neuronal apoptosis after
subarachnoid hemorrhage [22, 48]. Consistent with our
study, it has been reported that the perivascular polarity of
AQP4 is reduced after SAH in rats, leading to dysfunction
of the glymphatic system and neuronal apoptosis and neuro-
logical deficits after SAH [21]. In addition, in a mouse model
of intracerebral hemorrhage, AQP4 reduction increases neu-
ronal apoptosis and astrocyte apoptosis after intracerebral
hemorrhage, and the underlying mechanism may be
through cytokines, especially TNF-α and IL-1β initiate the
apoptotic cascade and activate caspase-3 and caspase-8
[49]. In addition, in a rat model of ischemia–reperfusion,
induction of pyroptosis leads to loss of AQP4 polarization,
which can be ameliorated by inhibition of pyroptosis [50].
The process and mechanism of AQP4 involvement in vari-
ous forms of programmed cell death deserve further study.

Previous studies have focused on the neurotoxicity of
erythrocyte lysis products such as iron, hemoglobin, and
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Figure 5: Neurobehavioral ability was negatively correlated with transferrin brain content in SAH mice. Correlation analysis between the
expression of transferrin in brain tissue and behavior at 24 hours after SAH. (a) Correlation analysis between the expression of
transferrin in brain tissue and the modified Garcia neuroscore 24 hours after SAH. n = 6 per group. (b, c) Correlation analysis between
the expression of transferrin in brain tissue and the stomping rate of the contralateral forelimb and hindlimb 24 hours after SAH. n = 6
per group. (d, e) Correlation analysis between the expression of transferrin in brain tissue and the time of sticker touch and avulsion
24 h after SAH. n = 6 per group. (f) Correlation analysis between the expression of transferrin in brain tissue and the stick time 24 h
after SAH. n = 6 per group.
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heme for neuronal death after SAH [27, 35]. However, less
attention has been given to transient microcirculation disor-
ders and the blood component transferrin in the early stages
of SAH. Our work suggests that the infiltration of transferrin
into the brain parenchyma at the early stage of SAH may be
one of the causes of neuronal ferroptosis.

Aquaporin (AQP) is abundant in the brain and spinal
cord, and AQP1 and AQP4 are believed to play an impor-
tant role in water metabolism and osmotic regulation [51].
In the early stage of SAH, blood components rapidly diffuse
into the subarachnoid space and the glymphoid system in
the PVS [19]. After SAH, microglia/macrophages can
remove blood components in the glymphoid system [52].
Enhanced PVS barrier action can make time for blood com-
ponent clearance [53]. PVS permeability has been reported
to have a circadian rhythm and is closely related to AQP4
polarization [20]. It has been reported that the increased
expression of AQP4 in rats after subarachnoid hemorrhage
will aggravate the occurrence of cerebral edema [54], and
the inhibition of AQP4 can inhibit cerebral edema [55, 56].
In addition, studies have shown that the nervous system
function of AQP4-/- mice was improved in a model of cyto-
toxic edema simulated by intraventricular injection of
Streptococcus [57]. However, brain swelling and clinical out-
comes are worse in AQP4-/- mice in models of vasogenic

(fluid leak) edema, probably due to impaired AQP4-
dependent brain water clearance [57]. AQP4 mediates bidi-
rectional water flux as well as water inflow and outflow
during the evolution of edema [58, 59]. AQP4 dysfunction
in mouse brain tissue leads to impaired water and solute
processing and may lead to brain edema or abnormal pro-
tein accumulation [60, 61]. Although some studies have
shown that AQP4 is involved in brain edema after SAH
[62], in recent years, AQP4 knockout has been found to
aggravate brain injury after SAH [23], suggesting the func-
tional diversity and potential neuroprotective effect of
AQP4. Our work is the first to show that AQP4 overexpres-
sion can reduce SAH-induced AQP4 depolarization, brain
parenchymal ferritin content, and neuronal ferroptosis to a
certain extent.

Stroke affects both men and women, and studies
revealed that estrogen has a protective effect after subarach-
noid hemorrhage [63]. Our study just used male animals.
We will consider gender factors in our subsequent studies
to explain the role of AQP4 in animals of different genders
after subarachnoid hemorrhage.

In conclusion, in the early stage of SAH, transient distur-
bance of microcirculation and transferrin induced neuronal
oxidative stress and iron uptake, leading to neuronal ferrop-
tosis. Overexpression of AQP4 can improve SAH-induced

Astrocyte
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Pericyte 

SAH AQP4 depolarization

Microcirculation disturbance

ROS

Neuronal ferroptosis

Transferrin

AQP4
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Transferrin
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Figure 6: The mechanism of AQP4 involvement in early brain injury after SAH. In the early stage of SAH, transient disturbance of
microcirculation and transferrin induced neuronal oxidative stress and iron uptake, leading to neuronal ferroptosis. Overexpression of
AQP4 can improve SAH-induced AQP4 depolarization and transferrin infiltration and thus improve neuronal ferroptosis and
neurological dysfunction.
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AQP4 depolarization and transferrin infiltration and thus
improve neuronal ferroptosis and neurological dysfunction
(Figure 6).
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For posthemorrhagic hydrocephalus (PHH) patients, whether occur subependymal edema indicates poor outcomes, partially
manifested as cognitive impairment. In the brain, NLRP3 inflammasome mainly derived from microglia/macrophages is
involved in proinflammatory and neurodeficits after hemorrhage, and autophagy is vital for neuronal homeostasis and
functions. Accumulating evidence suggest that NLRP3 inflammasome and autophagy played an essential role after intracerebral
hemorrhage (ICH). We aimed to dissect the mechanisms underlying subependymal edema formation and cognitive
dysfunction. Here, based on the hydrocephalus secondary to ICH break into ventricular (ICH-IVH) in rats, this study
investigated whether microglia/macrophage-derived NLRP3 induced subependymal edema formation and neuron apoptosis in
subventricular zones (SVZ). In the acute phase of ICH-IVH, both the expression of NLRP3 inflammasome of microglia/
macrophages and the autophagy of neurons were upregulated. The activated NLRP3 in microglia/macrophages promoted the
release of IL-1beta to extracellular, which contributed to excessive autophagy, leading to neurons apoptosis both in vivo and
in vitro through the AMPK/Beclin-1 pathway combined with transcriptomics. Administration of MCC950 (NLRP3
inflammasome specific inhibitor) after ICH-IVH significantly reduced edema formation and improved cognitive dysfunction.
Thus, inhibiting NLRP3 activation in SVZ may be a promising therapeutic strategy for PHH patients that warrants further
investigation.

1. Introduction

Intracerebral hemorrhage (ICH) has high morbidity and
mortality and is associated with severe long-term disability
[1, 2]; however, there is still no effective treatment so far
[3]. About 40% of ICH break into the ventricle (ICH-

IVH), and more than half of these patients will develop
into varying degrees of hydrocephalus, which makes the
unfavorable outcome even worse [2, 4, 5]. Although there
are many hypotheses about the pathogenesis of hydro-
cephalus after ICH-IVH, such as blood-clot blockage, bar-
rier impairment, inflammation, and blood components [6],
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due to the rare experimental verification, the exact patho-
genesis remains unclear.

Clinically, the subependymal edema of imaging results is
associated strongly with poor outcomes in PHH patients.
Clinical treatments of reducing hydrocephalus by shunting
operation or dehydrating agents have not demonstrated ther-
apeutic efficacy in reducing subependymal edema [4, 5]. ICH-
IVH causes primary brain injury through direct mechanical
effects of the hematoma and leads to the development of sub-
ependymal edema as ICP increases or inflammation activa-
tion, which induces secondary brain injury manifested by
loss of neurons [7, 8]. However, how the subependymal edema
occurred remains unclear, especially the source of water that
contributed to edema formation. As such, PHH remains the
worse compliant of hemorrhage. Considering the contribution
of subependymal edema to secondary clinical deterioration,
subependymal edema may represent an attractive therapeutic
target in PHH.

Once ICH-IVH occurred, the robust cellular immune
response rapidly activated, especially the resident neuroglia
(microglia/macrophages) and recruited peripheral leukocytes
were soon activated to release proinflammation cytokines,
causing neuroinflammation and brain injury at acute phase
[9–11]. Evidence indicates that focal inflammation contributes
significantly to BBB disruption and brain edema. The NLRP3
inflammasome, highly expressed in microglia/macrophages,
has been proved to participate in a variety of pathological pro-
cesses such as psychiatric and neurodegenerative disorders
[12, 13]. Activating NLRP3 inflammasome can induce cyto-
kines, such as IL-1beta, a new cardiovascular risk biomarker
[14]. Accumulating evidence that NLRP3 inflammasome inhi-
bition could relieve neuroinflammation, disrepute BBB inten-
sity, and reduce cell death in early brain injury [15, 16] make
the NLRP3 inflammasome-induced anti-inflammatory treat-
ment be a potential strategy to reduce brain edema.

Autophagy is an evolutionarily conserved intracellular
process to maintain cellular homeostasis by the phagosome
and lysosomal pathways [17]. Abnormal autophagy has been
found to play an important role in the pathogenic process of
a variety of neurodegenerative diseases [18–20], such as Par-
kinson disease (PD) and Alzheimer disease (AD) [21, 22].
What is more, recent studies have revealed that autophagy
is upregulated under some restress conditions in neurons
[23], and excessive autophagy can lead to neurons apoptosis
after ischemia [24]. However, there are few reports about
autophagy dysfunction in the acute phase of ICH.

Herein, we explored the mechanism of subependymal
edema formation-related cognitive dysfunction after ICH-
IVH. Since inflammation and autophagy were closely related,
we further studied the relationship between NLRP3 inflamma-
some (a crucial molecular regulator in inflammation) activa-
tion in microglia/macrophages and autophagy in neurons
after ICH-IVH. A rat model of ICH with ventricular extension
and PC12 cells were performed to address this proposal.

2. Materials and Methods

2.1. Animals. All experimental procedures were approved by
the Laboratory Animal Welfare and Ethics Committee of

Third Military Medical University (AMUWEC2020762)
and were performed according to the guide for the care
and use of laboratory animals of the national institutes of
health and reported in compliance with the ARRIVE (ani-
mal research: reporting of in vivo experiments) guidelines.
A total of 261 male rats (weight 220-250 g) were housed in
a temperature and humidity-controlled room under a stan-
dard 12 h light/dark cycle for a minimum of 3 days before
ICH-IVH induction and were provided free access to food
and water.

2.2. ICH-IVH Model and Groups. ICH-IVH was induced by
autologous arterial blood injection into the right perilateral
ventricles as previously described [25]. Briefly, rats were
anesthetized with pentobarbital (40mg/kg, IP). The right
femoral artery was catheterized as a source of the blood sam-
ple. A cranial burr hole (1mm) was drilled after rats were
positioned in a stereotaxic frame. Aliquots of 200μl nonhe-
parinized arterial blood were infused into the right caudate
nucleus (coordinates: 0.2mm posterior, 2.2mm lateral, and
5.0mm ventral to the bregma) at a rate of 14μl/min using
a microinfusion pump. The burr hole was sealed with bone
wax, and skin incision was closed with sutures after the nee-
dle was removed.

Rats were randomly divided into the following 3 groups:
sham, ICH-IVH, and MCC950. The sham group had only a
needle insertion. MCC950 group received MCC950 (10mg/
kg, IP; MCE, USA) which was dissolved in saline at 1 hour
after ICH-IVH model. ICH-IVH group was given an equal
volume of saline at the same time.

2.3. Cell Culture and Treatment. PC12 neurons cells of rats
(ScienCell, USA) were used for in vitro study. PC12 cells
were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% (v/v) fetal bovine serum
(FBS) and 1% penicillin/streptomycin at 37°C in a humidi-
fied atmosphere of 5% CO2. After the completion of cell pro-
cessing, IL-1beta (Novoprotein, China) was added to
DMEM and diluted at a dosage of concentrations (10μg/l).
PC12 cells were then treated with L-1β or Compound C
for 24 h before use.

2.4. Apoptosis Assay. Apoptosis was detected using
ANNEXIN V-FITC/PI cell apoptosis detection kit (CST,
USA). PC12 cells from different groups were digested with
trypsin but without EDTA, resuspended in the blinding
buffer, and stained with Annexin V-FITC for 15min and
PI for 5min. The results were analyzed by flow cytometry
(Canto2, BD, USA).

2.5. Immunofluorescence Staining. Under deep anesthesia,
rats were sacrificed by transcardial perfusion with 100ml
normal saline followed by 50ml 4% neutral buffered para-
formaldehyde. Brains were fixed in 4% neutral buffered
paraformaldehyde for 24 h at 4°C followed by 25% and
30% sucrose solution until brains were dehydrated fully.
Then, brains were cut into 10μm thick coronal sections
using a cryostat (LM3050S, Leica, Germany) after being fro-
zen at -80°C. Slides were washed with 0.01M of PBS 3 times
for 10min and then incubated in 0.3% Triton X-100 for
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30min at room temperature. After being blocked with 5%
BSA for 1 h at room temperature, the sections were incu-
bated with primary antibody at 4°C overnight as follows:
anti-CD31 (1: 200; Abcam, USA), anti-ZO-1 (1 : 200;
Abcam, USA), anti-Caspase1 (1 : 200; NOVUS; USA), anti-
IL1beta (1 : 400; GeneTex, USA), anti-Iba1 (1 : 200; Genetex,
USA), anti-CD68 (1 : 200; Abcam, USA), anti-NLRP3
(1 : 200; Abcam, USA), anti-Atg5 (1 : 100; ZEN-BIO; China),
anti-p62 (1 : 100; ZEN-BIO; China), and anti-NeuN (1 : 200;
Abcam, USA). Then, the sections were washed with 0.01M
PBS and incubated with appropriate fluorescence-
conjugated secondary antibodies (1 : 400; Invitrogen, USA)
for 2 h at room temperature. The slides were observed and
photographed under a fluorescence microscope (LSM880;
ZEISS, Germany).

2.6. Western Blotting. The subventricular zone (SVZ) tissue
was separated and homogenized to collect the protein sam-
ples at 3 days after hemorrhage. Equal amounts of protein
samples (20μg) were loaded on SDS-PAGE gels, electropho-
resed, and transferred onto a polyvinylidene difluoride
membrane. The membrane was blocked and incubated over-
night at 4°C with the following primary antibodies: anti-ZO-
1 (1 : 1000; Abcam, USA), anti-NLRP3 (1 : 1000; Abcam,
USA), anti-Caspase1 (1 : 1000; NOVUS, USA), anti-IL1beta
(1 : 1000; GeneTex, USA), anti-Atg5 (1 : 1000; ZEN-BIO,
China), anti-LC3B (1 : 1000; ZEN-BIO, China), anti-p62
(1 : 1000; ZEN-BIO, China), anti-pAMPK (1 : 1000; CST,
USA), anti-AMPK (1 : 1000; CST, USA), anti-ULK1
(1 : 1000; CST, USA), anti-Beclin-1 (1 : 1000; CST, USA),
and anti-β-actin (1 : 1000; CST, USA). Appropriate second-
ary antibodies (1 : 3000, CST; 1 : 5000, abcam) were selected
to incubate with the membrane for 1 h at room temperature.
The bands were probed with an ECL Plus chemilumines-
cence regent Kit (ThermoFisher, USA) and visualized with
the image system (Bio-Rad, USA). Relative density of the
protein immunoblot images was analyzed by Image J soft-
ware (NIH, USA).

2.7. Transmission Electron Microscope. Electron microscopy
was performed as previously described [26]. Rats were
anaesthetised and subjected to intracardiac perfusion with
4% paraformaldehyde and 2.5% glutaraldehyde in 0.1mol/l
Sorensen’s buffer (pH7.4). The subventricular zones were
removed from the brain, and a 1mm thick coronal tissue
slice was cut with a blade 4mm overnight at 4°C. Samples
were then postfixed with 1.0% OsO4 and dehydrated in
graded ethyl alcohol. After dehydration was complete, the
samples were infiltrated with propylene oxide, embedded
in Epon resin and sectioned. Ultrathin sections were then
stained with uranyl acetate and Reynold’s lead citrate. Sec-
tions were evaluated using a Philips CM 100 transmission
electron microscope (Hillsboro, OR, USA) and were digitally
acquired using a Hamamatsu ORCA-HR camera (Hamama-
tsu City, Shizuoka, Japan).

2.8. MRI and Edema Volume Analysis. Rats were anesthesia
with 2% isoflurane/air mixture throughout MRI examina-
tion. The MRI scans were performed using a 7.0-T Varian

MR scanner (Bruker, USA) with a T2∗gradient-echo
sequence and a T2 fasts spin-echo sequence using a view
field of 35mm ∗ 35mm with 20 coronal slices (1.0mm
thickness). Volumes were calculated as previously described.
The edema areas were outlined, and the areas of all slices
were multiplied by the section thickness [27]. All image
analyses were performed using Image J (National Institutes
of Health, Bethesda, Maryland, USA) by two observers in a
blinded manner.

2.9. Brain Water Content Assessment. Brain water content
was measured on day 3 after ICH-IVH, as previously
described [28]. Briefly, without perfusion, the subventricular
zones on both sides and cerebellum were removed. Brain tis-
sues were weighted to measure wet weights and then dried
for 24h at 100°C to obtain dry weights. The following for-
mula was used to calculate brain water content: ðwet
weight – dry weightÞ/wet weight × 100%.

2.10. TUNEL Staining. On day 3 after ICH-IVH, the brains
were sampled for TUNEL staining using Apoptosis Detec-
tion Kit (Roche, USA) according to the manufacturer’s
instructions. The number of TUNEL-positive cells in the
SVZ was counted using Image J software (NIH, USA). Six
sections per brain were used for counting. Data were
expressed as the number of TUNEL-positive neurons cells/
mm2 in SVZ.

2.11. Fluoro-Jade C Staining. Neuronal degeneration was
evaluated by Fluoro-Jade C (FJC) staining as previously
reported [29]. The FJC Ready-to-Dilute Staining Kit (Bio-
sensis Inc., Thebarton, SA, Australia) was used. Six continu-
ous pictures of SVZ were photographed under a fluorescence
microscope, and the average number of FJC-positive cells
was calculated as cells/mm2 by Image J software.

2.12. Cell Counting. Cell counting was performed on brain
coronal sections. Three high-power images (×40 magnifica-
tion) were taken in SVZ using a digital camera. Interested
positive cells were counted from 4 areas in each brain section
by two researchers in a blinded manner.

2.13. Neurofunction Assessment

2.13.1. Corner Test. On days 3, 7, and 14 after ICH-IVH, the
corner turn was used to evaluate the motor and balance
functions of animals as previously described [30]. In the cor-
ner turn test, each rat was allowed to proceed into a corner
(the angle of 30°) for 10 times with at least 30 s intervals
between every trial. The rats need to turn to right or left,
and the percentage of right turns was calculated to assess
the neurofunction.

2.13.2. Open Field Test. Anxiety, exploratory activity, and
motor function were examined in the open field test. The
testing apparatus was a 100 × 100 cm square with lateral
walls. A video camera suspended above recorded spontane-
ous motor activity over 5min trials. Rats (n = 8 per group)
were placed in the center of the area, and both total distances
travelled and time spent in the center were recorded.
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2.13.3. Morris Water Maze Task.Water maze tasks were per-
formed as described previously [31]. Briefly, rats (n = 8 per
group) received four trials on five consecutive training days
and then received a single 60 s probe trial on day 6. The
latency to reach the platform during training days, the times
crossing the target area (former platform position), and the
time spent in the target quadrant during the probe trial were
recorded.

2.14. H&E Staining. Rats were transcardially perfused with
0.9% sodium chloride and 4% paraformaldehyde at 3 days
after ICH-IVH. The brain was dissected out after perfusion
and paraffin-embedded followed by sectioning. H&E stain-
ing was performed as previously described [32].

2.15. Quantitative RNA Sequencing. Rats were euthanized on
day 3 after ICH-IVH. RNA-Seq experiments were per-
formed according to manufacturer’s protocol, and data were
analyzed by LC Biotech. Briefly, total RNA was extracted
from the SVZ tissue using TRIzol reagent, and the quantified
and purified total RNA were used to reverse-transcribed to
generate cDNAs, which were used to synthesize U-labeled
second-stranded DNAs. The ligated products were amplified
with PCR, and the average inset size for the final cDNA
library was 300 bp (50 bp). The expression levels of all tran-
scripts were evaluated by calculating the fragments per kilo-
base per million reads. The threshold of significantly
differential expression was set to P < 0:05 and jlog2ðfold
changeÞj ≥ 1. The Gene Orthology (GO) and Kyoto Encyclo-
pedia of Genes and Genomes (KEEG) databases were used
to explore the biological pathways.

2.16. Statistical Analysis. All data were presented as mean
± SD. Data were analyzed by investigators blinded to exper-
imental treatments. All analyses were performed using
GraphPad Prism 8 (GraphPad software). We determined
each sample size by power analysis using a significance level
of α = 0:05 with 80% power to detect statistical differences.
Statistical evaluation of the data was performed by analysis
of variance (ANOVA), followed by Tukey multiple-
comparison post hoc analysis. Statistical significance was
defined as P < 0:05.

3. Results

3.1. NLRP3 Inhibition Attenuates Neurofunction Deficits,
Especially Cognitive Dysfunction after ICH-IVH. According
to previous studies, based on autologous blood ICH-IVH
rats, we had found ICH-IVH rats showed severe motor func-
tion disorder [25]. Here, we aimed to assess cognitive dys-
function in ICH-IVH rats. To determine whether the
NLRP3 inflammasome inhibitor, MCC950, affects cognitive
function in ICH-IVH rats receiving MCC950 or not, we
hypothesized that NLRP3 inhibition after ICH-IVH would
improve cognitive function. Cognitive function was evalu-
ated by the open-field test and the Morris test at day 3 after
ICH-IVH. Compared with the sham group, we found the
ICH-IVH rats had significant cognitive dysfunction and
decreased exercise activity according to the open-field test
results, and MCC950 treatment reduced cognitive and

motor dysfunction after hemorrhage (Figure 1(b)). As for
the motor dysfunction, the corner test results showed that
inhibition NLRP3 improved motor deficits after ICH-IVH
(Figure 1(g)). Next, the water maze test was used to evaluate
cognitive function furthermore, a classical method to assess
cognitive function showed the same results as the open-
flied test (Figure 1(c)). There were no group differences dur-
ing the training phase to find a hidden platform (Figure 1
(e)). However, in the probe trial for spatial memory in which
the hidden platform was removed, administration of
MCC950 significantly increased the number of former plat-
form crossings among ICH-IVH rats, and the number of
former platform crossing was significantly greater among
the sham group than the ICH-IVH group (Figure 1(d)).
Similarly, the ICH-IVH rats with MCC950 treatment
increased target quadrant time compared with the ICH-
IVH group (Figure 1(f)). Collectively, these findings suggest
that MCC950 administration could improve NLRP3
inflammasome-dependent neurodysfunction after ICH-
IVH, especially spatial memory deficit.

3.2. Inhibiting NLRP3 Inflammasome Decreased
Subependymal Edema after ICH-IVH. Hydrocephalus
patients which had subependymal edema indicate a lousy
outcome. We detected edema in subventricular zones at
3 days after ICH-IVH and MCC950 administration.
According to T2 magnetic resonance imaging scans
(MRIs) and pseudocolor images depending on grayscale
value, we found the ICH-IVH group occurred prominent
edema in SVZ. Interesting, MCC950 treatment reduced
SVZ edema after ICH-IVH (Figure 2(a)). Combined with
the MRIs images, we measured the edema volumes and
found that inhibition NLRP3 with MCC950 decreased
edema volumes after ICH-IVH at 3 days (Figure 2(c)).
We also measured brain water content in different brain
zones, and we found the MCC950 treatment group had
lower edema than the ICH-IVH group of the subventricu-
lar zones (Figure 2(b)). Although the subventricular zones
effusion had been found in many aspects, where is the
source of additional water still not been explained clearly.
The classical explanation of edema contained vasogenic,
cellular, and osmotic brain edema [7]. Combined with
HE-staining results, we found obviously interstitial edema
and cellular edema after ICH-IVH. MCC950 administra-
tion reduced both two kinds of brain edema. Interestingly,
the edema around capillaries was observed, and a mass of
capillaries closed after ICH-IVH in SVZ. The capillaries
reopened and the around edema reduced after inhibiting
NLRP3 inflammasome (Figure 2(d) upper). Furthermore,
observing capillaries using TEM in SVZ, we found the
changes of edema around capillaries and the openness of
capillaries are the same as the HE-staining results
(Figure 2(d) lower). According to HE-staining and TEM
results, we speculated that the edema belongs to nonangio-
genic edema. To further prove this conclusion, we assessed
tight junction-related protein ZO-1 of capillaries (CD31)
in SVZ and found there is no difference of ZO-1 expres-
sion level among the sham group, the ICH-IVH group,
and the ICH-IVH+MCC950 group (Figures 2(e) and 2
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Figure 1: Continued.
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(f)). Totally, the edema that occurred after hydrocephalus
was nonangiogenic edema, and inhibition of NLRP3
reduced edema in SVZ.

3.3. MCC950 Inhibits Microglia/Macrophage-Derived NLRP3
Inflammasome Activation in SVZ. Inflammation response
was activated in many kinds of diseases, leading to tissue
damage and edema, especially in the acute phase. Combined
with previous parts results that inhibition of NLRP3 could
reduce interstitial and cellular edema, next we investigated
the specific mechanism of NLRP3 inflammasome-mediated
edema in SVZ. Microglia/macrophages are the main immu-
nity and inflammation cells that react to injury or infection
in the brain. The effect of MCC950 on NLRP3 inflamma-
some activation and IL-1beta production was examined in
subventricular zones tissues of ICH-IVH rats (Figure 3(a)).
At 3 days after ICH-IVH, we found IL-1beta and Caspase-
1 positive cells increased in SVZ, and MCC950 treated
decreased the number of IL-1beta(+) and Caspase-1(+) cells
(Figure 3(b)). These indicated NLRP3-related inflammation
activated in SVZ after ICH-IVH. Next, we examined the
NLRP3 inflammasome expressed in which kind of cells
and found NLRP3 located in microglia/macrophages after
ICH-IVH. Compared with the ICH-IVH group, MCC950
treatment obviously decreased NLRP3 positive microglia/
macrophages in SVZ (Figures 3(c) and 3(d)). To quantitative
analysis of the expression of NLRP3 and related cytokines:
IL-1beta, Caspase-1, and Western blots results showed that
MCC950 treatment decreased NLRP3 inflammasome and
related cytokines expression after ICH-IVH in SVZ
(Figure 3(e)). We indicated that NLRP3 inflammasome acti-
vated in microglia/macrophages and released cytokines
might be a reason that resulted in brain edema after ICH-
IVH in SVZ.

3.4. NLRP3 Inhibition Prevents Neurons Excessive
Autophagy-Mediated Apoptosis after ICH-IVH in SVZ. Sub-
ependymal edema could be improved by inhibiting NLRP3
activated in microglia/macrophages. But how the microg-
lia/macrophage-derived edema contributed to cognitive dys-
function after ICH-IVH still needs investigation. Hence, we
assessed the status of neurons in SVZ. Under normal physi-
ological conditions, autophagy was activated at a low level to
regulate cell homeostasis. After the external stimulus,
autophagy is upregulated or downregulated to defence
against avoiding self-injury. However, excessive autophagy
out-balance led to neurons injury. We examined neurons
autophagy level in SVZ and found autophagy upregulated
after ICH-IVH, and administration of MCC950 reduced
autophagy level in neurons. The autophagy-related proteins
LC3B, Atg5 (LC3B and Atg5 indicate autophagosome for-
mation), and p62 (p62 indicates autophagosome degrada-
tion) were detected. The images of Atg5(+) and p62(+)
neurons demonstrated autophagy upregulated in neurons
after ICH-IVH, and inhibited NLRP3 downregulated
autophagy level of neurons (Figure 4(a)). The Western blot
results examined Atg5 LC3B, and p62 expression showed
the same conclusion (Figure 4(b)). Then, we evaluated the
relationship between autophagy level and neuron states after
ICH-IVH and MCC950 treatment; the FJC-staining and
TUNEL-staining of neurons were used in this process.
According to images and positive cell counting results, we
found a mass of neurons dysfunction after ICH-IVH and
inhibition of NLRP3 reduced FJC(+) cells and TUNEL(+)
neurons in SVZ (Figures 4(c) and 4(d)). Then, we used
TEM to observe neuron structure in SVZ and found neurons
edema and apoptosis after ICH-IVH. After MCC950 admin-
istration, the neurons state ameliorated, and the edema also
reduced (Figure 4(e)). Based on these results, we proved that
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Figure 1: Spatial and recognition memory and spontaneous motor behavior assessment after ICH-IVH and inhibiting NLRP3
inflammasome with MCC950. (a) Schematic diagram of the experimental design. (b) Representative movement tracks and recognition
memory in the sham and MCC950 treatment or not groups at 3 days after ICH-IVH. (c) Representative swim paths during the probe
trial for spatial memory showing that ICH-IVH rats with MCC950 treatment made more crossings over the former platform location
and spent more swim time in the target quadrant than ICH-IVH rats, indicating spatial memory impairment improved. (d) Comparison
of times crossing the former target area of different groups. (e) Comparison of latency to the platform during the 5 days of Morris water
maze training. (f) Comparison of time spent in the target quadrant in the probe trial. (g) Corner tests aimed at the motor function after
ICH-IVH and MCC950 treatment. (n = 8/group). Results are presented as mean ± SD, ∗∗P < 0:01 and ∗P < 0:05 versus sham group,
##P < 0:01 and #P < 0:05 ICH-IVH group versus MCC950 group.
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inhibiting NLRP3 inflammasome expression in microglia/
macrophages could reduce brain edema and downregulate
neurons autophagy to protect neurological function in SVZ.

3.5. NLRP3 Upregulated Neuron Autophagy through the
AMPK/Beclin-1 Pathway Combined with Transcriptomics.
To explore the molecular mechanism between NLRP3
inflammasome and neurons autophagy, subventricular zone
tissues from the sham group, the ICH-IVH group, and the

ICH-IVH+MCC950 group were obtained for transcripto-
mics. Compared with the sham group, 565 gene expression
obviously changed after ICH-IVH (518 genes upregulated,
47 genes downregulated) (Figure 5(a)). Heatmap of different
expression genes after ICH-IVH contained NLRP3, autoph-
agy, and apoptosis-related genes (Figure 5(b)). According to
GO enrichment, we found the inflammatory response and
innate immune response had noticeable changes
(Figure S1A). Focusing on KEEG pathway enrichment, the
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Figure 2: Subependymal edema assessment after ICH-IVH mediated hydrocephalus and MCC950 treatment. (a) Representative images of
T2-weighted and pseudocolor showed subependymal edema at 3 days in different groups. (b) The brain water content of different parts of
brain after various treatments. (c) Quantification analysis of volumes of brain edema of subventricular zones according to MRI images. (d)
HE-staining images of subventricular zones tissues showed edema and capillaries conditions (upper). Bar = 50 μm. TEM images of
capillaries of all 3 groups (lower). Bar = 1 μm. (e) Representative images of ZO-1 expressed in capillaries (CD31). Bar = 50μm. (f)
Western blots images and analysis results showed the ZO-1 expression of different groups in SVZ. Results are presented as mean ± SD,
ns P > 0:05, ∗∗P < 0:01 and ∗P < 0:05 versus sham group, ##P < 0:01 and #P < 0:05 ICH-IVH group versus MCC950 group.
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phagosome pathway changed drastically (36 genes
expression changed in this pathway) (Figure S1B).
Compared with the ICH-IVH group, the MCC950
treatment group had 167 gene expression changed

(Figure 5(a)). The heatmap of different expression genes
after MCC950 treatment was used to select obviously
related genes, which contained possible pathways that
NLRP3 inflammasome mediated neuron autophagy
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Figure 3: NLRP3 inflammasome and related cytokine expression of microglia/macrophages after ICH-IVH and MCC950 treatment in SVZ.
(a) Representative images of IL-1beta and Caspase-1 positive cells in SVZ. Bar = 50 μm. (b) Statistical results of IL-1beta and Caspase-1
positive cells in SVZ. (c) Photos of double immunofluorescence staining of NLRP3 expressed at Iba1 and CD68 positive cells in SVZ.
Bar = 50μm. (d) Counting results of NLRP3-positive microglia/macrophages in SVZ. (e) Western blots images and analysis results
showed the expression of NLRP3, Caspase-1, and IL-1beta with MCC950 treatment or not at 3 days after ICH-IVH. Results are
presented as mean ± SD, ∗∗P < 0:01 versus sham group, ##P < 0:01 and #P < 0:05 ICH-IVH group versus MCC950 group.
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Figure 4: Autophagy flux changes mediated neurons degenerated and apoptosis after ICH-IVH and MCC950 treatment in SVZ. (a)
Representative immunofluorescence staining images of Atg5 and p62 positive neurons in SVZ. Bar = 50μm. (b) Western blots images
and analysis results showed the expression of autophagy proteins, Atg5, LC3B, and p62, in the SVZ of ICH-IVH rats receiving MCC950
or saline. (c, d) Images of FJC-staining and TUNEL-staining of neurons in SVZ after ICH-IVH and MCC950 treatment (c), analysis
results of FJC(+) and TUNEL(+) neurons (d). Bar = 50 μm. (e) TEM images of neurons located in SVZ showed microstructure and
edema. Bar = 2 μm. Results are presented as mean ± SD, ∗∗P < 0:01 versus sham group, ##P < 0:01 and #P < 0:05 ICH-IVH group versus
MCC950 group.
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Figure 5: Continued.
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through (Figure 5(c)). Combined with the GO enrichment
pathway and KEEG enrichment pathway, the AMPK/
Beclin-1 pathway was selected to explore further
(Figure S1C and Figure S1D). In order to verify the
transcriptomics results, Western blots were used to
quantitatively analyze the expression of AMPK/Beclin-1
pathway-related protein. After ICH-IVH, the expression of
AMPK, p-AMPK, ULK1, and Beclin-1 was increased.
What is more, p-AMPK/AMPK was also increased.
Inhibiting NLRP3 inflammasome by MCC950
downregulated the expression of essential proteins in the
AMPK/Beclin-1 pathway (Figure 5(d)). Based on the above
results, we speculated that the NLRP3 inflammasome
might mediate neuron apoptosis through the AMPK/
Beclin-1 pathway, and the AMPK/Beclin-1 pathway also
could regulate autophagy. In addition, the transcriptome
sequencing results also supported our previous conclusion.

3.6. IL-1beta Accelerated to Neurons Excessive Autophagy
and Apoptosis in PC12 Cells. As reported that IL-1beta which
could be secreted to extracellular from microglia/macro-
phages was the major cytokine after NLRP3 was activated
[33]. PC12 cell was a kind of neuron line which was widely
used in vitro experiments. Here, IL-1beta was used to stim-
ulate PC12 cells to investigate our previously proved conclu-
sion in vivo. Compound C is a kind of autophagy inhibitor
that plays function by the AMPK/Beclin-1 pathway. First,
IL-1beta with a dosage of 10μg/l was used to stimulate
PC12 cells, and we found more Atg5 and fewer p62 positive
neurons compared with the PBS-treated group. Next, Atg5
and p62 positive neurons showed an opposite change trend
after compound C was added to inhibit autophagy
(Figure 6(a)). In addition, the expression of LC3B and p62
which indicated the different processes of autophagy were

measured with Western blots. The quantitative of autophagy
proteins showed the same results as before (Figure 6(c)).
Whether as the vivo experiment results that excessive
autophagy-mediated neurons apoptosis, we used different
ways to assess neurons function after different treatments.
IL-1beta treatment mediated more neurons apoptosis com-
pared with the PBS treated group both in TUNEL-staining
and flow cytometry. When inhibiting autophagy with com-
pound C, the percentage of apoptosis neurons decreased
after IL-1beta treatment (Figures 6(b) and 6(d)). The vitro
experiment results also supported our vivo experiment with
that excessive autophagy-mediated neurons apoptosis.

4. Discussion

In this study, we found that activation of NLRP3 in microg-
lia/macrophages contributes to subependymal edema forma-
tion and cognitive dysfunction after ICH-IVH, and the
edema was nonvascular origin. NLRP3 inflammasome
aggravated neuron apoptosis by upregulating autophagy
through the AMPK/Beclin-1 pathway in SVZ after ICH-
IVH (Figure 7; this image is plotted by Biorender). Besides,
IL-1beta whose secretion was mainly promoted by NLRP3
activation mediated autophagy-induced PC12 cells apopto-
sis. This study provides compelling evidence that NLRP3
activation mediated edema formation and neuron apoptosis
in SVZ played a pivotal role in the pathogenesis of PHH.

After ICH, resident glial cells were activated and circu-
lating immune cells were recruited to participate in the
occurrence and development of neuroinflammation
[34–36]. Microglia was the resident immune cell distributed
in brain that could be rapidly activated to mediate neuroin-
flammation in response to pathological conditions, includ-
ing hypoxia, infection, and brain tissue injury [37]. Besides
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Figure 5: Transcriptional analysis of SVZ tissues identified AMPK/ULK1/Beclin-1 as a potential pathway of the microglia/macrophage-
derived NLRP3 inflammasome and neuron excessive autophagy-mediated apoptosis after ICH-IVH. (a) Volcano plot showed
differentially expressed genes in SVZ on day 3 after ICH-IVH and MCC950 treatment. (b) Heatmap of the significantly different
expression genes identified by PCA for each sample between the sham group and the ICH-IVH group. (c) Heatmap showed obviously
different expression genes with MCC950 treatment or not after ICH-IVH. Data were clustered hierarchically in GENE-E and colored
according to row minimum and maximum. (d) Representative Western blots images of AMPK/ULK1/Beclin-1 pathway and quantitative
analyses results. Data were represented as mean ± SD, ∗∗P < 0:01 versus sham group, ##P < 0:01 ICH-IVH group versus MCC950 group.
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Figure 6: IL-1beta upregulated neurons autophagy and apoptosis, and inhibiting autophagy could reduce neurons apoptosis mediated by
IL-beta which was released after NLRP3 activated. (a) Representative immunofluorescence staining images of Atg5- and p62-positive
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directly attacking neurons, the polarized microglia could
also indirectly damage the neurons by changing the micro-
environment via releasing neurotoxicity factors such as IL-
1beta or recruiting other neurotoxicity cells such as macro-
phages to amplify inflammatory response [38]. Inflamma-
tion cytokines (IL-1beta, IL-6, IL-27, and TNF-α) mainly
released from microglia/macrophages and neutrophils dur-
ing neuroinflammation aggravated secondary injury to neu-
rons [16, 39, 40]. Thus, inhibiting neuroinflammation might
play a protective role in hydrocephalus after hemorrhage.

Nucleotide-binding oligomerization domain-like recep-
tor containing pyrin domain 3 (NLRP3) inflammasome,
the apoptosis-associated speck-like protein, has been pro-
posed as a crucial mediator in innate immunity [41]. The
activated NLRP3 could cleave pro-IL-1beta and pro-IL-18
into their mature and functional form, resulting in the acti-
vation of a subsequent inflammatory response [41, 42].
Recent studies indicated NLRP3 inflammasome could also
polarize microglia and exacerbate ischemia/hemorrhage-
induced brain injury [33, 43]. NLRP3 activation aggravates
neuronal cell death and behavioral deficits, knockdown or
downregulating NLRP3 could improve neurological func-
tions of ICH animals [44]. In addition, cell swelling, edema
and inflammation are closely related. It has been proved that
edema could cause neuron dysfunction, and most of studies
considered that BBB dysfunction is the main reason for
brain edema [45, 46]. In this study, we found that rats
showed obvious subependymal edema which was nonvascu-
lar origin, while NLRP3 was widely activated in microglia/
macrophages on day 3 after ICH-IVH. In addition, we found

that using NLRP3 inhibitor MCC950 could reduce subepen-
dymal edema and improve the cognitive function of ICH-
IVH rats. Therefore, we aim at neurons to explore how the
NLRP3 activation in microglia/macrophages influences cog-
nitive and motor function after hemorrhage.

As the terminally differentiated cells, neurons did not
divide and replicate themselves, which was the main reason
a severe brain injury was often difficult to recover [47].
Autophagy was a conserved intracellular process to degrade
dysfunctional organelles and protein aggregates and played
an essential role in maintaining neuronal homeostasis [47].
Much of the evidence to support this derives from studies
adjusting autophagy in neurons and observing neurodegen-
eration, especially in AD and PD [48–50]. Normal autoph-
agy was considered as a protective factor against
neurodegeneration, infection, and brain injury disease [51];
however, autophagy dysfunction was associated with
increased susceptibility of neurons to ischemic injury. It
was reported that the activation of autophagy was coincide
with axonal swelling of PC12 cells when nerve growth factor
was deprived or cells were in excitotoxicity, suggesting a
close relationship between autophagic process and neurite
degeneration [52]. In addition, neurotoxin exposure induced
apoptosis with a concomitant increase of autophagy flux in
primary cortical neurons [53]. All evidence indicated that
autophagy flux participated in neuronal injury in many
kinds of CNS diseases. However, the role of autophagy after
ICH remained controversial. Studies found that autophagy-
related disorders promoted the occurrence of stroke in some
cases [54], and autophagy exacerbated brain injury after
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Figure 7: Schematic mechanism of NLRP3 activation in microglia/macrophages contributes to subependymal edema and neurons apoptosis
by upregulating autophagy through AMPK/ULK1/Beclin-1 pathway. After ICH-IVH, rats occurred subependymal edema which contributes
to cognitive dysfunction. Next, we found NLRP3 inflammasome activation in microglia/macrophage-mediated neurons excessive
autophagy, and excessive autophagy caused neuron damage through the AMPK/Beclin-1 pathway. Administration NLRP3 specific
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ICH. Autophagic cell death of neurons after ICH was con-
firmed by using conditional knockout Atg7 mice [55].
Although autophagy was involved in promoting brain injury
during the acute phase of ICH, studies showed that autoph-
agy had a neuroprotective function via clearing up the accu-
mulation of cell rubbish [56], and the antineuronal apoptosis
effects were related to the enhancement of autophagy [57].
Several studies showed that ICH induced autophagy of
immune cells, especially microglia/macrophages, contribut-
ing to the improvement of outcomes by regulating inflam-
mation [58–60]. Hence, we aimed to explore the
relationship between neuronal apoptosis and NLRP3-
mediated autophagy in the acute phase of ICH-IVH and to
prove that excessive neuronal autophagy aggravated neuro-
nal apoptosis, which contributed to cognitive dysfunction
after ICH-IVH.

NLRP3 activation in microglia/macrophages was the
critical process to adjust neuronal autophagy, and according
to the RNA sequencing results, we found that NLRP3 medi-
ated neuronal autophagy through the AMPK/Beclin-1 path-
way. Since NLRP3 activation could promote the release of
cytokines, among which IL-1beta played the most important
role among these factors [61, 62], we further explored the
role of IL-1beta and found that IL-1beta was the key factor
mediating excessive autophagy and neuronal apoptosis after
NLRP3 activation by using PC12 cells in vitro.

Several limitations need to be mentioned in this study.
First, NLRP3 plays multifunctional roles in inflammation
response, and NLRP3 inflammasome is activated in many
kinds of neural cells. Further research is needed to investi-
gate the other mechanisms underlying the neuroprotective
effects of NLRP3 inhibition in secondary brain injury after
ICH-IVH. In addition, since NLRP3 is not only expressed
on microglia/macrophages as our immunofluorescence
staining showed, further study about the roles of NLRP3
on other CNS cells, such as astrocytes, is necessary. Second,
we found that NLRP3 activation could adjust subependymal
edema formation, but the specific mechanism NLRP3 medi-
ated cellular, and nonangiogenic interstitial edema still needs
investigation. Third, how the neuron autophagy affects neu-
ronal function after hemorrhage and the related mechanism
associated with NLRP3 should be more deeply evaluated.
Recent studies and our present study have demonstrated
the effectiveness of inhibiting NLRP3 expression by using
MCC950 [63, 64]. However, the time window and stability
of MCC950 are very limited. This study only focused on
the early pathophysiological changes (3 days) in SVZ after
ICH-IVH, the longer time research is needed in the further
study. At the same time, the effects of NLRP3 on specific cell
types require more precise gene-editing techniques, such as
the use of cre/loxp rat to edit NLRP3 genes in specific cells.

5. Conclusion

An earlier version of this work has been present as preprint
in Research Square [65]. The present study demonstrated
that NLRP3 inflammasome activation in microglia/macro-
phages aggravated edema formation and neuronal apoptosis
after ICH-IVH in SVZ, and neuron apoptosis was mediated

by upregulating autophagy through AMPK/Beclin-1 signal-
ing pathway. At least in part, NLRP3-related extracellular
cytokine IL-1beta contributed to this process. Therefore,
inhibition NLRP3 activation may be a potential therapeutic
strategy which could reduce subependymal edema to
improve cognitive function in the management of hydro-
cephalus patients after hemorrhage.
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Epilepsy is a neurological disorder, caused by various genetic and acquired factors. Electroencephalogram (EEG) is an important
means of diagnosis for epilepsy. Aiming at the low efficiency of clinical artificial diagnosis of epilepsy signals, this paper proposes
an automatic detection algorithm for epilepsy based on multifeature fusion and convolutional neural network. Firstly, in order to
retain the spatial information between multiple adjacent channels, a two-dimensional Eigen matrix is constructed from
one-dimensional eigenvectors according to the electrode distribution diagram. According to the feature matrix, sample entropy
SE, permutation entropy PE, and fuzzy entropy FE were used for feature extraction. The combined entropy feature is taken as
the input information of three-dimensional convolutional neural network, and the automatic detection of epilepsy is realized by
convolutional neural network algorithm. Epilepsy detection experiments were performed in CHB-MIT and TUH datasets,
respectively. Experimental results show that the performance of the algorithm based on spatial multifeature fusion and
convolutional neural network achieves excellent results.

1. Introduction

Epilepsy is a common brain disease, and more and more
people suffer from it for a long time [1–3]. There are around
65 million people in the world have epilepsy, and the num-
ber will reach almost 1 billion by 2030 [4]. The older popu-
lation aged more than 65 years have higher incidence as one
quarter of the new-onsets are diagnosed after this time-point
[5]. The individuals with dementias such as Alzheimer’s dis-
ease have higher risk of developing epilepsy [6–9]. Oxidative
stress is an important intrinsic mechanism involved in the
development of epilepsy causing brain damage. The imbal-
ance between the antioxidant system and increased oxygen
radicals in epilepsy accelerates the process of apoptosis
[10]. During seizures, the patient suffers great physical and
mental pain. Therefore, automatic detection of epilepsy by
techniques such as EEG signals is of great importance.

The seizure of epilepsy has suddenness and repeatability.
It causes intense mental pain to patients and their families
and reduces their quality of life [11]. When the brain activity

of epileptic patients is abnormal, abnormal epileptic dis-
charge often occurs in the EEG signal [12]. The signal
includes spike wave, spike slow wave, sharp wave, sharp slow
wave, sharp slow complex wave, and sharp slow complex
wave. Spikes have sharp waveforms, most of which occur
in grand or localized seizures. Spike wave and sharp wave
have the same mechanism, longer time than spike wave,
reflecting the synchronization degree of discharge. The
occurrence of sharp slow complex wave and spinous slow
complex wave at different locations or times indicates that
there may be multiple abnormal electrical activity regions.
At present, the diagnosis of these abnormal signals is still
done by doctors through visual observation, based on long-
term work experience. This work not only consumes a lot
of time and energy of doctors but also has low accuracy. It
is difficult for different doctors to reach a common judgment
standard, which is highly subjective. Therefore, automatic
recognition of epileptic EEG signals can help doctors reduce
their workload and assist clinical treatment. It has important
practical significance and economic value [13].
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In recent years, researches on the recognition of EEG
signal mostly reflect the change process of brain transition
from one state to another state by extracting the characteris-
tics of time domain, frequency domain [14], time frequency
domain [15], linear [16], and nonlinear [17]. The literature
[18] shows that in the process of the interaction of multiple
brain regions in the brain, the synchronous phenomenon
leads to seizures. When a seizure is imminent, seizure-like
discharges begin to spread through various pathways in the
patient’s brain to surrounding brain areas. It then passes
through some neural circuits to return to the place where
the discharge began, forming a closed circuit. This happens
in an endless cycle, transforming the brain’s normal, random
discharges into a steady, rhythmic discharge. Such an attack
mechanism shows that there is a certain correlation between
brain regions in the course of the disease. The above charac-
teristics do not fully consider this correlation. Therefore,
through the synchronous analysis of the whole brain, it can
more truly reflect the changes in the interaction between
brain areas during clinical seizures.

With the development of machine learning, more and
more intelligent algorithms are applied to EEG signal epi-
lepsy detection. It contains classification methods such as
support vector [19], naive Bayes [20], neural network [21],
and fuzzy logic system [22]. It also includes principal com-
ponent analysis (PCA) [23], wavelet packet decomposition
(WPD) [24], and the higher order crossings (HOC) [25].
These methods first feature extraction from the original fea-
tures. Then, a classification model is trained using the new
features obtained. Finally, the trained model is used for
prediction, so as to achieve the function of epilepsy detec-
tion. Although many feature extraction and classification
methods have been used in EEG epilepsy detection, it is still
an important challenge to extract effective features with rich
identification information for subsequent effective detection.

In recent years, as a machine learning method, deep
learning has attracted extensive attention in feature learning
and other aspects [11]. Deep learning learns the weight of
each layer through the desired output. Each layer of the hier-
archy adjusts the features to get the features that are more
likely to yield the desired output. Each layer optimizes the
learning of the input features to obtain more and more dis-
criminating features. In recent years, deep learning technol-
ogy has been effectively applied in EEG signal processing.
Some studies [26–28] have used different feature extraction
methods to obtain the characteristics of EEG signals. Then,
a convolutional neural network is used to detect epilepsy.

At present, there are only a few literatures that use
combined features as the input data of classifier to detect
epilepsy. In addition, few literatures have considered the
spatial information between electrodes while adopting the
combined feature. Therefore, in order to use EEG signals
to construct effective features for epilepsy detection, this
paper proposes an automatic detection algorithm. The inno-
vations and contributions of this paper are listed below. (1)
Single entropy (sample entropy (SE), fuzzy entropy (FE),
and permutation entropy (PE)) and different combinations
of entropy were input as features to the three-dimensional
convolutional neural network for epilepsy detection. (2)

Three-dimensional input can not only retain spatial infor-
mation between electrodes but also integrate various eigen-
values extracted from EEG. The experimental results show
that compared with single entropy feature, combined
entropy feature can effectively improve the accuracy of
epilepsy detection.

The structure of this paper is listed as follows. A related
work is described in the next section. The proposed method
is expressed in Section 3. Section 4 focuses on the experi-
ment and analysis. Section 5 is the conclusion.

2. Related Work

2.1. Epilepsy Detection. Bioinformatics, medical image pro-
cessing, and biological signal processing are all applications
of intelligent technologies in biomedicine. Bioinformatics
studies protein and genetic information. Medical image pro-
cessing mainly includes analysis of CT and NMR. Biological
signal processing is the study of electrical signals such as
EEG and ECG. EEG signal is the expression of brain neuron
activity and contains a lot of information about human
physiological activity. EEG signals have been widely used
in the field of epilepsy detection. Epilepsy detection usually
involves the use of automated algorithms to analyze a
patient’s biological signals to determine whether an epileptic
is having a seizure or has had one. An important goal of epi-
lepsy detection is to perform this transformation as quickly
and efficiently as possible. In recent years, a variety of
algorithms for epilepsy detection have been proposed and
achieved certain results [13, 14, 29, 30].

There are three kinds of characteristic states of data dis-
tribution in EEG signal, which can be roughly distributed as
follows: (1) EEG signals of healthy subjects under normal
conditions. (2) EEG signals of epileptic patients during the
onset, and (3) epileptic intermittent signals. These three sig-
nals all contain their own independent data distribution
characteristics, and there are certain differences among them
[31]. In previous studies, researchers mostly used signal data
under state (1) and state (2) with a large amount of known
category information to construct classifiers. According to
the study, the performance of the classifier will decline if
the above classifiers are used to classify and recognize the
signal data in state (3), which is different from the data dis-
tribution in state (1) and state (2). At the same time, the
existing traditional intelligent modeling technology will no
longer be applicable. The transfer learning strategies were
introduced to cope with the above challenges and achieved
satisfactory results.

EEG signals can be divided into the following five cate-
gories [12, 31]: (1) EEG signals measured when the healthy
volunteers kept their eyes open, (2) EEG signals measured
when eyes were closed in healthy subjects, (3) EEG signals
of hippocampal structures in patients with epilepsy during
interseizure period, (4) EEG signals in epileptic regions of
the brain during interseizure period in epileptic patients,
and (5) EEG signals measured during seizures in patients
with epilepsy, where type (1) and type (2) belong to the sig-
nals under state (1). Signals of type (3) and type (4) belong to
state (3). Type (5) corresponds to the EEG signal in state (2).

2 Oxidative Medicine and Cellular Longevity
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The classifier with transfer learning ability constructed in
Reference [15] can classify and recognize signal data in states
(1) and (3) with large distribution differences based on EEG
signals in states (1) and (2). However, the signals of state (1)
in the source domain and target domain EEG signals come
from the same subclass. However, when the source domain
EEG signals come from type (1) and type (5), and the target
domain signals come from type (2) and type (5), the classifi-
cation recognition effect will be significantly reduced. This is
because although both types (1) and (2) are EEG signals
measured by healthy people under normal conditions, they
still have different distribution characteristics and belong to
different classes.

In practical application, the data obtained is incomplete,
and the loss of a small type of data often occurs. In this case,
simply introducing transfer learning strategy into the classi-
fication model construction can not effectively solve this
problem. Because these methods only consider the distribu-
tion difference between the source domain and the target
domain when building the classification model. In feature
extraction, the dimension of source and target EEG signals
is reduced separately, just like the traditional EEG intelligent
recognition method, and the difference of source and target
distribution is ignored. Features that contribute greatly to
the establishment of classification models in the source
domain may not contribute greatly to the recognition of
the target domain. However, the features of the source
domain which can help the target domain classification
and recognition are not selected, which leads to the reduc-
tion of the classifier recognition effect.

The recognition of epileptic EEG signal is generally
divided into the following steps. Firstly, an appropriate fea-
ture extraction method is selected for feature extraction of
EEG epileptic signals, and the feature vector set composed
of relevant and useful feature information is obtained. Sec-
ondly, the training samples are used to model the specific
classification methods to get the relevant classifier. Then,
the trained classifier is used to classify and recognize other
EEG epileptic signals.

2.2. Classification and Identification Technology. Since 1990,
many intelligent classification methods have been applied to
the recognition of EEG signals. The following is a brief
description of some common methods.

(1) Decision tree algorithm: DT uses induction to gener-
ate decision tree and rules in its process and then
classifies test data with the obtained decision tree
and rules. The decision tree classifier proposed in
reference [32] based on fast Fourier transform to
extract EEG signal features has achieved better clas-
sification accuracy.

(2) Naive Bayes algorithm: NB is derived from Bayes’
theorem in probability theory, with solid theoreti-
cal foundation and high efficiency. The literature
[33] proposed a data mining model based on the
NB algorithm to realize automatic detection of
epilepsy.

(3) K-nearest neighbor algorithm: KNN helps to deter-
mine the class standard of a sample according to
the categories of most samples in K-nearest neigh-
bors of the sample in its feature space. The KNN
classification algorithm based on nonlinear discrete
wavelet transform to extract EEG signal features
described in literature achieves high classification
accuracy.

(4) Support vector machine: SVM is considered to be an
effective tool to solve the problem of pattern recogni-
tion and function estimation [34]. The classification
of small samples and high dimensional datasets is
particularly effective and has been widely used in
EEG intelligent detection.

(5) Deep learning algorithm: in recent years, some peo-
ple have tried to use convolutional neural network
to process EEG signals and achieved good results.
In the literature [19], the original EEG signals were
convolved with convolutional neural network in
one dimension to predict epileptic seizures. In [35,
36], the original signal is transformed into the fre-
quency domain through the Fourier transform, and
then the convolutional neural network is used for
classification.

3. The Proposed Method

3.1. The Feature of Entropy

3.1.1. Sample Entropy SE. Sample entropy SE represents the
rate at which a nonlinear dynamical system generates new
modes. The higher the sample entropy, the more complex
the sequence. The SE algorithm is as follows:

(1) The original sequence phase space i = fi1, i2,⋯,iTg is
reconstructed to obtain the w-dimension vector, as
shown follows:

I xð Þ = i xð Þ i x + 1ð Þ⋯ i x +w − 1ð Þ½ � ð1Þ

(2) Calculate the distance between vectors IðxÞ and IðyÞ,
and the distance between vectors IðyÞ and IðyÞ is the
one with the largest absolute value of difference
between the corresponding elements

d I xð Þ, I yð Þ½ � =max i x + zð Þ − i y + zð Þj jf g, ð2Þ

where z = 1, 2,⋯,w − 1, x, y = 1, 2,⋯,w − 1

(3) For each x value, use t to represent the number of
d½IðxÞ, IðyÞ� less than r. Calculate the ratio of this
number to the total distance T −w − 1, and call it
Hw

x ðrÞ

3Oxidative Medicine and Cellular Longevity
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Hw
x rð Þ = t

T −w − 1
: ð3Þ

The average of all its x values is calculated as follows:

Hw rð Þ = 1
T −w

〠
T−w

x=1
Hw

x rð Þ ð4Þ

(4) Increase the dimension by 1, and the dimension
becomes w + 1. Repeat steps (1) to (3) to obtain
Hw+1

x ðrÞ,Hw+1ðrÞ
(5) When the sequence length t is finite, the estimated

value of sample entropy can be obtained, which can
be expressed as

SE = lim
T⟶∞

−lt
Hw+1 rð Þ
Hw rð Þ

� �� �
ð5Þ

3.1.2. Permutation Entropy PE. Permutation entropy PE can
measure the randomness of one-dimensional time series.
The algorithm has the advantages of simplicity, fast calcula-
tion speed, and strong antinoise ability. The basic process is
as follows:

(1) For sequence i = fi1, i2,⋯,iTg phase space recon-
struction, the following equation is obtained:

is nð Þ = is nð Þ, is n + τð Þ,⋯,is n + w − 1ð Þτð Þf g, ð6Þ

where w is the embedding dimension and τ is the delay time

(2) The reconstructed components in isðnÞ are arranged
in ascending order of numerical size as follows:

is n + y1 − 1ð Þτð Þ⩽⋯⩽ n + yw − 1ð Þτð Þ½ �, ð7Þ

where y1, y2,⋯, yw represents the sequence number of each
element in the reconstructed sequence, so the sequence
number π = fy1, y2,⋯,ywg has w! different situations

(3) f ðπÞ is used to represent the frequency of occurrence
of each sort mode, then the probability of occurrence
of its corresponding sort mode is

ux πð Þ = f πð Þ
T/Sð Þ −w + 1

, ð8Þ

where 1 ⩽ x ⩽w!. According to Shannon entropy definition,
the permutation entropy is

Bu wð Þ = −〠
w!

x=1
ux πð Þ ln ux πð Þ, ð9Þ

when uxðπÞ = 1/w! and BuðwÞ reaches its maximum ln ðw!Þ

(4) Normalize the entropy value, and obtain

PE =
Bu wð Þ
ln w!ð Þ ð10Þ

3.1.3. Fuzzy Entropy FE. Fuzzy entropy (FE) is an improve-
ment of sample entropy SE, which uses exponential function
as fuzzy function to measure the similarity of sample
entropy. The fuzzy entropy is smoothed by the continuity
of exponential function. The specific steps of the algorithm
are as follows:

(1) Reconstruct the phase space of the original sequence
i = fi1, i2,⋯,iTg to obtain the M-dimension vector,
as shown in the following equation:

I xð Þ = i xð Þ i x + 1ð Þ⋯ i x +w − 1ð Þ½ � ð11Þ

(2) Calculate the distance between vector IðxÞ and IðyÞ,
and the distance between vector IðxÞ and IðyÞ is
the one with the largest absolute value of difference
between the corresponding elements, namely,

d I xð Þ, I yð Þ½ � =wgi i x + zð Þ − i y + zð Þj jf g, ð12Þ

where z = 1, 2,⋯,w − 1, x, y = 1, 2,⋯,w − 1

(3) Define the similarity Dw
xy between vector IðxÞ and

IðyÞ by fuzzy function μðdwxy, t, rÞ, namely,

Dw
xy = μ dwxy, t, r

� �
= e− dwt /rð Þt , ð13Þ

where t and r are the boundary gradient and width of the
fuzzy function, respectively

(4) Define the function as follows:

ϕw t, rð Þ = 1
T −w

〠
T−w

x=1

1
T −W − 1

〠
T−w

y=1,y≠x
Dw
xy

 !
ð14Þ

(5) Increase the dimension by 1, and the dimension
becomes w + 1. Repeat steps (2) to (4) to get φw+1

(6) The fuzzy entropy is defined as follows:
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FE = ln ϕw t, rð Þ − ln ϕw+1 t, rð Þ ð15Þ

3.2. Data Preprocessing. The open source datasets CHB-MIT
and TUH were used in this experiment. In order to increase
the number of samples, the experimental data were seg-
mented. The EEG data for each epileptic seizure and
epileptic-free period is of 2 s, and there are 100 instances
on average for each class for each patient. In this paper, sam-
ple entropy, permutation entropy, and fuzzy entropy are used
for feature extraction of EEG signals, respectively. The main
method is to extract three kinds of entropy of each EEG chan-
nel and get one-dimensional eigenvectors, respectively.

In general, EEG datasets are acquired according to the
standard international 10-20 system of electrode distribution
of EEG signals. Figure 1(a) is a plan of the International
10-20 system, where the electrodes used in the actual EEG
signal are marked in yellow. In the EEG electrode diagram,
you can see that each electrode is adjacent to multiple elec-
trodes. These electrodes record EEG signals in specific areas
of the brain. In order to retain the spatial information
between multiple adjacent channels, a two-dimensional
eigenmatrix (H ×W) was constructed based on the one-
dimensional eigenvector according to the electrode distribu-
tion diagram in the manner shown in Figure 1, where H and
W of the matrix are the maximum values of the channel in
the vertical and horizontal directions, respectively. In this
case, both H and W are equal to 7. In addition, empty chan-
nels are filled with zero. In this experiment, three different
eigenvalues of EEG signals were extracted from each EEG
signal, and the obtained one-dimensional vectors were con-
verted into two-dimensional matrices according to the
method shown in Figure 2, and then three two-dimensional
matrices were obtained. Then, these three two-dimensional
matrices are superimposed into a three-dimensional matrix
as the input of CNN. The specific transformation process is
shown in Figure 2.

3.3. Neural Network Structure. A convolutional neural net-
work is a kind of deep feedforward neural network, which
has been widely used in many fields such as image recogni-
tion. The CNN has the advantages of good fault tolerance
and strong self-learning ability. At the same time, it has
the advantages of automatic feature extraction and weight
sharing. Through many experiments, the convolutional neu-
ral network model is finally constructed by four convolu-
tional layers, a full connection layer, and a softmax layer.

The input of CNN network is a three-dimensional fea-
ture matrix composed of two-dimensional feature matrices
obtained by three different feature extraction methods. The
main function of the pooling layer is to reduce the data
dimension. But it comes at the cost of lost information.
Due to the small amount of data input from the network
in this paper, a pooling layer is not added to the CNN net-
work in this paper in order to retain useful information as
much as possible. The specific CNN network model struc-
ture is shown in Figure 3. The first convolution layer has
32 feature graphs. The feature graph of the later convolution
layer is twice that of the previous one, which is 64, 128, and
256, respectively. The convolution kernel is 3 × 3, and the

step is 1. After the convolution operation, SELU activation
function is added to make the model have nonlinear feature
transformation capability. Then, a full connection layer is
connected to map 7 × 7 × 256 feature graphs to feature vec-
tor F ∈ R1024. The last part of the network is a softmax
classifier, which outputs the result value of epilepsy classifi-
cation and recognition. In this paper, truncated normal dis-
tribution function is used to initialize weights and Adam
optimizer is used to minimize cross entropy loss function.
The initial learning rate is set to 0.0001. Use Dropout to out-
put with 50% probability to avoid overfitting. In addition, L2
regularization is used to avoid overfitting and improve gen-
eralization ability, and the weight of regularization term is
set to 0.5.

4. Experiment

4.1. Experimental Dataset. The hardware devices used in this
experiment are Intel I7-11700 CPU and NVIDIA GTX 960
GPU. The experimental software is Python 3.10. At the same
time, Google open-source deep learning system TensorFlow
is used to build the neural network.

EEG data from Boston Children’s Hospital is found in
the CHB-MIT dataset [30]. It includes EEG recordings of
pediatric patients with refractory epileptic seizures. It col-
lected EEG data from 23 of the 22 subjects. Here, data case
CHB21 was obtained from the same female subject 1.5 years
after data case CHB01. Each case contains between 9 and 42
consecutives.edf files from a single topic. In most cases, the
.edf file contains only one hour of digitized EEG signals.
All signals were sampled at a rate of 256 samples per second
with 16-bit resolution. Most files contain 23 EEG signals (24
or 26 in some cases). These records were recorded using an
international 10-20 EEG electrode location and naming sys-
tem. In some recordings, other signals were also recorded.

Temple University Hospital (TUH) EEG dataset is the
largest EEG dataset available [37]. It included 25,000 EEG
recordings and 14,000 cases. It is the total dataset of Temple
University Hospital since 2002. EEG signals in this dataset
were recorded using Natus Medical Incorporated’s Nicolet™
EEG recording technology. The original signal consists of 20
to 128 channel records sampled at the lowest frequency of
250Hz using a 16-bit A/D converter. Eight types of seizures
were recorded, among which focal nonspecific epilepsy, gen-
eralized nonspecific epilepsy, and complex partial epilepsy
were more common. In the subsequent experiments in this
paper, only this three common epilepsy information was
detected in the TUH dataset.

4.2. Validation of the Algorithm. In this section, the CHB-
MIT dataset is used to verify the validity of the algorithm.
The experimental results in this section are the results of
CHB-MIT dataset sent into the network. Accuracy rate
(ACC) and recall rate (REC) are introduced in this paper
to measure the performance of classifier comprehensively.
Its definition is shown below.

ACC = TP + TN
TP + TN + FN + FP

, ð16Þ
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REC =
TP

TP + FN
, ð17Þ

where TP and TN are positive and negative samples correctly
classified and FP and FN are positive and negative samples
incorrectly classified. In this paper, the positive samples are
the EEG signals of the “reverse” response, and the negative
samples are the EEG signals of the “forward” response.

The selection of feature directly determines the perfor-
mance of classifier. Classifiers based on different feature
combinations have different performance. There are seven
input features in this experiment. It includes single entropy
feature and combined entropy feature, respectively (SE, PE,

FE, SE + PE, SE + FE, PE + FE, and SE + PE + FE). Among
them, the sequence of entropy combination has little influ-
ence on the recognition accuracy after several comparative
experiments. The three-dimensional characteristic matrix is
constructed by referring to the above experimental pretreat-
ment methods and steps. SE, PE, and FE are the Eigen matri-
ces of 9 × 9 × 1. SE + PE, SE + FE, and PE + FE are 9 × 9 × 2
eigenmatrices. SE + PE + FE is the Eigen matrix of 9 × 9 × 3.
The above 7 Eigen matrices were, respectively, input into the
convolutional neural network shown in Figure 3 for experi-
ment. That is, 7 groups of experiments were conducted on
each dimension. In addition, this paper also carries on the
comparison experiment according to the conventional
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Figure 1: The transformation of space matrix.
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entropy combination method. In this experiment, the spatial
information of EEG electrodes is not considered when con-
structing the input features; that is, the input features are not
converted from one-dimensional feature vector to two-
dimensional feature matrix according to the EEG electrode
distribution. The seven features without spatial information
were input to the one-dimensional convolutional neural net-
work with the same network structure as Figure 3 for experi-
ment, and the experimental Settings were consistent with the
neural network Settings proposed in this paper.

In order to verify the influence of single entropy feature,
combined entropy feature, and spatial information on
epilepsy recognition, this paper conducted experiments on

single entropy feature including spatial information, single
entropy feature without spatial information, and different
combined entropy feature. The results are shown separately
in Figure 4. The yellow bar graph in the figure represents the
experimental results of the one-dimensional convolutional
neural network without spatial information, and the green
bar graph represents the experimental results of the neural
network proposed in this paper. As can be seen from
Figure 4, when comparing the three single entropy features,
the classification accuracy of sample entropy as the feature is
higher than that of fuzzy entropy and permutation entropy.
The accuracy and recall rate of sample entropy in a one-
dimensional convolutional neural network are 76.91% and
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(7 x 7) x 3
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Figure 2: The feature extraction process of EEG signal.
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Figure 3: The structure of proposed neural network.
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80.19%, respectively. Compared with single entropy feature,
the classification accuracy of combined entropy feature is
improved. The average accuracy was the highest when
SE + PE + FE was used as the input feature. The average
accuracy and recall rate in a one-dimensional convolutional
neural network are 86.97% and 87.47%, respectively. The

average accuracy and recall rate of the proposed three-
dimensional convolutional neural network are 94.36% and
95.57%, respectively, which are 7.39 percentage points and
8.1 percentage points higher than the highest average accu-
racy of single entropy. Experimental results show that the
accuracy of epilepsy detection can be improved significantly
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Figure 4: The results of accuracy rate and recall rate in different features.
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when combined entropy is used as the feature input. In addi-
tion, the experimental results using spatial information are
compared with those using the same type of entropy feature
without spatial information. The results show that the detec-
tion accuracy of all entropy features using spatial information
is higher than that of entropy features without spatial infor-
mation. When SE + PE + FE was used as the input feature,
the average accuracy and recall rate were the highest. There-

fore, the experimental results show that the spatial informa-
tion of EEG electrode distribution can effectively improve
the accuracy of epilepsy detection.

In order to further analyze the experimental results of
the neural network proposed in this paper, Figures 5(a)
and 5(b), respectively, show the accuracy and recall rate of
epilepsy detection in different features. As can be seen from
the figure, when single entropy is used as the input feature,
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Figure 5: The results of different features.
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the accuracy and recall rate of epilepsy detection vary greatly
among different subjects. Moreover, its overall accuracy is
relatively low. When SE + PE + FE was used as the input fea-
ture, the difference of accuracy and recall rate among differ-
ent subjects was small. And its accuracy rate basically
maintains at about 95%. The maximum value of single sub-
ject in accuracy and recall rate was 76.91% and 80.19%,
respectively. Compared with single entropy as the input fea-
ture, when the features of SE + PE + FE was used as the input
feature, the classification accuracy of the other subjects
improved in both dimensions except for the slight decrease
of subject 11 in the arousal dimension. Therefore, the exper-
imental results show that when extracting EEG features, dif-
ferent entropies can be combined to complement each other,
thus effectively improving the accuracy of epilepsy detection.

In addition, Figure 6 shows the ROC curve and AUC
value of the classification model based on training of differ-

ent feature combinations. The best value of single entropy is
the AUC value of SE, which is only 0.8447. SE + PE + FE had
the highest AUC value, which was 0.8837. The feature com-
bination method of the proposed algorithm significantly
improves the performance of epilepsy detection.

4.3. Comparison of Relevant Algorithms. In order to be fur-
ther compared with other methods, the algorithms of litera-
ture [2], literature [3], literature [13], and literature [24] are
selected here for experimental comparison. The TUH data-
set is used for comparison experiments. Different from the
previous CHB-MIT dataset, the TUH dataset contains three
common epilepsy information: focal nonspecific epilepsy,
generalized nonspecific epilepsy, and complex partial epi-
lepsy. Therefore, the detection on the TUH dataset is diffi-
cult. If we can achieve good performance on this dataset, it
will be more beneficial to prove the effectiveness of our pro-
posed method. Finally, the accuracy and recall rate of epi-
lepsy detection are shown in Tables 1 and 2. By observing
the results in Tables 1 and 2, the average accuracy and recall
rate of the algorithm presented in this paper exceed those of
the other four methods.

Meanwhile, by observing the data in Table 2, the highest
accuracy and recall rate of the algorithm in this paper are
92.26% and 93.86%. The result in Table 2 is significantly lower
than the result in Table 1. This is because there are more types
of epilepsy in the TUH dataset, which belongs to multiclassifi-
cation task. However, in the CHB-MIT dataset, there are only
two types of epilepsy and normal data, which belong to the
dichotomous task. Themulticlassification task is more difficult
to detect than the two-classification task, so the performance
of the TUH dataset in this paper is lower than that of the
CHB-MIT dataset.

5. Conclusion

In this paper, the EEG data for each epileptic seizure and
epileptic-free period is of 2 s and there are 100 instances on
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Figure 6: The ROC curves and AUC values in different features.

Table 1: The results of CHB-MIT dataset.

Methods ACC (%) REC (%)

Literature [2] 82.52 81.67

Literature [3] 86.15 86.59

Literature [13] 88.69 89.76

Literature [24] 91.45 92.24

Proposed 94.36 95.57

Table 2: The results of TUH dataset.

Methods ACC (%) REC (%)

Literature [2] 80.41 79.56

Literature [3] 84.04 84.48

Literature [13] 86.31 87.42

Literature [24] 89.16 90.33

Proposed 92.26 93.86
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average for each class for each patient, and the entropy value
per epoch was calculated, respectively. Transform a one-
dimensional vector into a two-dimensional matrix according
to the method shown in Figure 1. In this paper, sample
entropy, permutation entropy, and fuzzy entropy are
analyzed, respectively. Three different eigenvalues of EEG
signals were extracted from each EEG signal, and three
two-dimensional matrices were obtained. The three two-
dimensional matrices and their different combinations were
input into the convolutional neural network as features,
respectively, for analysis of epilepsy detection in two dimen-
sions of accuracy and recall rate.

The experimental results show that compared with the
single entropy feature, the combined entropy feature pro-
posed in this paper can effectively improve the accuracy
and recall rate of epilepsy detection. In addition, the spatial
information of EEG electrode distribution can effectively
improve the accuracy of epilepsy detection. The three-
dimensional input convolution neural network combined
with the combined entropy feature can retain the spatial
information between electrodes and fully extract the EEG
signal features. Compared with other relevant methods, the
accuracy and recall rate of the proposed method are signifi-
cantly improved.
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Long noncoding RNA taurine-upregulated gene 1 (TUG1) is considered to be involved in postischemic cerebral inflammation,
whereas polysialic acid (polySia, PSA), the product of St8sia2, constitutes polysialylated neural adhesion cell molecule (PSA-
NCAM) in both mice and humans and that cerebral PSA-NCAM level is elevated in neuronal progenitor cells in response to
transient focal ischemia. Herein, we aim to identify novel miRNAs that bridge the functions of St8sia2 and TUG1 in ischemia-
associated injuries. In both in vivo (C57BL/6J mouse ischemia/reperfusion, I/R model) and in vitro (mouse neuroblastoma
N2A cell oxygen glucose deprivation/reoxygenation, OGD model) settings, we observed upregulated TUG1 and St8sia2 after
the induction of ischemic injury, accompanied by reduced miR-3072-3p expression. We performed siRNA-induced TUG1
knockdown combined with the induction of ischemic injury; the results showed that inhibiting TUG1 expression led to the
reduced infarct area and improved neurological deficit. Through bioinformatics analysis, miR-3072-3p was found to target
both St8sia2 and TUG1, which was subsequently verified by the luciferase reporter system and RNA binding protein
immunoprecipitation assay. Also, the addition of miR-3072-3p mimic/inhibitor resulted in reduced/elevated St8sia2 expression
at the protein level. Further studies revealed that in both in vivo and in vitro settings, TUG1 bound competitively to miR-3072-
3p to regulate St8sia2 expression and promote apoptosis. In summary, targeting the TUG1/miR-3072-3p/St8sia2 regulatory
cascade, a novel cascade we identified in cerebral ischemia injury, may render feasible therapeutic possibilities for overcoming
cerebral ischemic insults.

1. Introduction

Stroke is also called cerebral infarction. In the past four
decades, the prevalence of stroke has declined by 42% in
high-income countries and doubled in low-income coun-

tries [1]. In China, the annual new cases of stroke are
up to 2 million, with an upward trend of stroke incidence
among the young population [2], and more than 65% of
the surviving patients have different degrees of disability
[3]. The direct medical expenses for stroke care in China
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increased rapidly at an average annual growth rate of
18.04%, reaching 37.45 billion yuan in 2003, accounting
for 6.52% and 5.68% of the total medical and health
expenses, respectively [4]. Therefore, stroke poses a serious
threat to the health of the population and brings a heavy
economic burden to the society.

Thrombolytic drugs can be used to dissolve the newly
formed “blood clots” to reopen the blood vessels and restore
the blood flow, which is currently recognized as the most
effective way to save the uninfarcted ischemic brain tissue
[5]. However, the thrombolysis rate of acute ischemic stroke
(AIS) is only 2.4% in China [6]. Although patients generally
experience improvement in symptom manifested by signifi-
cantly reduced or even completed restored neurological def-
icit at the beginning of thrombolytic drugs application, the
symptoms might be aggravated again shortly afterwards,
presumably related to the ischemia-reperfusion injury [7].
Therefore, further understanding of the mechanism under-
lying ischemia-reperfusion is crucial for better clinical out-
come of ischemia.

Noncoding RNAs (ncRNAs) have been well documented
to be strongly linked to stroke and poststroke recovery of
neurofunction [8]; among which long noncoding RNAs
(lncRNAs) as well as microRNAs (miRNAs) are the most
representative ones [9, 10]. lncRNAs are a type of RNA lon-
ger than 200nt [11] and mainly distributed in the nucleus or
cytoplasm [12], with an organ- and tissue-specific expres-
sion pattern [13]. Generally, lncRNAs are transcribed by
RNA polymerase II and usually undergo a splicing process,
although they possess both cap structure and a polyA tail.
The lack of an open reading frame (ORF) prevents them
from encoding protein [14]. In recent years, lncRNAs were
found to be related to multiple biological processes such as
among others, X chromosome silencing [15], chromosome
modification [16], transcription activation and suppression
[17], cell differentiation [18], carcinogenesis [19], and ontog-
eny [20]. Therefore, the identification of functional
lncRNAs, especially the study of the effect mechanism, has
attracted more and more attention from scholars at home
and abroad [21]. Several studies have indicated that
lncRNAs play role in many pathophysiological processes,

such as nervous system development [22], stroke [23], and
Alzheimer’s disease [24]. Taurine-upregulated gene 1
(TUG1) is a highly conserved member of the lncRNA family
and widely expressed throughout the body tissues. Previous
studies indicated that THG1 was indispensable for male fer-
tility [25] and involved in the progression of preeclampsia
[26]. Importantly, TUG1 was found to be a sponge of
miR-145a-5p, thus modulating microglial polarization of
BV-2 microglial cells that undergo glucose deprivation
[27], indicating its pivotal role in cerebral inflammation.
Moreover, another study on myocardial infarction revealed
a potential TUG1-miR-9a-5p axis that mediates apoptosis
of cardiomyocyte [27]. Hence, we hypothesized that TUG1
might also be involved in the ischemia stroke.

Sialyltransferase 2 (St8sia2) is a polysialyltransferase
[28]. A recent research has found that St8sia2 is related to
the remodeling of nerve cells and the interaction between
neurons [29]. It is also closely related to Alzheimer’s disease
[30], anxiety [31], and manic depression [32]. Of note, a pre-
vious study on human brain ischemia showed that the com-
bination of polysialic acid (polySia, PSA, the main product
of St8sia2) moiety and neural adhesion cell molecule
(NCAM), abbreviated as PSA-NCAM, was significantly ele-
vated in neuronal progenitor cells (NPCs) [33], implying the
involvement of St8sia2 in this process. However, the direct
relationship between St8sia2 and stroke has not yet been
reported so far.

Considering that both TUG1 and St8sia2 are associated
with ischemia stroke, this paper is aimed at elucidating the
way through which they work in concert to regulate the
ischemic process. In addition, there have been no reports
on the correlation of TUG1 and St8sia2 in any other field;
thus, the novelty and motivation of the study are to first iden-
tify the relationship between TUG1 and St8sia2 in cerebral
ischemia/reperfusion injury. Besides, miRNA is an important
member of the ncRNA family. Past evidence has indicated
that miRNAs exert a negative regulatory function mainly by
binding to their target genes’ mRNA and promoting mRNA
degradation/inhibiting mRNA translation [34]. Recent stud-
ies have found that miRNAs have a wide range of effects on
stroke [35]. The miRNAs unique to brain tissues participate

Table 1: The primer sequences.

Subjects The primer sequences

TUG1
Forward: 5′-TTCCTACCACCTTACTACTGACG-3′

Reverse: 5′-GGAGGTAAAGGCCACATC-3′

miR-3072-3p TGCCCCC TCCAGGAAGC CTTCTT

St8sia2
Forward: 5′-GACATAACCAGACGCTCTCTCT-3′
Reverse: 5′-ACGATGGCACAAGTCCCAAA-3′

U6
Forward: 5′-GACTGCGCAAGGATGACAC-3′
Reverse: 5′-CAGTGCGTGTCGTGGAGTC-3′

β-Actin
Forward: 5′-TTGCCGACAGGATGCAGAA-3′
Reverse: 5′-GCCGATCCACACGGAGTACT-3′
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Figure 1: Continued.
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in the regulation of different physiological and pathological
processes of the nervous system, such as the occurrence,
development, synapse formation, and neuroprotection of
the nervous system [36], aside from their involvement in
cerebral infarction, cerebral hemorrhage, brain trauma, Par-
kinson’s disease, and cognitive impairment [37]. Given the
foregoing, we assumed that miRNA might bring TUG1 and
St8sia2 together to regulate the ischemia-associated patho-
logical processes. To verify the joint action of TUG1, St8sia2,
and miRNA in ischemia stroke, a series of experiments was

performed in the current study; the corresponding effects
on ischemia-reperfusion injury were also investigated.

2. Material and Methods

2.1. Rat Ischemia/Reperfusion (I/R) Model. All animal exper-
iments had got ethical approval from the University of
Shanghai for Science and Technology and were conducted
strictly following the guidelines stipulated in the Institu-
tional Animal Care and Use. The experimental animals were
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Figure 1: TUG1 and St8sia2 were upregulated and accompanied by reduced miR-3072-3p level following in vitro and in vivo ischemic
injuries. (a–g) C57BL/6J mice were subjected to MCAO/R (1.5 h/24 h) or sham operation. (a) Images of brain sections (underwent sham
operation or I/R treatment) with TTC staining, the infarction zones were stained white. (b) Cerebral infarct ratio quantified by ImageJ.
(c) Neurological deficit scores; the higher score represents more severe neurological deficit. (d) Expression of cerebral TUG1 at the
transcript level in response to I/R was quantitated by Q-PCR. (e) Expression of cerebral miR-3072-3p at the transcript level in response
to I/R was quantitated by Q-PCR. (f) Expression of cerebral St8sia2 at the transcript level in response to I/R was quantitated by Q-PCR.
(g) Cerebral Bcl-2 and Bax levels in response to I/R were measured by western blot analysis. (h–m) N2A cells were subjected to OGD/R
(4 h/24 h). Untreated cells were regarded as control. (h) Cellular Bcl-2 and Bax levels in response to oxygen glucose deprivation/
reoxygenation were measured by western blot analysis. (i) Representative cell images of the TUNEL staining (scale bar = 25 μm), N2A
cells with excessive DNA damage were stained with red (TUNEL), whereas the blue counterstaining (DAPI) localized the nuclei. (j) Cell
apoptosis percentage was quantified based on TUNEL-positive cells. (k–m) Expression of cerebral TUG1 at the transcript level in
response to oxygen glucose deprivation/reoxygenation was quantitated by Q-PCR. (l) Expression of cerebral miR-3072-3p at the
transcript level in response to oxygen glucose deprivation/reoxygenation was quantitated by Q-PCR. (m) Expression of cerebral St8sia2
at the transcript level in response to oxygen glucose deprivation/reoxygenation was quantitated by Q-PCR. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗

P < 0:001. Sham: sham-operated animals; I/R: MCAO-induced ischemia/reperfusion group; control: untreated cells; OGD/R: oxygen
glucose deprivation/reoxygenation group.
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Figure 2: Continued.
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Figure 2: TUG1 knockdown attenuated in vivo ischemic injuries, accompanied by reduced St8sia2 and elevated miR-3072-3p levels. (a)
Images of brain sections (underwent sham operation or I/R treatment combined with si-TUG1 or si-NC) with TTC staining, the
infarction zones were stained white. (b) Cerebral infarct ratio quantified by ImageJ. (c) Neurological deficit scores; the higher score
represents more severe neurological deficit. (d) Expression of cerebral TUG1, miR-3072-3p, and St8sia2 at the transcript level in
response to I/R combined with si-NC or si-TUG1 was quantitated by Q-PCR. (e) Expression of cerebral miR-3072-3p at the transcript
level in response to I/R combined with si-NC or si-TUG1 was quantitated by Q-PCR. (f) Expression of cerebral St8sia2 at the transcript
level in response to I/R combined with si-NC or si-TUG1 was quantitated by Q-PCR. (g) Cerebral Bcl-2/Bax protein levels in response
to I/R combined with si-NC or si-TUG1 were measured by western blot analysis. (h) Cerebral St8sia2 protein levels in response to I/R
combined with si-NC or si-TUG1 were measured by western blot analysis. (i) Representative tissue images of the TUNEL staining
(scale bar = 25μm), cerebral cells with excessive DNA damage were stained with green (TUNEL), whereas the blue counterstaining
(DAPI) localized the nuclei. (j) Cell apoptosis percentage was quantified based on TUNEL-positive cells. (k) IHC staining intensity of
St8sia2 was quantified by ImageJ. (l) Representative IHC image for St8sia2 in brain tissues that underwent I/R treatment combined with
si-NC or si-TUG1. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
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male C57BL/6J mice (6–8 weeks of age, 25 ± 5 g) supplied by
the Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai,
China). Following previously reported procedures, intralu-
minal middle cerebral artery occlusion (MCAO) [38] was
performed to establish focal cerebral ischemia, followed by
reperfusion 2 h later. Under isoflurane anesthetization, mice
were placed on a heating panel kept at 37:0°C ± 0:5°C
throughout the procedure. Animals after 24 h of reperfusion
were reared for an additional two weeks and then eutha-
nized. The same surgical procedure was performed on
sham-operated mice in the absence of MCAO.

2.2. Infarct Area Determination. 2,3,5-Triphenyltetrazolium
chloride monohydrate (TTC; Sigma-Aldrich) staining was
performed to identify the brain infarct area 48 h post-
MCAO treatment. In brief, 2min thick coronal brain slices
were immobilized overnight in 10% formaldehyde after
15min of soaking in 2% TTC solution. After observing the
caudal and rostral surfaces of each slice, the percentage of
infarct area was computed with the use of ImageJ software
(NIH, USA).

2.3. Evaluation of Neurological Deficits. Referring to a previ-
ous neurological deficit score [39], mice were scored for neu-
rological status 24 h postreperfusion with the criteria
described as follows: 0: absence of observable deficits; 1: dif-
ficulty in fully extending the contralateral forelimb; 2: inabil-
ity to extend the contralateral forelimb; 3: slight circling to
the contralateral side; 4: severe circling to the unaffected
side; 5: falling to the unaffected side. The evaluation and
grading of the animals were made by a scientist who had
no knowledge of treatments.

2.4. Terminal Transferase Uridyl Nick End Labeling
(TUNEL) Assay. Apoptosis, as manifested by severely dam-

aged DNA, was assessed by TUNEL staining. N2A as well
as mouse brain tissue staining was performed using either
the ApopTag Kit S7100 (Millipore, Temecula, CA, USA) or
TUNEL Apoptosis Detection Kit (Abbkine Scientific, Wal-
tham, MA, USA) following the supplier’s recommendations,
whereas the cell nucleus was counterstained with DAPI. A
Nikon ECLIPSE Ti confocal microscope (×200 magnifica-
tion) was utilized for the calculation of TUNEL-positive cell
nuclei. The percentage of TUNEL-positive cell nuclei in 10
randomly selected fields was used to calculate the apoptosis
(%) in each sample.

2.5. Immunohistochemistry Analysis. The brain tissues that
underwent I/R or sham operation were subjected to 24 h of
paraformaldehyde (4%) immobilization and paraffin embed-
ding before being sliced into sections (5μm thickness). The
prepared sections underwent subsequent dewaxing and anti-
gen repair; the endogenous antigen was then inactivated by
hydrogen peroxide. They were then treated with 3 PBS
washes and 30min of culture in 5% bovine serum albumen
(BSA) prior to incubation (4°C) with St8sia2-specific poly-
clonal antibody (Proteintech Group, Rosemont, IL, USA).
24 h postincubation, the resultant reactions were visualized
by staining with horseradish peroxidase and diaminobenzi-
dine. St8sia2 expression was evaluated based on IHC images
using ImageJ software.

2.6. Stereotaxic Injection. After anesthesia, the mice were
fixed to a stereotaxic apparatus supplied by David Kopf
Instruments, Tujunga, CA, USA. Then, a mixture prepared
by si-TUG1/miR-3072-3p-mimic/si-St8sia2 (5μl) or corre-
sponding scrambled controls (109 infectious units/ml; Gen-
ePharma, Shanghai, China) with in vivo RNAiMAX
transfection reagent (Invitrogen) was administered via
mouse lateral ventricle. MCAO was performed 24 h later.
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Figure 3: Forced overexpression of TUG1 resulted in ischemic-vulnerable phenotype of N2A cells opposite to that induced by TUG1
knockdown. (a–c) Expression of cerebral TUG1 at the transcript level in N2A cells underwent TUG1 overexpression (pc-DNA3.1-
TUG1) or TUG1 knockdown (si-TUG1) was quantitated by Q-PCR. (b) Expression of cerebral miR-3072-3p at the transcript level in
N2A cells (c) Expression of cerebral St8sia2 at the transcript level in N2A cells. (d, e) Bcl-2/Bax cell apoptosis percentage was quantified
based on TUNEL-positive cells. (f) Representative cell images of the TUNEL staining (scale bar = 25μm), N2A cells with excessive DNA
damage were stained with red (TUNEL), whereas the blue counterstaining (DAPI) localized the nuclei. (g) Protein levels in response to
TUG1 overexpression/knockdown were measured by western blot analysis. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
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Figure 4: Continued.
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0.2mm posterior to bregma, 1.0mm lateral to the midline,
and 1.5mm below the brain surface were used as stereotaxic
coordinates.

2.7. Cell Cultivation and Oxygen Glucose Deprivation/
Reoxygenation (OGD/R) Model [40]. In a humidified incuba-
tor at 37°C with 5% CO2 in air, mouse neuroblastoma cells
(N2A; Cell Bank of Shanghai Institute of Cell Biology, Chi-
nese Academy of Sciences, Shanghai, China) were cultivated
in Dulbecco’s Modified Eagle’s Medium (DMEM; Invitro-
gen) added with 10% fetal bovine serum (FBS; Invitro-
gen) +2mM glutamine (Invitrogen) + 100μg/ml
streptomycin (Invitrogen) + 100U/ml penicillin (Invitro-
gen). To investigate the impacts of ischemia in vitro, the cells
underwent OGD treatment by 4 h of incubation (37°C) with
opti-MEM (Invitrogen) in a hypoxic chamber with 5% CO2
and 95% N2 in air. The cells were then immersed in a normal
culture medium and kept under normoxia (5% CO2, 37

°C)
for 24 h.

2.8. Construction of Plasmid Cloning Vehicles and
Transfection of Cells. For TUG1 overexpression,
pcDNA3.1-TUG1 plasmids were constructed via subcloning
the mouse full-length TUG1 cDNA into the pcDNA3.1(+)
mammalian expression vector (Invitrogen) at the KpnI and
XhoI loci. DNA Midiprep kits (Qiagen, Germany) were
employed for the isolation of all plasmids. N2A cells post
pcDNA3.1-TUG1 transfection were collected using G418
(geneticin) to produce stable clones. Those with empty
pcDNA3.1(+) vector (pcDNA3.1-NC) transfection func-
tioned as negative control. As to miR-3072-3p overexpres-
sion and knockdown, the synthesis of miR-3072-3p mimic
and inhibitor, along with two scrambled miRNAs that
served as their corresponding negative controls (mimic-NC
and inhibitor-NC for miR-3072-3p mimic and miR-3072-

3p inhibitor, respectively), was done at Qiagen (Germany).
For all transfections, Lipofectamine 3000 reagent (Invitro-
gen) was used following the recommendations.

2.9. qPCR Analysis. The TRIzol (Invitrogen)-isolated total
RNA from cell samples was quantified before being reversely
transcribed. Reverse transcription reactions of RNA/miRNA
were performed by PrimeScript™ RT Master Mix and
SYBR® PrimeScript™ miRNA RT-PCR kit, respectively,
both supplied by TaKaRa (Shiga, Japan). The primer
sequences are shown in Table 1. According to the manufac-
turer’s protocol, rapid real-time polymerase chain reaction
(QPCR) and FastStart Essential DNA Green Master (Rosh,
Indiana, USA) were employed for the determination of the
levels of reverse-transcribed cDNA templates relative to β-
actin. Each test was run in triplicate, and fold changes were
computed by 2-ΔΔCT, a relative quantification method. The
device used for amplification tests was ROCHE 480II real-
time PCR machine (ROCHE, USA).

2.10. Western Blot. Cells after cultivation were collected and
lysed in RIPA lysis buffer (P0013B; Beyotime, Shanghai,
China) after ice-cold PBS washing. After detecting the pro-
tein concentration using the BCA protein assay kit (P0012;
Beyotime), the whole lysates were immersed in a 5x SDS
loading buffer (P0015; Beyotime) at 1 : 4. Then, samples with
equal amounts were subjected to isolation by sodium dode-
cyl sulfate (SDS) polyacrylamide gel electrophoresis (PAGE)
and subsequent transfer onto PVDF membranes at 180mA
for 60min. Blots were blocked for 2 h in TBST added with
5% skim milk and then cultivated (4°C) overnight with Ι
antibodies. This was followed by treatment with horseradish
peroxidase- (HRP-) labeled (1 : 1000, Cell Signaling Technol-
ogy, USA) secondary antibodies. The Ι antibodies were anti-
Bcl2 (1 : 1000, Cell Signaling Technology, USA), anti-Bax
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Figure 4: miR-3072-3p directly binds to St8sia2 and regulates St8sia2 expression. (a) The sequence of wild-type St8sia2 (St8sia2-WT) and
the mutant St8sia2 with mutations at the predicted miR-3072-3p binding site (St8sia2-MUT). (b, c) The luciferase reporter vector carrying
St8sia2-WT or St8sia2-MUT or the empty vector was cotransfected into N2A cells with miR-3072-3p mimic or mimic-NC, the relative
luciferase activity was detected 48 h after transfection. (c) The luciferase reporter vector carrying St8sia2-WT or St8sia2-MUT or the
empty vector was cotransfected into N2A cells with miR-3072-3p inhibitor or inhibitor-NC, the relative luciferase activity was detected
48 h after transfection. (d) The direct interaction between St8sia2 and miR-3072-3p was confirmed by RNA immunoprecipitation assay
after being transfected with miR-3072-3p mimic or mimic-NC for 48 h. (e) Expression of St8sia2 in N2A cells at the transcript level was
measured 48 h post miR-3072-3p inhibitor transfection. (f) Expression of St8sia2 in N2A cells at the transcript level was measured 48 h
post miR-3072-3p mimic transfection. Untransfected cells were defined as control (control). ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
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Figure 5: Continued.
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(1 : 1000, Cell Signaling Technology, USA), and anti-St8sia2
(1 : 200, Proteintech, USA). β-Actin (1 : 1000, Cell Signaling
Technology, USA) was the internal control. The protein
expression was normalized to β-actin. Chemiluminescence
was performed with an enhanced chemiluminescence detec-
tion kit to display protein bands according to the manufac-
turer’s recommendations.

2.11. Luciferase Reporter Gene Assay (LRGA). By using Star-
Base and TargetScan with URLs of http://starbase.sysu.edu
.cn/mirMrna.php and http://www.targetscan.org, respec-
tively, putative miR-3072-3p binding sites in both the
sequence of TUG1 and the 3′-UTR of St8sia2 were pre-
dicted. Genechem (Shanghai, China) was responsible for
the synthesis of the wild-type (WT)/mutant (MUT) TUG1
sequence and the WT/MUT 3′-UTR fragment of St8sia2
containing putative miR-3072-3p binding sites and then
came the cloning of the synthesized sequences into pmir-
GLO dual luciferase reporter vector (Promega, Madison,
WI, USA) downstream to generate TUG1-WT/MUT as well
as St8sia2-WT/MUT luciferase reporter systems. Thereafter,
N2A cells seeded onto 24-well plates were treated with lucif-
erase reporter plasmids, miR-3072-3p mimic and its non-
specific control mimic-NC, as well as miR-3072-3p
inhibitor and its nonspecific control inhibitor-NC transfec-
tions for 48 h, either alone or in combination. The Dual
LRGA system (Promega, Madison, WI, USA) was utilized
for luciferase activity determination, and the data were nor-
malized to a Renilla luciferase internal control.

2.12. RNA Immunoprecipitation Assay. RNA-IP was per-
formed using a RIP Kit (Millipore, Billerica, MA, USA) fol-
lowing the manufacturer’s protocol. After being transfected
miR-3072 mimic or miR-NC, N2A cells were lysed in RNA
immunoprecipitation (RIP) lysis buffer and magnetic beads
conjugated to human anti-Ago2 antibody (Millipore) or

control IgG antibody. Then, the samples were digested with
proteinase K, and RNA was extracted from the beads using
TRIzol. Then, qRT-PCR analysis was performed to measure
the enrichment of the miR-3072 and St8sia2.

2.13. Statistical Analysis. We used GraphPad Prism 8.0
(GraphPad Software, Inc., USA) to conduct statistical analy-
ses. All data were exhibited as mean ± standard error of the
mean (SEM). The intergroup and multigroup comparison
was made by Student’s t-test and one-way analysis of vari-
ance (ANOVA) with Duncan’s test, respectively, with the
difference considered significant when P < 0:05.

3. Result

3.1. In Vitro and In Vivo Ischemic Injuries Induced
Upregulation of TUG1 and St8sia2 and Reduced miR-3072-
3p Level. C57BL/6J mice that underwent I/R (1.5 h/24 h)
exhibited obvious nerve dysfunction and serious brain
infarction (Figures 1(a)–1(c)), accompanied by elevated
TUG1 and St8sia2 and reduced miR-3072-3p expression at
the mRNA level (Figures 1(d)–1(f)). The ischemic injury
was manifested by reduced Bax/Bcl-2 ratio in both in vivo
and in vitro settings (Figures 1(g) and 1(h)). Consistent with
the findings by western blot, TUNEL assay revealed an
increased number of apoptotic N2A cells after OGD/R treat-
ment (Figures 1(i) and 1(j)). The alterations of TUG1, miR-
3072-3p, and St8sia2 in N2A cells undergoing OGD/R treat-
ment were similar to those in the I/R mouse model
(Figures 1(k)–1(m)). These findings suggested that TUG1,
miR-3072-3p, and St8sia2 might orchestrate the ischemic
process.

3.2. TUG1 Knockdown Attenuated In Vivo Ischemic Injuries,
Accompanied by Reduced St8sia2 and Elevated miR-3072-3p
Levels. Since we have confirmed that TUG1 was upregulated
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Figure 5: miR-3072-3p overexpression protects against I/R-induced ischemic injury in brain tissues. (a) Images of brain sections
(underwent sham operation or I/R treatment combined with miR-3072 mimic or mimic-NC) with TTC staining, the infarction zones
were stained white. (b) Cerebral infarct ratio quantified by ImageJ. (c) Neurological deficit scores; the higher score represents more
severe neurological deficit. (d) Expression of cerebral miR-3072-3p at the transcript level in response to I/R combined with miR-3072
mimic or mimic-NC was quantitated by Q-PCR. (e) Expression of cerebral St8sia2 at the transcript level in response to I/R combined
with miR-3072 mimic or mimic-NC was quantitated by Q-PCR. (f) Cerebral St8sia2 protein levels in response to I/R combined with si-
NC or si-TUG1 were measured by western blot analysis. (g) Cerebral Bcl-2/Bax protein levels in response to I/R combined with si-NC or
si-TUG1 were measured by western blot analysis. (h) Representative tissue images of the TUNEL staining (scale bar = 25 μm), cerebral
cells with excessive DNA damage were stained with green (TUNEL), whereas the blue counterstaining (DAPI) localized the nuclei. (i)
Cell apoptosis percentage was quantified based on TUNEL-positive cells. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
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Figure 6: Continued.
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in response to ischemic injury, to further understand the
regulatory role of TUG1 in this process, we performed
siRNA-induced TUG1 knockdown combined with the
induction of ischemic injury, as shown in (Figures 2(a)–
2(d)); inhibited TUG1 expression led to the reduced infarct
area and improved neurological deficit. These improve-
ments were coincided with reduced St8sia2 and elevated
miR-3072-3p expression at the mRNA level (Figures 2(e)
and 2(f)). At the protein level, the reduced Bax/Bcl-2 ratio
and St8sia2 expression (Figures 2(g) and 2(h)) were
observed in mice undergoing TUG1 knockdown combined
with I/R treatment by comparing their siNC+I/R treatment
counterparts. Consistently, the TUNEL assay (Figures 2(h)
and 2(i)) showed that the absence of TUG1 attenuated
the apoptosis of brain tissue that underwent I/R, which
coincided with reduced St8sia2 expression as revealed by
IHC (Figures 2(k) and 2(l)).

3.3. Forced Overexpression of TUG1 Resulted in an Ischemic-
Vulnerable Phenotype of N2A Cells Opposite to That Induced
by TUG1 Knockdown. To further confirm the regulatory role
of TUG1 in ischemic injury, we constructed a TUG1 overex-
pression cell model, namely, pcDNA 3.1-TUG1-N2A cells,
to perform a comparison with the effect of si-TUG1 in an
in vitro setting. As shown in (Figure 3(a)), both overexpres-
sion and knockdown of TUG1 were successful in N2A, and
miR-3072-3p/St8sia2 in mRNA level was inversely/posi-
tively correlated to the modified TUG1 expression
(Figures 3(b) and 3(c)). The change of St8sia2 at the protein
level in response to altered TUG1 was consistent with that in
the mRNA level (Figure 3(d)), while the increased/decreased
Bax/Bcl ratio was induced by TUG1 overexpression/knock-
down (Figure 3(g)), suggesting that TUG1 have a proapop-

totic effect, which was also verified by TUNEL assay
(Figures 3(e) and 3(f)).

3.4. miR-3072-3p Directly Binds to St8sia2 and Regulates
St8sia2 Expression. TargetScan (http://www.targetscan.org)
website revealed a binding site between St8sia2 and miR-
3072-3p (Figure 4(a)). To test this hypothesis, we first veri-
fied the interaction between St8sia2 and miR-3072-3p in
the N2A cell model. As indicated by LRGAs, St8sia2-WT
vector+miR-3072-3p mimic cotransfection significantly
reduced the relative luminescence, whereas the addition of
miR-3072-3p inhibitor induced an inverse trend and that
no significant alteration regarding luminescence was
observed in the St8sia2-MUT group (Figures 4(b) and
4(c)). The physical association between miR-3072 and
St8sia2 was further confirmed by RIP analysis
(Figure 4(d)). Moreover, as depicted in Figures 4(e) and
4(f), St8sia2 had an inverse connection with miR-3072-3p,
further corroborating their interaction.

3.5. miR-3072-3p Overexpression Protects from I/R-Induced
Ischemic Injury in Brain Tissues. As aforementioned, miR-
3072-3p was downregulated in I/R-treated mouse brains; to
better understand its role in ischemic injury, the reduced
miR-3072-3p was reversed by the addition of exogenous
miR-3072-3p mimic. As shown in Figures 5(a)–5(c), partial
relief of I/R-induced ischemic injury was observed in the
presence of miR-3072-3p mimic. In both I/R-treated and
sham-operated groups, miR-3072-3p mimic effectively ele-
vated miR-3072-3p expression (Figure 5(d)) and inhibited
St8sia2 at both mRNA and protein (Figures 5(e) and 5(f))
levels, together with reduced Bax/Bcl2 ratio (Figure 5(g))
and attenuated apoptosis (Figures 5(h) and 5(i)).
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Figure 6: miR-3072-3p overexpression protects against OGD/R-induced ischemic injury in N2A cells. (a, b) Expression of cellular miR-
3072-3p and St8sia2 at the transcript level after the treatment with miR-3072-3p mimic or inhibitor was quantitated by Q-PCR. (c) Bar
plot of cellular St8sia2 at the protein level after treatment was measured by western blot. (d) Expression of cellular St8sia2 at the protein
level after treatment was measured by western blot and quantified. (e) Representative cell images of the TUNEL staining
(scale bar = 25μm), N2A cells with excessive DNA damage were stained with red (TUNEL), whereas the blue counterstaining (DAPI)
localized the nuclei. (f) Cell apoptosis percentage was quantified based on TUNEL-positive cells. (g) Alteration of Bcl2/Bax expression in
N2A cells at the protein level after the treatment of miR-3072-3p mimic/inhibitor. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
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3.6. miR-3072-3p Overexpression Protects against OGD/R-
Induced Ischemic Injury in N2A Cells. For the purpose of fur-
ther validating the protective action of miR-3072-3p in an
in vitro setting, we performed both overexpression and inhibi-
tion of miR-3072 in N2A cells; as shown in Figure 6(a), the
treatments of miR-3072-3p mimic and inhibitor achieved the
desired results. The addition of miR-3072-3p mimic/inhibitor
resulted in reduced/elevated St8sia2 expression at the protein
level (Figures 6(b)–6(d)) and was responsible for attenuated/
aggravated apoptosis in N2A cells (Figures 6(e)–6(g)).

3.7. TUG1 Acts as a ceRNA of miR-3072-3p Targeting
St8sia2. Combined with the above results, we speculate that
there exists a potential TUG1/miR-3072-3p/St8sia2 axis in
the regulation of ischemic stroke in the cerebral hemisphere.
Recognizing that miR-3072-3p could directly bind to
St8sia2, we focused on the connection between TUG1 and
miR-3072-3p. After StarBase prediction of the putative bind-

ing site of miR-3072-3p in TUG1 (Figure 7(a)), LRGAs were
performed for confirmation. First, the interaction between
miR-3072-3p and TUG1 was confirmed in Figure 7(b),
where luminescence of the TUG1-WT group cotransfected
with miR-3072-3p was significantly reduced, indicating that
the miR-3072-3p could directly bind to TUG1; next, the
indirect interaction between TUG1 and St8sia2 was con-
firmed in Figures 7(c) and 7(d), where overexpressed/inhib-
ited TUG1 significantly increased/decreased the relative
luminescence of the St8sia2-WT group, indicating that
TUG1 might function as a ceRNA to modulate St8sia2.
Finally, a TUG1-miR-3072-3p-St8sia2 regulatory axis was
confirmed.

3.8. St8sia2 Might Account for the Regulatory Effects of the
TUG1-miR-3072-3p-St8sia2 Axis in Both In Vivo and In
Vitro Settings. Since proteins were responsible for the major-
ity of biological processes [41], we speculated that the
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Figure 7: TUG1 acts as a ceRNA for miR-3072-3p to target St8sia2. (a) The sequence of wild-type TUG1 (TUG1-WT) and the mutant
TUG1 with mutations at the predicted miR-3072-3p binding site (TUG1-MUT). (b) The luciferase reporter vector carrying TUG1-WT
or TUG1-MUT or the empty vector was cotransfected into N2A cells with miR-3072-3p mimic or mimic-NC; the relative luciferase
activity was detected 48 h after transfection. (c) The luciferase reporter vector carrying St8sia2-WT or St8sia2-MUT or the empty vector
was cotransfected into N2A cells with pcDNA3.1-TUG1 (along with the corresponding control); the relative luciferase activity was
detected 48 h after transfection. (d) The luciferase reporter vector carrying St8sia2-WT or St8sia2-MUT or the empty vector was
cotransfected into N2A cells with si-TUG1 (along with the corresponding control); the relative luciferase activity was detected 48 h after
transfection. ∗P < 0:05.
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Figure 8: Continued.
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Figure 8: St8sia2 might account for the regulatory effects of the TUG1-miR-3072-3p-St8sia2 axis in both in vivo and in vitro settings. (a) Images
of brain sections (underwent sham operation or I/R treatment combined with si-St8sia2 or si-NC) with TTC staining, the infarction zones were
stained white. (b) Cerebral infarct ratio quantified by ImageJ. (c) Neurological deficit scores; the higher score represents more severe neurological
deficit. (d) Expression of cerebral St8sia2 at the transcript level in response to I/R combined with si-St8sia2mimic or si-NCwas quantitated byQ-
PCR. (e) Cerebral St8sia2 protein levels in response to I/R combined with si-St8sia2 mimic or si-NC treatment were measured by western blot
analysis. (f) Cerebral Bcl-2/Bax protein levels. (g) Alteration of St8sia2 expression in N2A at the protein level after the treatment of si-St8sia2
mimic or si-NC. (h) Alteration of Bcl2/Bax expression in N2A at the protein level after the treatment of si-St8sia2 mimic or si-NC. (i)
Representative tissue images of the TUNEL staining (scale bar = 50μm), N2A cells with excessive DNA damage were, respectively, stained
with green/red (TUNEL), whereas the blue counterstaining (DAPI) localized the nuclei. (j) Representative tissue images of the TUNEL
staining (scale bar = 50 μm) of cerebral cells. (k) Cell apoptosis percentage of N2A cells was quantified based on TUNEL-positive cells. (l) Cell
apoptosis percentage of cerebral cells was quantified based on TUNEL-positive cells. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
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TUG1-miR-3072-3p-St8sia2 axis might converge on St8sia2.
To test this hypothesis, we performed St8sia2 knockdown in
both in vivo and in vitro settings. As shown in Figures 8(a)–
8(c), St8sia2 knockdown significantly alleviated the I/R-
induced in vivo ischemic injury, which might be ascribed
to the high inhibitory efficiency of si-St8sia that significantly
reduced the St8sia2 expression in response to I/R treatment
(Figure 8(d)). Next, we detected the expression of St8sia2
and apoptosis markers in I/R-treated mouse brains; as
shown in (Figure 8(e)), si-St8sia significantly reversed the
I/R-induced elevation of St8sia2 level in mouse brains,
accompanied by reduced Bax/Bcl2 ratio (Figure 8(f)); simi-
lar trends were observed in N2A in vitro cell model
(Figures 8(g) and 8(h)). The si-St8sia2-mediated attenuation
of apoptosis was further confirmed by TUNEL assay in vitro
(Figures 8(i) and 8(j)) and in vivo (Figures 8(k) and 8(l)).

4. Discussion

Aberrant lncRNA expression was observed in stroke; in a
previous study, thousands of differentially expressed
lncRNA in patients who underwent ischemic stroke were
detected by high-throughput method based on peripheral
blood [42]. Several lncRNAs were related to specific ische-
mic processes, including inflammation and cell death
induced by ischemic injury and angiogenesis that are
responsible for postischemic repair and regeneration [43].
Hence, lncRNAs might serve as diagnostic markers or ther-
apeutic target for alleviating ischemic symptoms. Altered
miRNA profile was also reported in both animal stroke
models and stroke patients [10]; importantly, miRNA could
directly target and regulate proteins that were involved in
stroke-related processes, such as plasminogen activator
inhibitor-1 and MMP-9 [44]. Several miRNA such as miR-
26a and miR145 exhibited neuroprotective properties by ele-
vating the expression of interferon- (IFN-) beta (anti-
inflammatory cytokine) [45]. In addition, the therapeutic
potential of antagomirs (anti-miRNAs) has been confirmed
in a number of in vivo models [46]. Hence, miRNAs are also
a promising candidate for combating stroke. The latest
research found that lncRNA-miRNA-mRNA constitutes an
intricate regulatory network that participates in the patho-
physiology of ischemic stroke and plays an important role
in neuroprotection and postischemic recovery [47]. This
work identified that TUG1, as a ceRNA for miR-3072-3p
to target St8sia2, was a regulator of ischemic stroke.

Although it was previously reported that the number of
cells with PSA- (synthesized by St8sia2-) NCAM marker
was elevated in response to ischemia [33], the exact function
of St8sia2 in stroke has not yet been completely clarified. In
this research, we first determined an evident increase in
St8sia2 expression in mouse brains under I/R as well as in
N2A cells exposed to OGD/R and that elevated St8sia2 was
accompanied by increased apoptosis. Previously, the enzy-
matic product of St8sia2, namely, PSA, was proposed to be
responsible for polysialylation [48] that exerted proapoptotic
effects in granulosa cells [49], which was in line with its
proapoptotic property in the present study. It should also
be noted that PSA regulate brain development and neural

cell migration [50], which might be important for the repair
of cerebral-ischemic injury. Hence, in the cerebral ischemia
setting, St8sia2 might be a double-edged sword, and the
adverse effects of St8sia2 might be ascribed to its interaction
with other ischemia-promoting factors.

TUG1 was also recognized as a promoter of cardiomyo-
cyte apoptosis through indirectly regulating proapoptotic
KLF5 via miR-9a-5p [51]; in this study, we also found a pos-
itive correlation between TUG1 and ischemia-induced cere-
bral apoptosis. Moreover, we observed an elevated TUG1
expression that coincided with aggravated ischemic injury
after I/R treatment, which was later reversed by TUG1
knockdown; these results also agreed with the observations
of TUG1-promoted myocardial infarction [51]. Collectively,
we discovered that TUG1 could also aggravate the cerebral
ischemic injury and induce apoptosis in experimental
models, in addition to its ischemia-promoting role in cardio-
myocyte that was already established [51]. Li et al. [52] dem-
onstrated that inhibiting the expression of TUG1 could
protect mouse astrocyte cells and reverse the decrease in
growth viability and increasing apoptosis of mouse astrocyte
cells caused by OGD/R stimulation.

Intriguingly, the elevation of St8sia2 after the induction
of ischemic injury coincided with increased TUG1/
decreased miR-3072-3p expression. Subsequently, the bind-
ing of miR-3072-3p to both TUG1 and St8sia2 was con-
firmed by LRGAs. Although the exact role of miR-3072-3p
was not previously reported, due to its inhibitory effect on
ischemic apoptosis (confirmed by miR-3072-3p knockdown
alone), we propose that miR-3072-3p not only serve as a
bridge between TUG1 and St8sia2 but also alleviate the
ischemic injury. In addition, previous study [53] has found
that TUG1 aggravated cerebral ischemia and reperfusion
injury by sponging miR-493-3p/miR-410-3p. This suggested
that TUG1 might obtain the same mechanism by sponging
miR-3072-3p.

Notably, inhibition of TUG1/St8sia2 or overexpression
of miR-3072-3p partially antagonized the ischemic injury
in several aspects including reduced infarct area, decreased
neurologic deficit score, and attenuated apoptosis. Specifi-
cally, knockdown of St8sia2 alone exhibited an anti-
ischemic effect similar to that induced by TUG1 inhibition/
miR-3072-3p overexpression, suggesting that the effect of
TUG1-miR-3072-3p/St8sia2 axis might converge on St8sia2.

However, the mechanism of the effect of the TUG1-miR-
3072-3p/St8sia2 axis still needs to be further studied. There
might be another signaling pathway involved with the
TUG1-miR-3072-3p/St8sia2 axis to coprotect cerebral ische-
mia/reperfusion injury. Our prospect is to deeply investigate
the TUG1-miR-3072-3p/St8sia2 axis in cerebral ischemia/
reperfusion injury and apply it into clinical aspect which
hopefully is a potential choice for the diagnosis/treatment
of ischemic stroke.

5. Conclusion

In summary, the regulatory cascade identified in the current
study provides a novel perspective for understanding the
molecular mechanism underlying the pathogenies of
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ischemic stroke, as well as providing a theoretical basis for
the diagnosis/treatment of ischemic stroke.
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Objective. Radioanatomy provides surgeons with different choices to prevent the failure of reconstruction caused by improper flap
selection and the occurrence of CSF leakage or other severe complications. To establish a radioanatomical model, this study
radioanatomically investigated the use of the Hadad–Bassagasteguy nasoseptal flap (HBF) in skull base reconstruction
performed via the transethmoidal, transsphenoidal, and transclival approaches to provide preoperative guidance for the
selection of approaches for skull base reconstruction and preparation of the HBF. Methods. The computed tomography images
of 40 Chinese adults were selected for the radioanatomical measurement of data related to the HBF and skull base
reconstruction via the transethmoidal, transsphenoidal, and transclival approaches. The results were analyzed using
radioanatomy combined with SPSS-based analysis. Results. In the 40 patients, the area of the HBF exceeded that of skull base
defects reconstructed via the transethmoidal approach by 10:21 ± 1:97 cm2, and the anterior margin width, posterior margin
width, upper margin length, and lower margin lengths of the HBF all exceeded the corresponding values of skull base defects
requiring reconstruction by at least 8.4mm. The area of the HBF exceeded that of reconstructed skull base defects by an
average of 10:72 ± 2:04 cm2. The area of the HBF exceeded that of skull base defects reconstructed via the transclival approach
by 9:01 ± 2:87 cm2. The difference between the anterior margin width of the HBF and the middle width of skull base defects
reconstructed via the transclival approach did not exceed 6mm in only one case (5.4mm). Conclusion. In Chinese adults, the
HBF can cover skull base defects reconstructed via the transethmoidal, transsphenoidal, and transclival approaches, permitting
its use in skull base reconstruction performed via all three approaches. Radioanatomy can be used for preoperative guidance to
plan surgery via the transethmoidal, transsphenoidal, and transclival approaches.

1. Introduction

Endoscopic skull base surgery was initially used to treat
pituitary macroadenoma and cerebrospinal rhinorrhea with
endoscopic visualization. Currently, it is selectively used to
treat lesions located from the frontal sinus to the clivus,
including lesions in the anterior, middle, and posterior
cranial fossae through the ethmoidal plate, sella turcica/
sphenoid bone, and clivus [1, 2]. The development of skull
base surgery has been restricted by difficulties with defect
reconstruction. Reconstruction of the skull base barrier is

conducted to permanently separate the nasal cavity, nasal
sinus, and cranial cavity; eliminate postoperative dead space;
and protect the physiological functions of the brain as well as
important nerves and blood vessels. Therefore, the main
challenges of skull base surgery include reconstructing dural
defects and preventing cerebrospinal fluid (CSF) leakage [3].
Similar to reconstruction techniques used in open surgery,
endoscopic repair must achieve multiple goals: reestablish-
ing the separation between the sterile cranial cavity and
nasal cavity colonized by microorganisms, preventing CSF
from leaking through the defects, and filling the cavity after
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tumor resection [3]. The advantages of transcranial endo-
scopic skull base surgery include low surgical trauma, good
tumor exposure, complete resection, and rapid postoperative
recovery. The low success of skull base reconstruction is one
of the main obstacles preventing the widespread use of
transcranial endoscopic skull base surgery [4]. The applica-
tion of synthetic materials, intranasal and extranasal flaps,
and autogenous free tissues in reconstruction after transcra-
nial endoscopic skull base surgery has been reported with
good results [5, 6]. Clinicians must increase their mastery
of transcranial endoscopic skull base reconstruction because
of the high incidence of CSF leakage during and after the
surgery. The selection of repair materials and technologies
as well as strategies for evaluating these materials has
recently become a key area of focus for transcranial endo-
scopic skull base surgery [7].

In 2006, Hadad et al. [8] firstly designed the Hadad–
Bassagasteguy nasoseptal flap (HBF) based on the posterior
septal artery, which has been widely used in endoscopic
skull base reconstruction. Pinheiro-Neto et al. [9] initially
measured the linear data of the anterior skull base, sellar
area, and clival area via multiplanar CT image reconstruc-
tion and also examined the length, width, and area of the
pedicled nasoseptal flap to evaluate whether the tissue flap
could completely cover skull base defects created during
surgery via different intranasal approaches. A later study
by Pinheiro-Neto et al. [10] introduced more parameters
in the radioanatomical measurement, improved the selec-
tion of measurement markers and methods, expanded
the sample size, and increased and improved parameter
measurement.

Radioanatomy provides surgeons with different choices
to prevent the failure of reconstruction caused by improper
flap selection and the occurrence of CSF leakage or other
severe complications. To select the proper strategy for skull
base reconstruction, preoperative imaging can be used to
evaluate the size of tissue flaps and defects. Our study used
radioanatomy to explore the clinical significance of the
HBF in reconstruction performed after endoscopic skull
base surgery. The purpose of this study is to establish a
radioanatomical model, carry out the radioanatomical study
of HBF and transcribriform, transsphenoidal, and transclival
skull base reconstruction, and evaluate the significance of
HBF for reconstructing transcribriform, transsphenoidal,
and transclival approach skull base defect. It also provides
preoperative guidance for the approach size selection for
transcribriform, transsphenoidal, and transclival skull base
reconstruction and the preparation of HBF.

2. Materials and Methods

2.1. Clinical Data. Thin-slice axial computed tomography
(CT; thickness = 0:3mm, tube voltage = 110 kV, exposure
time = 3:6 s) data of the skull base for 40 adults were used.
Inclusion criteria are as follows: in adults (>17 years);
including the complete skull base and nasal sinus, which
could be used for subsequent MPR using software; exclusion
criteria: fractures of the skull base, nasal cavity, or nasal
sinus; the presence of tumors and other space-occupying

diseases; history of surgery head and face deformities. The
included subjects (including 24 women and 16 men) were
21–78 years old (median, 44.5 years). This study was per-
formed in accordance with policies approved by the Ethics
Committee of the Affiliated Huaian No. 1 People’s Hospital
of Nanjing Medical University.

2.2. Variables of the Sphenopalatine Foramen (SPF). After
multiplanar reconstruction of CT images, coronal images
in which the inferior orbital fissure, pterygopalatine fossa,
and SPF were all visible were selected, and the projection
points of the SPF in the axial and midsagittal planes were
located. Six variables were measured: the distance from the
projection point of the SPF to the ipsilateral sphenoethmoi-
dal suture through the infra-anterior sphenoid sinus in the
midsagittal position (Figure 1(a)); the distance from the
projection point of the SPF to the sphenoethmoidal suture
through the base and posterior wall of the ipsilateral
sphenoid sinus and then the superior margin of the dorsum
sellae in the midsagittal plane (Figure 1(b)); the distance
from the projection point of the SPF to the posterior margin
of the planum sphenoidale through the base of the sphenoid
sinus in the midsagittal plane (Figure 1(b)); the distance
from the projection point of the SPF to the vertex of the
posterior margin of the dorsum sellae through the base of
the sphenoid sinus in the midsagittal plane (Figure 1(b));
the distance from the projection point of the SPF to the
vertex of the posterior margin of the clivus through the base
of the sphenoid sinus in the midsagittal plane (Figure 1(a));
and the distance from the SPF to the posterior margin of the
nasal septum below the anterior wall of the sphenoid sinus
in the axial plane (Figure 1(c)). In Figure 1(b), the green line
presented the distances from the anterior of planum sphe-
noidale to tuberculum sellae, the blue line presented the
distances from tuberculum sellae to the base of the sphenoid
sinus, the red line presented the distances from the top of
dorsum sellae to the base of the sphenoid sinus, and the
white line presented the distances from SPF to the base of
the sphenoid sinus.

2.3. HBF Variables. Five HBF variables were measured. The
anterior margin width of the HBF was measured as the
distance between the anterior nasal spine and rhinion in
the midsagittal plane (Figure 2(a)). The posterior margin
width of the HBF was measured as the distance from
10mm below the ethmoidal roof to the nasal floor in the
coronal plane (Figure 2(b)). The upper margin length of
the HBF was measured as the distance from the rhinion
10mm below the ethmoidal roof to the anterior wall of the
sphenoid sinus in the midsagittal plane (Figure 2(a)). The
lower margin length of the HBF was measured as the dis-
tance from the lowest end of the nasal septum to the front
end of the palatine process of the maxilla in the midsagittal
plane (Figure 2(a)). The area of the HBF was measured from
the anterior wall of the sphenoid sinus 10mm below the
ethmoidal roof horizontally forward to the posterior wall
of the frontal sinus, to the nasal floor forward and downward
along the skin mucous junction of the nasal septum,
horizontally backward to the posterior margin of the nasal
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septum, and then to the starting point upward along the
anterior wall of the sphenoid sinus (Figure 2(a)). The width
of the HBF could be extended to measure the distance
between the lateral wall of the nasal cavity under the head
end of the inferior turbinate and the nasal septum in the
coronal plane (Figure 2(b)).

2.4. Variables for Skull Base Reconstruction Performed via the
Transethmoidal Approach. Four variables were measured.
The anterior margin width was measured as the horizontal
distance between the orbital plates of the ethmoid bone at
the bilateral anterior ethmoidal foramina in the coronal
plane (Figure 3(a)). The posterior margin width was
measured as the horizontal distance between the orbital
plates of the ethmoid bone at the bilateral sphenoethmoidal
sutures in the coronal plane (Figure 3(b)). The defect length
was measured as the distance between the frontoethmoidal
and sphenoethmoidal sutures in the midsagittal plane
(Figure 3(c)). The defect area was measured as the rectangu-
lar area of the bilateral orbital plates of the ethmoid bone
between the posterior wall of the frontal sinus and the
anterior wall of the sphenoid sinus (Figure 3(d)).

2.5. Variables for Skull Base Reconstruction Performed via the
Transsphenoidal Approach. Seven variables were measured.
The anterior margin width was measured as the horizontal
distance between the bilateral sphenoethmoidal sutures in
the coronal plane (Figure 3(b)). The middle width was mea-
sured as the distance between the bilateral optic struts in the
coronal plane (Figure 4(a)). The posterior margin width was
measured as the distance between the bilateral paraclinoid
internal carotid arteries in the coronal plane (Figure 4(b)).
The length of the planum sphenoidale was measured as the
distance between the sphenoethmoidal suture and the tuber-
culum sellae in the midsagittal plane (Figure 4(c)). The
length of the roof of the sella turcica was measured as the
distance between the tuberculum sellae and the upper end
of the dorsum sellae in the midsagittal plane (Figure 4(c)).
The total length was measured as the distance between the
sphenoethmoidal suture and the upper end of the dorsum
sellae in the midsagittal plane (Figure 4(c)). The defect area
was measured by locating the ethmoidal roof in the midsag-
ittal position and measuring the area forward to the sphe-
noethmoidal suture and backward to the upper end of the
dorsum sellae and bilateral optic strut (Figure 4(d)).

(a) (b) (c)

Figure 1: Sphenopalatine foramen (SPF) variables. (a) Distances from the SPF to the sphenoethmoidal suture through the anterior sphenoid
sinus (solid line) and to the clivus through the base of the sphenoid sinus in the midsagittal plane (dotted line). (b) Distances from the SPF to
the sphenoethmoidal suture through the sphenoid sinus (white + blue + green lines), to the posterior margin of the planum sphenoidale
through the sphenoid sinus (white + blue lines), and to the upper margin of the dorsum sellae through the sphenoid sinus (white + red
lines) in the midsagittal plane. (c) Distance from the SPF to the posterior margin of the nasal septum below the sphenoid sinus in the
axial plane.

10mm

(a)

10mm

(b)

Figure 2: Hadad–Bassagasteguy nasoseptal flap (HBF) variables. (a) The anterior margin width (red line), upper margin length (blue line),
lower margin length (white arrow), and area of the HBF (enclosed by solid lines). (b) The posterior margin width (solid line) and extended
width of the HBF (dotted line).
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2.6. Variables for Skull Base Reconstruction Performed via the
Transclival Approach. Five variables were measured. The
posterior margin width was measured as the distance
between the bilateral paraclinoid internal carotid arteries in
the coronal or axial plane (Figure 4(b)). The middle width
was measured as the distance between the bilateral internal
carotid arteries at the lacerated foramen in the coronal or
axial plane (Figure 5(a)). The lower margin width was
measured as the distance between the internal margins of
the external orifice of the bilateral hypoglossal canals in the
coronal or axial plane (Figure 5(b)). The clivus length
was measured as the distance between the head end and
tail end of the clivus in the midsagittal plane
(Figure 5(c)). The clivus area was measured by selecting
the long axis section of the clivus in the midsagittal plane
in the MPR mode (Figure 5(c)) and reconstructing the

images of the clivus (Figure 5(d)). In Figure 5(c), the white
dotted line denotes the tangent line of the clivus in the
long axis, and the white solid line presents the range from
the head end to the tail end of the clivus. Figure 5(d) is
the section image of the clivus reconstructed according
to the long axis tangent of the clivus, and the area
enclosed within the white solid lines corresponds to that
enclosed by white solid lines in Figure 5(c).

2.7. Radioanatomical Measurement Software. Image Viewer
3.1.14 (Start Technology Co., Ltd., China) was used for radio-
anatomical measurements, and the measurement results
were accurate to 0.1mm.

Data were input using WPS2019 11.1 (Kingsoft Corp.,
Zhuhai). Statistical analysis was conducted using SPSS 26.0
(IBM, USA). All values were expressed as the mean ±

(a) (b) (c) (d)

Figure 3: Measurements in skull base reconstruction performed via the transethmoidal approach. (a) Anterior margin width. (b) Posterior
margin width. (c) Length. (d) Area.

(a) (b) (c) (d)

Figure 4: Variables for skull base reconstruction performed via the transsphenoidal approach. (a) Middle width. (b) Posterior margin width.
(c) Planum sphenoidale (solid line), the length of the sella turcica (dotted line), and the total length (solid line + dotted line). (d) Area.

(a) (b) (c) (d)

Figure 5: Variables for skull base reconstruction performed via the transclival approach. (a) Middle width. (b) Lower margin width.
(c) Length (solid line), clivus section (dotted line). (d) Area.
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standard deviation. The normal distribution of data was
tested using the Kolmogorov–Smirnov test. Gender differ-
ences in data conforming to a normal distribution were ana-
lyzed using the independent-samples t-test; otherwise, the
χ2 test was used for analysis. Age differences were evaluated
using Spearman’s correlation analysis. The 95% confidence
interval was selected for correlation analyses of gender and
age. P < 0:05 denoted statistical significance.

3. Results

3.1. SPF and HBF. The measurement results including SPF
and HBF variables are presented in Table 1. Excluding the
extensible width of the HBF, all variables exhibited a normal
distribution without gender differences as verified using the
independent-samples t-test (P > 0:05). No gender difference
was found for the extensible width of the HBF according

Table 1: Radioanatomical measurement results (distance, mm; area, cm2).

Overall average Female average Male average

Distance from the SPF to the sphenoethmoidal suture through the anterior sphenoid
sinus (SPF_SEJ1, mm)

23:02 ± 3:26 23:82 ± 3:27 21:83 ± 2:94

Distance from the SPF to the sphenoethmoidal suture through the sphenoid
sinus (SPF_SEJ2, mm)

62:54 ± 7:78 63:75 ± 7:38 60:71 ± 8:24

Distance from the SPF to the posterior margin of the planum sphenoidale through the
base of the sphenoid sinus (SPF_P, mm)

47:17 ± 6:78 48:48 ± 6:61 45:20 ± 6:77

Distance from the SPF to the upper margin of the dorsum sellae through the base of the
sphenoid sinus (SPF_S, mm)

44:10 ± 5:02 44:73 ± 5:24 43:16 ± 4:68

Distance from the SPF to the clivus through the base of the sphenoid sinus (SPF_C, mm) 29:68 ± 2:88 29:05 ± 2:80 30:62 ± 2:81
Distance from the SPF to the posterior margin of the nasal septum through the anterior
sphenoid sinus (SPF_NS, mm)

33:99 ± 3:42 34:36 ± 3:54 33:44 ± 3:26

Anterior margin width of the HBF (HBF_AW, mm) 50:09 ± 3:53 49:57 ± 3:63 50:87 ± 3:35

Posterior margin width of the HBF (HBF_PW, mm) 47:35 ± 3:97 47:38 ± 3:95 47:29 ± 4:14

Upper margin length of the HBF (HBF_UL, mm) 50:62 ± 3:84 49:72 ± 4:15 51:96 ± 2:95

Lower margin length of the HBF (HBF_LL, mm) 46:26 ± 2:62 45:90 ± 2:39 46:78 ± 2:94

Extensible width of the HBF (HBF_W, mm) 12:80 ± 1:89 12:85 ± 1:99 12:73 ± 1:79

Length of the HBF with vascular pedicles (HBF_TL) 84:92 ± 4:79 84:53 ± 4:93 85:50 ± 4:66

HBF area (HBF_S, cm2) 19:14 ± 2:20 18:81 ± 2:02 19:65 ± 2:44

Anterior margin width of transethmoidal skull base defects (SKB_E_AW, mm) 25:33 ± 1:84 25:20 ± 1:71 25:53 ± 2:05

Posterior margin width of transethmoidal skull base defects (SKB_E_PW, mm) 26:38 ± 2:84 26:32 ± 2:24 26:46 ± 3:64
Length of transethmoidal skull base reconstruction through the anterior sphenoid
sinus (SKB_E_AS, mm)

52:43 ± 5:55 53:44 ± 5:47 50:91 ± 5:50

Length of transethmoidal skull base reconstruction through the sphenoid
sinus (SKB_E_PS, mm)

91:94 ± 8:64 93:37 ± 7:53 89:79 ± 9:95

Length of transethmoidal skull base reconstruction (SKB_E_L, mm) 29:40 ± 4:60 29:62 ± 3:87 29:08 ± 5:64

Area of transethmoidal skull base reconstruction (SKB_E_S, cm2) 8:93 ± 1:49 8:71 ± 1:36 9:25 ± 1:66

Anterior margin width of transsphenoidal skull base reconstruction (SKB_S_AW, mm) 26:38 ± 2:84 26:32 ± 2:24 26:46 ± 3:64

Middle width of transsphenoidal skull base reconstruction (SKB_S_MW, mm) 28:84 ± 2:37 29:12 ± 2:10 28:41 ± 2:73

Posterior margin width of transsphenoidal skull base reconstruction (SKB_S_PW, mm) 20:13 ± 1:91 19:61 ± 1:63 20:91 ± 2:09
Length of transsphenoidal defects in the planum sphenoidale reconstruction
(SKB_S_PL, mm)

15:37 ± 3:36 15:27 ± 3:18 15:51 ± 3:72

Length of transsphenoidal defects in the sellar region reconstruction (SKB_S_SL, mm) 12:42 ± 2:04 11:71 ± 1:67 13:49 ± 2:12

Total length of transsphenoidal skull base reconstruction (SKB_S_TL, mm) 27:79 ± 3:80 26:98 ± 3:42 29:00 ± 4:13

Area of transsphenoidal skull base reconstruction (SKB_S_S, cm2) 8:43 ± 1:03 8:24 ± 1:06 8:70 ± 0:96

Anterior margin width of transclival skull base reconstruction (SKB_C_AW, mm) 20:13 ± 1:91 19:61 ± 1:63 20:91 ± 2:08

Middle width of transclival skull base reconstruction (SKB_C_MW, mm) 21:53 ± 2:24 22:01 ± 2:32 20:80 ± 1:96

Posterior margin width of transclival skull base reconstruction (SKB_C_PW, mm) 29:52 ± 3048 28:93 ± 3:00 30:41 ± 4:03

Length of transclival skull base reconstruction (SKB_C_L, mm) 36:78 ± 3:41 36:52 ± 3::08 37:16 ± 3:91

Area of transclival skull base reconstruction (SKB_C_S, cm2) 10:13 ± 1:83 10:28 ± 1:96 9:91 ± 1:64
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to the χ2 test (P > 0:05). Spearman’s correlation analysis
revealed no age differences for any variable (P > 0:05).

3.2. Skull Base Defects Reconstructed via the Transethmoidal
Approach. The average anterior margin width, posterior
margin width, defect length, and area of skull base defects
reconstructed via the transethmoidal approach are presented
in Table 1. Among them, the length of skull base defects
reconstructed via the transethmoidal approach through the
anterior sphenoid sinus was the sum of the length from
the projection point of the SPF to the ipsilateral sphenoeth-
moidal suture through the infra-anterior sphenoid sinus and
the length of skull base defects reconstructed via the trans-
ethmoidal approach (the sum of the measured values in
Figure 2(a) and Figure 6(c)). The length of skull base defects
reconstructed via the transethmoidal approach through the
sphenoid sinus was the sum of the length from the projec-
tion point of the SPF to the ipsilateral sphenoethmoidal
suture through the sphenoid sinus and the length of skull
base defects reconstructed via the transethmoidal approach
(the sum of the measured values in Figure 2(b) and
Figure 6(c)). The mean differences of the data corresponding
to HBF are shown in Table 2. All data were normally
distributed. The independent-samples t-test revealed gender
differences in the posterior margin width of skull base
defects reconstructed via the transethmoidal approach
(P = 0:015), the lower margin length of the HBF, and the
length of skull base defects reconstructed via the transeth-
moidal approach (P = 0:015), but no gender differences were
noted for other variables (P > 0:05). Spearman’s correlation
analysis revealed no age differences for any variable
(P > 0:05). Using the measured data, we evaluated whether
the HBF could completely cover skull base defects recon-
structed by the transethmoidal approach. In the 40 patients,

the area of the HBF exceeded that of skull base defects
reconstructed via the transethmoidal approach by 10:21 ±
1:97 cm2, and the anterior margin width, posterior margin
width, upper margin length, and lower margin lengths of
the HBF all exceeded the corresponding values of skull base
defects requiring reconstruction by at least 8.4mm. There-
fore, the HBF could completely cover skull base defects
reconstructed via the transethmoidal approach. The total
length of the HBF including vascular pedicles was at least
17.6mm longer than that needed for skull base defect recon-
struction via the transethmoidal approach through the
anterior sphenoid sinus, but the total length of the HBF
including vascular pedicles was 7:02 ± 8:71mm shorter than
that needed for skull base defect reconstruction via the
transethmoidal approach through the sphenoid sinus. The
HBF could not be used to reconstruct skull base defects via
the transethmoidal approach through the sphenoid sinus
in any patients. Additionally, the total length of the HBF
including vascular pedicles when reconstruction could not
be completed in this study and the total length of skull base
defects reconstructed via the transethmoidal approach
through the sphenoid sinus was analyzed using a scatterplot.
The results illustrated that reconstruction requirements were
not met in 34/40 (85.0%) cases, and in 33/40 (82.5%) cases,
the total length of the HBF including vascular pedicles
did not exceed that of skull base defects reconstructed
via the transethmoidal approach through the sphenoid
sinus (Figure 6).

3.3. Skull Base Defects Reconstructed via the Transsphenoidal
Approach. The average anterior margin width, middle width,
posterior margin width, length of the planum sphenoidale,
length of the roof of the sella turcica, total length, and area
of skull base defects reconstructed via the transsphenoidal
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Figure 6: The X-axis represents the total length of the HBF including vascular pedicles, and the Y-axis represents the total length of ASB
reconstruction through the sphenoid sinus. The red line (Y = X) denotes when the total length of the HBF including vascular pedicles was
equal to that of ASB reconstruction through the sphenoid sinus. The green line (Y = X − 3) denotes when the total length of the HBF
including vascular pedicles was 3mm longer than that of ASB reconstruction through the sphenoid sinus.
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approach are presented in Table 1. The mean differences of
the data corresponding to the HBF are shown in Table 2.
All data were normally distributed. The independent-
samples t-test revealed gender differences only for the ante-
rior margin width of skull base defects reconstructed via the
transsphenoidal approach (P = 0:015). Spearman’s correla-
tion analysis revealed age differences for the anterior margin
width of the HBF and the anterior margin width of skull
base defects reconstructed via the transsphenoidal approach
(P = 0:040). Using the study data, we evaluated whether the
HBF could completely cover skull base defects reconstructed
via the transsphenoidal approach. In the 40 patients, the area
of the HBF exceeded that of reconstructed skull base defects
by an average of 10:72 ± 2:04 cm2. The anterior and poste-
rior margin widths of the HBF both exceeded the corre-
sponding values of skull base defects reconstructed via the
transsphenoidal approach by at least 10.7mm. The total
length of the HBF including vascular pedicles was 7.8mm
longer than that needed for reconstruction of the planum
sphenoidale via the transsphenoidal approach. The anterior
margin width of the HBF was at least 5.8mm wider than that
of skull base defects needing reconstruction via the trans-
sphenoidal approach. The total length of the HBF including
vascular pedicles was 0.7mm longer than that needed for
reconstruction of the sella turcica via the transsphenoidal
approach. The differences between the anterior margin
width of the HBF and that of skull base defects requiring

reconstruction via the transsphenoidal approach were sorted
from low to high using the WPS tool. The difference was
5.8mm in one case, whereas the value exceeded 6mm in
the remaining cases. The total length of the HBF including
vascular pedicles and that needed for reconstruction of the
sella turcica via the transsphenoidal approach was analyzed
using a scatterplot, as shown in Figure 7. The criterion of a
>3mm difference was achieved for all but three cases. The
total length of the HBF including vascular pedicles exceeded
that needed for reconstruction of the sella turcica via the
transsphenoidal approach in all 40 cases.

3.4. Variables of Skull Base Defects Reconstructed via the
Transclival Approach. The area of the HBF exceeded that
of skull base defects reconstructed via the transclival
approach by 9:01 ± 2:87 cm2. The difference between the
anterior margin width of the HBF and the middle width of
skull base defects reconstructed via the transclival approach
did not exceed 6mm in only one case (5.4mm). The total
length of the HBF with vascular pedicles exceeded that
required for reconstruction of the skull base defect via the
transclival approach by at least 3mm in all cases (Table 2).

The average upper margin width, middle width, lower
margin width, length, and area of skull base defects recon-
structed via the transclival approach are presented in
Table 1. The mean differences with the corresponding data
of the HBF are shown in Table 11. All data were normally

Table 2: Differences between HBF variables and those of transethmoidal, transsphenoidal, and transclival skull base reconstructed (distance,
mm; area, cm2).

Overall Female Male
Average Minimum Average Minimum Average Minimum

HBF AW − SKB E AW (mm) 24:76 ± 3:84 15.9 24:38 ± 4:11 15.9 25:34 ± 3:45 17.3

HBF PW − SKB E PW (mm) 20:97 ± 4:30 13.7 21:06 ± 3:35 14.9 20:84 ± 5:56 13.7

HBF UL − SKB E L (mm) 21:21 ± 4:70 13.7 20:10 ± 4:40 13.7 22:88 ± 4:77 17.4

HBF LL − SKB E L (mm) 16:85 ± 4:92 8.4 16:29 ± 3:55 10.6 17:70 ± 6:52 8.4

HBF TL − SKB E AS (mm) 32:49 ± 7:46 17.6 31:09 ± 7:92 17.6 34:59 ± 6:38 23.9

HBF TL − SKB E PS (mm) −7:02 ± 8:71 -20.7 −8:84 ± 7:98 -20.7 −4:29 ± 9:30 -20.3

HBF S − SKB E S (cm2) 10:21 ± 1:97 6.3 10:09 ± 1:76 6.3 10:40 ± 2:31 6.2

HBF AW − SKB S AW (mm) 10:91 ± 3:06 5.8 10:40 ± 2:78 5.8 11:69 ± 3:39 6.1

HBF AW − SKB S MW (mm) 18:51 ± 4:74 10.7 18:26 ± 4:35 11.6 18:89 ± 5:39 10.7

HBF PW − SKB S PW (mm) 31:46 ± 4:60 24.2 32:55 ± 4:21 24.5 29:83 ± 4:80 24.2

HBF UL − SKB S TL (mm) 23:14 ± 4:88 14.7 23:19 ± 5:03 14.7 23:06 ± 4:79 14.9

HBF TL − SKB PS TL (mm) 22:38 ± 8:75 7.8 20:78 ± 8:35 8.6 24:79 ± 9:03 7.8

HBF TL − SKB ST TL (mm) 13:03 ± 7:14 0.7 12:82 ± 7:32 2.0 13:34 ± 7:09 0.7

HBF S − SKB S S (cm2) 10:72 ± 2:04 6.9 10:56 ± 1:95 6.9 10:95 ± 2:21 7.0

HBF PW − SKB C AWð Þ (mm) 31:46 ± 4:60 24.2 32:55 ± 4:21 24.5 29:83 ± 4:80 24.2

HBF AW − SKB C MW (mm) 15:76 ± 3:80 5.4 14:70 ± 3:88 5.4 17:34 ± 3:15 9.8

HBF AW − SKB C PW (mm) 21:21 ± 4:70 13.7 20:10 ± 4:40 13.7 22:88 ± 4:77 17.4

HBF UL − SKB C L (mm) 14:15 ± 4:36 6.1 13:65 ± 4:71 6.1 14:90 ± 3:80 7.5

HBF TL − SKB C TL (mm) 18:46 ± 6:19 6.4 18:95 ± 6:44 6.4 17:72 ± 5:92 9.5

HBF S − SKB C S (cm2) 9:01 ± 2:87 3.94 8:53 ± 2:59 3.94 9:74 ± 3:18 5.1
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distributed. The independent-samples t-test revealed no
gender differences for any variables (P > 0:05). Spearman’s
correlation analysis revealed that the difference between
the posterior margin width of the HBF and the upper mar-
gin width of skull base defects reconstructed via the transcli-
val approach was correlated with age (P < 0:05), whereas no
other correlations with age were identified (P > 0:05). Using
these data, we evaluated whether the HBF could completely
cover skull base defects reconstructed via the transclival
approach. In all 40 patients, the area of the HBF exceeded
that of skull base defects reconstructed via the transclival
approach by 9:01 ± 2:87 cm2. The difference between the
anterior margin width of the HBF and the middle width of
skull base defects reconstructed via the transclival approach
did not exceed 6mm in only one case (5.4mm). The total
length of the HBF including vascular pedicles exceeded that
needed for reconstruction of skull base defects via the trans-
clival approach by at least 3mm in all cases (Table 2).

4. Discussion

The success of small skull base defect reconstruction is not
related to the technique or tissue used, and thus, tissue flaps
with vascular pedicles are not widely used for this purpose
[11]. Conversely, large-scale defects require tissue flaps with
vascular pedicles [12–14]. Tissue flaps with vascular pedicles
provide faster, more reliable, and complete healing, thereby
reducing the risk of complications associated with continued
communication between the cranial and nasal cavities [15].
At present, the HBF is the most widely used flap clinically.
This tissue flap has high toughness and good extendability,
and its pedicles can rotate flexibly and cover a large area of
skull base defects caused by endoscopic skull base surgery

[8]. Currently, the HBF is widely used in endoscopic skull
base reconstruction, but little research has assessed its
competence for reconstruction. Concerning radioanatomy,
the Pinheiro-Neto [16] and Peris-Celda [17] models are
two representative radioanatomical models with some
common features. It is worth noting that, in theory, the
Peris-Celda model provides a more accurate measurement,
but it requires curves or polygonal lines, in addition to high
requirements for CT image reconstruction in nonstandard
planes (both high requirements for CT scanning and
postprocessing software), which will affect the accuracy of
measurement. The Pinheiro-Neto model is more reliable
and permits easier measurements, but its use is limited by
difficulty in setting the measuring straight line reasonably
in an irregular cavity. Moreover, the possibility of eliminat-
ing the dead space using free fat or other grafts is not consid-
ered in either model. In this manner, the demand for flap
size can be reduced.

At the beginning of this study, we collected a large
amount of radioanatomical data to determine the optimal
method to measure HBF variables via CT. We measured
every variable described in the literature. Considering the
repeatability of the measurement results, we used straight
lines instead of curves whenever possible. After comprehen-
sive comparison, we chose a quadrilateral area (rectangle
and trapezoid) for the measurement. Although the extent
to which the HBF is larger than skull base defects in radioa-
natomy has not been determined, we accepted the standard
value of 6mm [8] and quoted this standard in specific
experiments. The model used in our study was extremely
likely to underestimate the size of the HBF and overestimate
that of skull base defects. First, Peris-Celda et al. [17] found
that measurements using straight lines underestimated the
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Total length of HBF including vascular pedicles (unit: mm)

Comparison between the total length of HBF including vascular pedicles and the length needed for
reconstruction of the sella turcica via transsphenoidal approach
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Figure 7: The X-axis represents the total length of the HBF including vascular pedicles, and the Y-axis represents the total length needed for
reconstruction of the sella turcica via the transsphenoidal approach. The red line (Y = X) denotes when the total length of HBF including
vascular pedicles was equal to that needed for reconstruction of the sella turcica via the transsphenoidal approach. The green line
(Y = X − 3) denotes when the total length of the HBF including vascular pedicles exceeded that needed for reconstruction of the sella
turcica via the transsphenoidal approach by 3mm.

8 Oxidative Medicine and Cellular Longevity



RE
TR
AC
TE
D

increased length of mucosal curves and folds. Second, we
adopted a limited model in which some parts of the HBF
that can be fully utilized in the clinic might not be included
in the measurement. Thus, we chose to design a limited
model because overestimating the size of tissue flaps is prob-
lematic in clinical application. On the contrary, it is assumed
that bones in the whole approach area should be resected for
each skull base defect model, whereas only partial resection
is needed in the actual surgery. Such a design ensures that
mismatches will not occur. Moreover, we designed measure-
ment markers of the model based on the anatomical results
and investigated the reconstruction results after changing
the route of HBF application by blocking the sphenoid sinus
cavity using autogenous free fat.

The vascular pedicle of the HBF is rotatable with a large
rotation angle, and its usable surface area covers a wide
range. Therefore, it is a commonly used intranasal flap in
clinical practice, including uses in the repair and reconstruc-
tion of defects in the anterior, middle, and posterior cranial
fossae in the midsagittal plane [8, 9]. This flap branches out
from its vascular pedicles supplied by the posterior nasal
septal artery, which serves as the terminal branch sphenopa-
latine artery of the maxillary artery. Considering the self-
contraction of mucosal flaps, defects are considered to be
completely covered when the length and width of the HBF
exceeds those of the defect by more than 6mm and the total
length of the tissue flap including pedicles exceeds that of the
route of tissue flap implantation for defect reconstruction by
3mm. If one of these criteria is not met, then the tissue flap
is considered to be incompetent for reconstruction [8, 9].
According to the aforementioned criteria and our research
results, the length and width of the HBF exceeded those of
skull base defects reconstructed via the transethmoidal
approach. However, in clinical practice, the extent of open-
ing of the sphenoid sinus during surgery performed via the
transethmoidal approach is high [18]. The HBF cannot
reach the defect until it passes through the base and poste-
rior wall of the sphenoid sinus and the planum sphenoidale.
The total length of the HBF including vascular pedicles can-
not meet the lengthened path. The current study results
illustrated that the HPF was fully competent for this task
in 6/40 patients. Even if the length criterion was adjusted
so that the HBF only needed to be longer than the recon-
struction length, only seven cases met this standard. More-
over, this result did not differ by age or gender. However,
this does not indicate that the HBF is not suitable for the
reconstruction of large skull base defects caused by endo-
scopic skull base surgery performed via the transethmoidal
approach. If proper case selection is performed before
surgery and the preoperative images of the cases are fully
analyzed, then the HBF can be used for skull base defect
reconstruction via the transethmoidal approach in some
cases [19]. At this time, radioanatomy is particularly impor-
tant for preoperative surgical planning.

Considering that the anterior margin of the HBF in the
horizontal direction is 3mm wider than that of the defect
in practical reconstruction, the anterior margin width of
the HBF can completely cover the defect in actual recon-
struction [8]. The length difference did not meet the stan-

dard requirement of 3mm in 3/40 cases. Obviously,
according to the anatomical findings in the study, this gap
is caused by the fact that the HBF can only reach the defect
region truly requiring reconstruction through the base and
posterior wall of the sphenoid sinus during reconstruction,
which can also be solved. Before the surgery, we can evaluate
the defect size on CT images according to the range of
lesions and surgical approach and examine the size of the
required HBF on the images to guide the planning of the
surgical approach and design of the HBF.

In the reconstruction of skull base defects via the trans-
clival approach using the HBF, the posterior margin of the
HBF covered the upper part of the clivus, and the anterior
margin of the HBF covered the end of the clivus defect.
On the one hand, the anterior margin of the HBF in the hor-
izontal direction should be 3mm wider than that of the
defect in practical reconstruction. On the other hand, the
HBF can also be moved to the tail of the clivus or pushed
to the tail of the clivus by blocking the sphenoid sinus, allow-
ing a wider mucosal flap to cover the middle part of the
defect. The length and area were sufficient for covering the
defects in all 40 cases. Before the surgery, we can evaluate
the size of the defect on CT images according to the range
of lesions and surgical approach and evaluate the size of
the required HBF on the images to guide the planning of
the surgical approach and design of the HBF.

According to the aforementioned model design, we con-
ducted this research in three parts. In the first part, gender
differences were found for the posterior margin width of
skull base defects reconstructed via the transethmoidal
approach, the upper length of the HBR, and the length of
skull base defects reconstructed via the transethmoidal
approach (P = 0:015), but no age or gender differences were
identified. The results indicate that sphenoid sinus blocking
may be necessary, but the effect of sphenoid sinus blocking
has been confirmed in clinical practice [20]. The HBF can
be used to complete skull base reconstruction via the trans-
ethmoidal approach, and radioanatomy can also be used as
a guide for preoperative design of the surgical scheme via
the transethmoidal approach. In the second part, a gender
difference was found for the anterior margin width of skull
base defects reconstructed via the transsphenoidal approach
(P = 0:015), and an age difference was found for the differ-
ence between the anterior margin width of the HBF and that
of skull base defects reconstructed via the transsphenoidal
approach (P = 0:040). No other age or gender differences
were identified. These findings indicate that sphenoid sinus
blocking may be necessary, but the effect of sphenoid sinus
blocking has been confirmed in clinical practice [20]. In
the third part, an age difference was noted for the difference
between the posterior margin width of the HBF and the
upper margin width of the defect reconstructed via the
transclival approach (P = 0:003). No other age or gender dif-
ferences were observed. Thus, the HBF can be used to com-
plete skull base reconstruction via the transclival approach,
and radioanatomy can also be used as a guide for preopera-
tive design of the surgical scheme via the transclival
approach. The analysis of gender and age differences was
repeated. Therefore, we believe that there are no significant
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differences related to gender or age overall in the mea-
surement of the HBF and skull base defects reconstructed
via the transethmoidal, transsphenoidal, and transclival
approaches.

Although the HBF has been widely used in skull base
reconstruction in clinical practice and its efficacy is certain,
this study also have the deficiencies that the research does
not include the content of the HBF in the reconstruction
of skull base defects via the transethmoidal, transsphenoidal,
and transclival approaches in surgical practice, which also
needs to be further developed. In addition, in our study,
the HBF area was smaller than the total area of skull base
defects reconstructed via the transethmoidal and transsphe-
noidal approaches in 5/40 cases, smaller than the total area
of skull base defects reconstructed via the transsphenoidal
and transclival approaches in 16/40 cases, and smaller than
the total area of the three defect regions. Therefore, skull
base defects caused by transregional or multiapproach sur-
gery will increase significantly when the HBF does not meet
the needs of reconstruction.

5. Conclusion

This study for the first time performed radioanatomical
modeling and systematic radioanatomical analysis of the
HBF and skull base defects reconstructed via the transeth-
moidal, transsphenoidal, and transclival approaches in
Chinese adults. The HBF can cover skull base defects
reconstructed via the transethmoidal, transsphenoidal, and
transclival approaches, and they can be used for skull base
reconstruction via all three approaches. Additionally, radio-
anatomy can be used as a guide for preoperative design of
the surgical scheme via the transethmoidal, transsphenoidal,
and transclival approaches.
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The polarization of microglia is recognized as a crucial factor in reducing neuroinflammation and promoting hematoma clearance
after intracerebral hemorrhage (ICH). Previous studies have revealed that redox components participate in the regulation of
microglial polarization. Recently, the novel Nrf2 activator omaveloxolone (Omav) has been validated to improve neurological
function in patients with neurodegenerative disorders by regulating antioxidant responses. In this study, we examined the
efficacy of Omav in ICH. Omav significantly promoted Nrf2 nuclear accumulation and the expression of HO-1 and NQO1 in
BV2 cells. In addition, both in vitro and in vivo experiments showed that Omav treatment inhibited M1-like activation and
promoted the activation of the M2-like microglial phenotype. Omav inhibited OxyHb-induced ROS generation and preserved
the function of mitochondria in BV2 cells. Intraperitoneal administration of Omav improved sensorimotor function in the
ICH mouse model. Importantly, these effects were blocked by pretreatment with ML385, a selective inhibitor of Nrf2.
Collectively, Omav modulated microglial polarization by activating Nrf2 and inhibiting ROS generation in ICH models,
suggesting that it might be a promising drug candidate for the treatment of ICH.

1. Introduction

Intracerebral hemorrhage (ICH), which is mainly caused by
rupture of blood vessels in the brain, inflicts 10-30 per
100000 population each year [1]. In addition to surgical
removal of the hematoma, limited medical treatments are
effective at improving neurological functional recovery [2,
3]. Brain injury caused by ICH includes primary injury
and secondary injury. Primary brain injury is mainly caused
by direct mechanical effects of the hematoma, while second-
ary brain injury is mediated by blood components, activa-
tion of microglia/macrophages, reactive oxygen species
(ROS) generation, and cytokine release. Based on accumu-
lating evidence, secondary brain injury strongly contributes
to neurological deficiency [4]. However, to date, few treat-
ments for secondary injury have proven beneficial for
improving the prognosis.

Microglia, as brain-resident macrophages of the immune
system, are activated by exudative blood components to fur-
ther participate in inflammation and hematoma clearance.
Microglia are endowed with spectacular plasticity, which
allows them to acquire different phenotypes and exert mul-
tiple effects on tissue damage and repair [5]. Typically, the
activation state of microglia exhibits a spectrum of proin-
flammatory (M1) or alternative (M2) responses [6, 7]. M1
microglia secrete proinflammatory cytokines (IL-1β and
TNF-α) and induce the production of ROS, which subse-
quently amplify M1 polarization and result in neuronal
injury [8]. M2 microglia, which are mainly polarized in the
subacute and chronic phase, are important for resolving
the hematoma and wound healing and are generally charac-
terized by the expression of factors such as CD206, arginase
(Arg-1), and chitinase-like protein 3 (known as Ym1) [6, 7,
9, 10]. Published evidence indicates that dysregulated
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microglial activation leads to a deleterious and neurotoxic
microglial phenotype, which is defined by prolonged inflam-
mation and inefficient hematoma clearance [11–13]. The
balance of microglia polarization is currently postulated to
be beneficial for functional recovery after ICH [14, 15].

Accumulating evidence indicates a crucial role for redox
components in microglial polarization [16, 17]. Nuclear fac-
tor erythroid-2 related factor 2 (Nrf2) is a key transcription
factor and regulator of antioxidant responses that exerts a
protective effect after ICH [17–19]. Once activated, Nrf2
translocates to the nucleus and binds to the antioxidant
response element (ARE) to initiate the expression of antiox-
idant enzymes and proteins such as heme oxygenase-1 (HO-
1), NAD(P)H: quinone oxidoreductase-1 (NQO1), and
superoxide dismutase (SOD). Recent studies have reported
that Nrf2 knockout (Nrf2-/-) mice presented higher ROS
levels, leukocyte infiltration, and larger injury volumes that
correlated with more severe neurological deficits in the
post-ICH period [19]. Moreover, the upregulation of HO-1
contributes to a reduction in ROS accumulation, which
was the main inducer of secondary injury after ICH [8].
Selective suppression of mitochondrial ROS production
inhibits microglial M1 polarization and attenuates secondary
brain injury [11]. In recent years, the Nrf2 pathway has
attracted increasing attention as a potential target for oxida-
tive stress-related CNS disease. Monascin, an Nrf2 activator,
has been shown to facilitate hematoma clearance and atten-
uate iron overload after experimental ICH [20]. Another
Nrf2 activator, RS9, exerts its neuroprotective effect on
ICH by upregulating HO-1 and SOD-1 expressions [21].
Nevertheless, the safety, pharmacokinetics, and pharmaco-
dynamics of monascin and RS9 remain unclear in both
mouse models and humans.

Omaveloxolone (Omav) is a novel synthetic oleanane
triterpenoid compound that is currently being evaluated in
clinical trials for the therapy of Friedreich ataxia (FA). Clin-
ical trials have shown that Omav significantly improves the
neurological function of patients with FA [22, 23]. In addi-
tion, Omav exerts a pharmacological effect on the treatment
of mitochondrial diseases and seizures [24, 25]. Based on
these studies, Omav exerts antioxidant and anti-
inflammatory effects by activating Nrf2 and inducing the
transcription of cytoprotective genes. In conclusion, Omav
has the potential to play an important role in the treatment
of redox-related CNS diseases. Hence, this study focused on
determining the effect of Omav on microglial polarization
after ICH and the relationship between these effects and
neurological functional recovery.

2. Materials and Methods

2.1. Ethics Statement. The animal study was reviewed and
approved by the Institutional Ethics Committee of the Sec-
ond Affiliated Hospital, Zhejiang University School of
Medicine.

2.2. Animals and Grouping. All mice were obtained from
SLAC Laboratory Animal Co., Ltd. (Shanghai, China) and
housed in a temperature- and humidity-controlled environ-

ment on a 12-hour light/dark cycle with free access to water
and food. The present study was conducted according to the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Mice were randomly assigned to the sham group,
ICH+vehicle group, ICH+Omav group, and ICH+Omav+
ML385 group.

2.3. ICH Model. The autologous blood injection model of
ICH was established using the previously reported protocols
with some modifications [26, 27]. Briefly, mice were anes-
thetized with pentobarbital sodium (25mg/kg, intraperito-
neal injection) and then fixed on a stereotaxic device. The
scalp was incised along the midline, and the skull was drilled
on the right side (0.2mm anterior and 2.5mm lateral to the
bregma). The tail was sterilized with 70% ethanol and then
incised with a sterilized surgical blade. Next, autologous tail
arterial blood was collected in a sterilized film and trans-
ferred into a 50μl Hamilton syringe. The needle was inserted
at a depth of 3.5mm into the right ventral basal ganglia.
Thirty microliters of autologous blood was injected at a rate
of 2μl/min using a microinjection pump. The needle was
slowly withdrawn after retention for 10 minutes. Mice in
the sham group underwent identical surgical procedures
without blood injection. The core body temperature was
maintained at 36.0–36.5°C, as measured using a rectal ther-
mometer, by incubating animals on a heating pad. All ani-
mals were allowed to completely recover from anesthesia
in a heated chamber before being returned to their home
cages.

2.4. Cell Culture. The murine BV2 microglial cell line was
obtained from the China Center for Type Culture Collection
(Wuhan, China) and cultured in Dulbecco’s modified
Eagle’s high glucose medium supplemented with 10% FBS,
100U/ml penicillin, and 100μg/ml streptomycin at 37°C
and 95% O2/5% CO2. Twenty-four hours before stimulation,
BV2 cells were inoculated into the cell culture plate with
serum-free medium. BV2 cells were exposed to 30μM oxy-
hemoglobin (OxyHb, Solarbio, Shanghai, China) for 24
hours to mimic ICH, according to the previous studies [15,
28], and the control group was treated with an equivalent
volume of phosphate-buffered saline (PBS).

In vitro experimental groups were assigned as follows:
control group, OxyHb+vehicle group, OxyHb+Omav group,
and OxyHb+Omav+ML385 group.

2.5. Drug Administration. Omaveloxolone (MedChemEx-
press, United States) was diluted with 5% dimethyl sulfoxide
(DMSO), 5% TWEEN 80, 40% PEG, and 50% sterile saline
to a concentration of 1.125mg/ml for intraperitoneal injec-
tion. Intraperitoneal administration (10mg/kg) of Omav
was performed 30 minutes following ICH and once a day
over the next two days. The ICH+vehicle group and control
group received an equal volume of solvent. For in vitro
experiments, after 24 hours of culture, 10 nM Omav dis-
solved in 0.1% DMSO/DMEM was applied with OxyHb to
BV2 microglial cells and incubated for another 24 hours.
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The rational dosage of Omav was based on the previous
studies [29–31].

ML385 (MedChemExpress, United States), a selective
inhibitor of Nrf2, was dissolved in 5% dimethyl sulfoxide
(DMSO), 5% TWEEN 80, 40% PEG, and 50% sterile saline
to a concentration of 3.375mg/ml for in vivo experiments.
Intraperitoneal administration (10mg/kg) of ML385 was
performed 1 day before ICH modeling and 1 hour before
Omav administration over the next few days. Mice in the
ICH+vehicle and ICH+Omav groups received an equivalent
volume of solvent instead of drug for the same duration as
the vehicle control. ML385 was diluted with 0.1% DMSO/
DMEM to a concentration of 5 nM for in vitro experiments.
BV2 cells were pretreated with ML385 2 hours before
OxyHb stimulation. The dosage of ML385 was based on
the previous studies [32, 33].

2.6. Behavioral Assessments. Neurological function was
assessed 1 day and 3 days after ICH modeling by investiga-
tors who were blinded to the group information. All proce-
dures were performed as previously described [33, 34].
Briefly, for the corner turn test, mice were placed into a cor-
ner with a 30-degree angle. The mouse could turn either to
the left or the right to leave of the corner, and the percentage
of the right turns was calculated after 10 trials. For the fore-
limb placement test, mice were held by their torsos, and their
left side vibrissae were gently brushed on the corner of a
countertop. The percentage of trials in which the mouse
placed the left forelimb on the edge of the countertop was
calculated after 10 trials. For the cylinder test, mice were
placed into a transparent cylinder for 5 minutes in 20 trials.
The percentage of occasions when the ipsilateral or contra-
lateral forelimb was used to fully contact the wall was
recorded, and the percent difference between the ipsilateral
and contralateral forelimbs was calculated.

2.7. In Vitro Phagocytosis Assay. BV2 cells were inoculated
on coverslips and stimulated as described above. Erythro-
cytes were isolated from newly drawn mouse blood with
Ficoll (Merck Millipore, Germany). Briefly, the same
amounts of PBS and blood were mixed, gently added to
Ficoll in a centrifuge tube, and centrifuged at 2000 rpm for
25 minutes with minimum acceleration and deceleration.
The erythrocytes were washed twice with PBS before label-
ing with DiI (Beyotime, China), a fluorescence indicator
for the cytomembrane. The labeled erythrocytes were added
to the BV2 cells in the plate at a ratio of 10 : 1. After 2 hours
of phagocytosis, undigested erythrocytes were dislodged
with Red Blood Cell Lysis Buffer (Beyotime, China), and
the BV2 cells were labeled with Actin-Tracker Green (Beyo-
time, China) according to the product manual. The propor-
tion of BV2 cells containing ingested erythrocytes was
quantified using fluorescence microscopy. For flow cytome-
try (FCM), latex beads (Merck Millipore, Germany) with red
fluorescence were used for the phagocytosis assay, and the
cells were harvested to quantify the phagocytic ability after
2 hours of phagocytosis. The gating strategy of phagocytosis
is shown in Sup. Fig 1 B and the data were analyzed using
FlowJo software.

2.8. Western Blot Analysis. Western blotting was performed
as previously described [35]. Protein was extracted from
perihematoma samples and BV2 cells with RIPA lysis buffer.
Nuclear proteins were extracted according to the instruc-
tions of the nuclear and cytoplasmic protein extraction kit
(Beyotime, China). Then, equivalent amounts of protein
samples were loaded onto sodium dodecyl sulfate–polyacryl-
amide gels and electrophoresed. The protein was transferred
onto PVDF membranes and blocked with 5% nonfat dry
milk in buffer, followed by an incubation with primary anti-
bodies against the following proteins overnight at 4°C: β-
actin (cat. no. ab8226), Nrf2 (cat. no. ab137550), NQO1
(cat. no. ab80588), HO-1 (cat. no. ab52947), and H3 (cat.
no. ab1791). The membranes were then washed with Tris-
buffered saline containing Tween 20 (TBST) and incubated
with appropriate horseradish peroxidase-conjugated second-
ary antibodies at room temperature for 1 hour. The protein
band densities were detected using chemiluminescence with
Amersham™ ImageQuant™ 800 (GE Health care, Beijing,
China) and quantified using ImageJ software.

2.9. Enzyme-Linked Immunosorbent Assay (ELISA). After
appointed treatments, the cell supernatant was harvested
and centrifuged at 1,000 rpm for 5 minutes to remove float-
ing cells. The levels of TNF-α (cat. no. KE10003) and IL-1β
(cat. no. KE10003) in the supernatants of treated BV2 cells
were examined using ELISA kits (Proteintech) according to
the manufacturer’s instructions. As for perihematoma tis-
sues, 20mg tissues was added into 0.2ml extraction reagent
and swayed for 30 minutes at 4°C to gain lysis. After 2
minutes of sonication on ice and 30 minutes of centrifuga-
tion at 10,000 × g, the concentration of total protein in
supernatants was measured. The content of IL-1β and
TNF-α in per mg total protein was quantified according to
the standard curve.

2.10. Quantitative Real-time PCR. Total RNA was extracted
from tissues and cells using TRIzol reagent (Beyotime,
China). RNA (1μg) from each sample was reverse tran-
scribed to cDNAs using a PrimeScript™ RT reagent kit
(Takara Bio Inc., Japan) according to the product manuals.
Quantitative real-time PCR was performed with SYBR Pre-
mix Ex Taq™ (Takara Bio Inc., Japan) on a 7500 Plus
Read-Time PCR System. The transcript levels of target genes
were normalized to β-actin.

2.11. ROS Detection. ROS generation was detected using 2′
,7′-dichlorodihydrofluorescein diacetate (DCFH-DA, Beyo-
time, China), which can cross cell membrane and be enzy-
matically hydrolyzed to DCFH, a fluorogenic indicator of
superoxide. Intracellular reactive oxygen species can oxidize
nonfluorescent DCFH to generate fluorescent DCF. Briefly,
after administering the vehicle, OxyHb, Omav, and ML385
to the appropriate groups, the medium was removed, and
the cells were washed with PBS and then stained with
10 nM DCFH-DA for 20 minutes at 37°C in the dark. After
3 washes with PBS and staining nuclei with Hoechst (Beyo-
time, China), the fluorescence intensities were detected using
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Figure 1: Continued.
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a microscope (Leica DM6B, Germany) under a fixed expo-
sure condition.

2.12. Detection of Mitochondrial Bioactivity. The bioactivity
of mitochondria was measured using MitoTracker Red
CMXRos (Beyotime, China), which specifically labels active
mitochondria in cells. Briefly, CMXRos was added to the cell
medium to a final concentration of 50 nM and coincubated
for 30 minutes. The cells were then washed with PBS and
fixed with 4% paraformaldehyde for 15 minutes. After 3
washes, the cells were harvested for FCM detection using a
flow cytometer (Beckman Coulter, United States); the gating
strategy of mitochondrial bioactivity detection was shown in
Sup. Fig1 A.

2.13. Residual Hematoma Volume. The assessment of the
residual hematoma volume was based on the previously
described methods with some modifications [36]. Briefly,
mouse brains were removed after transcardial perfusion with
cold PBS and cut into 1mm thick coronal sections. A set of
digital images was acquired and analyzed with ImageJ soft-
ware to quantify the residual hematoma volume. After con-
verting the image to 8 bits and inverting it, the area of
residual hematoma volume was measured, and the differ-
ence in gray value between the hematoma and contralateral
regions was calculated. The total residual hematoma volume
from these sections was then integrated using the following
formula V =∑ðAreas of hematoma × 1Þ, where V is the
residual hematoma volume calculated in cubic millimeters.
Similarly, the hematoma index was integrated by adding
the difference in the gray value.

2.14. Hemoglobin Index. The concentration of hemoglobin
in the residual hematoma was detected using Drabkin’s
reagent (Merck Millipore, Germany) according to the man-

ufacturer’s instructions. Briefly, the residual hematoma sam-
ples were collected and homogenized. After centrifuging the
homogenate, the supernatant was mixed with the reagent
and incubated for 20 minutes. The absorbance was detected
with a microplate reader, and the concentration of hemoglo-
bin was calculated from a standard curve.

2.15. Immunofluorescence Staining. Immunofluorescence
staining was performed as previously described [37]. Mice
were sacrificed and perfused with cold PBS followed by 4%
cold paraformaldehyde (PFA). The brains were removed
intact, immersed in 4% PFA, and incubated at 4°C for 24
hours. After dehydration in a 30% sucrose solution, the sam-
ples were sliced into 8μm coronal sections for staining.
Brain slices were then sequentially washed with PBS and
blocked with 10% donkey serum and 0.3% Triton X-100 to
prevent nonspecific binding. The primary antibodies used
for immunofluorescence staining were as follows: Iba-1
(cat. no. ab5076), iNOS (cat. no. ab178945), and Arg1 (cat.
no. 16001-1-AP). After an overnight incubation at 4°C and
washing, slices were incubated with secondary antibodies
for 2 hours at room temperature in the dark. The sections
were rinsed and mounted using Antifade Mounting Medium
with DAPI (cat. no. MA0222, Meilunbio). The images were
captured with a fluorescence microscope.

2.16. Statistical Analysis. All data are presented as the
means ± standard errors. All statistical analyses were per-
formed using SPSS 26.0 software. Comparisons between
two groups were evaluated using unpaired Student’s t tests.
Differences between different treatment groups were ana-
lyzed using one-way ANOVA with Bonferroni’s post hoc
multiple comparison tests. Statistical significance was
defined as P < 0:05.
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Figure 1: Omav increased Nrf2, NQO1, and HO-1 expressions and Nrf2 nuclear translocation in vitro. (a) Western blots showing the levels
of Nrf2, NQO1, HO-1, and n-Nrf2 in BV2 cells treated with vehicle, OxyHb, Omav, and ML385. (b–e) Relative quantification of Nrf2,
NQO1, HO-1, and n-Nrf2 expression (n = 6). Data are presented as the means ± SEM. ∗P < 0:05 and ∗∗P < 0:01 compared with the
control group; #P<0.05 and ##P < 0:01 compared with the OxyHb group; ††P < 0:01 compared with the OxyHb+Omav group.

5Oxidative Medicine and Cellular Longevity



0

2

4

6

8

10 ## ††

C
d
86

 m
RN

A
re

lat
iv

e e
xp

re
ss

io
n

C
on

tro
l

O
xy

H
b+

Ve
hi

cle

O
xy

H
b+

O
m

av

O
xy

H
b+

O
m

av
+M

L3
85

⁎⁎

(a)

0

2

4

6

8 # †

C
on

tro
l

O
xy

H
b+

Ve
hi

cle

O
xy

H
b+

O
m

av

O
xy

H
b+

O
m

av
+M

L3
85

⁎⁎

N
os
2 

m
RN

A
re

lat
iv

e e
xp

re
ss

io
n

(b)

Control Vehicle Omav

OxyHb

iNOS

𝛽-Actin

Omav
+ML385

(c)

0.0

0.5

1.0

1.5 ## ††

C
on

tro
l

O
xy

H
b+

Ve
hi

cle

O
xy

H
b+

O
m

av

O
xy

H
b+

O
m

av
+M

L3
85

iN
O

S/
𝛽

-a
ct

in
(r

el
at

iv
e i

nt
en

sit
y)

⁎⁎

(d)

0

2

4

6

8

10 ## ††

C
d
20
6 

m
RN

A
re

lat
iv

e e
xp

re
ss

io
n

C
on

tro
l

O
xy

H
b+

Ve
hi

cle

O
xy

H
b+

O
m

av

O
xy

H
b+

O
m

av
+M

L3
85

(e)

0

1

2

3 # †

C
on

tro
l

O
xy

H
b+

Ve
hi

cle

O
xy

H
b+

O
m

av

O
xy

H
b+

O
m

av
+M

L3
85

A
rg
1 

m
RN

A
re

lat
iv

e e
xp

re
ss

io
n

(f)

Figure 2: Continued.
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3. Results

3.1. Omav Increased Nrf2, NQO1, and HO-1 Expressions and
Nrf2 Nuclear Translocation in OxyHb-Stimulated BV2
Microglial Cells. First, we explored the effect of Omav on
microglia in vitro by measuring the expression of Nrf2 and
its downstream proteins in the BV2 cell line. The western
blot results indicated that Omav increased Nrf2 expression
in cells under OxyHb stress, and this effect was partially
blocked by ML385, a selective inhibitor of Nrf2
(Figures 1(a) and 1(b) and Sup. Fig.2 a, b). Consistent with
Nrf2, the expression of HO-1 and NQO1 was increased in
the OxyHb+Omav group compared to the OxyHb group,
and ML385 also reversed this change (Figures 1(c) and
1(d)). Since the nuclear translocation of Nrf2 primes down-
stream protein expression, we additionally measured nuclear
Nrf2 (n-Nrf2) and cytoplasmic Nrf2 levels in each group. As
shown in Figure 1(e) and Sup. Fig. 2 c, d, Omav increased n-
Nrf2 and cyto-Nrf2 levels, while ML385 treatment dimin-
ished n-Nrf2 and cyto-Nrf2 levels. Thus, Omav promotes
the expression of antioxidant proteins in BV2 cells by facili-
tating the expression and translocation of Nrf2.

3.2. Omav Decreased M1 Microglial-Related Gene Expression
but Increased M2 Microglial-Related Gene Expression In
Vitro. According to the previous studies, OxyHb stimulation
caused microglia to activate the M1 phenotype [38]. We
assessed the expression of phenotype-related genes and pro-
teins to explore the effect of Omav on microglial polariza-
tion. BV2 microglial cells were treated as described in
Section 3.1 for 6 hours. qRT-PCR revealed that Omav inhib-
ited M1-related gene (Cd86 and Nos2) transcription
(Figures 2(a) and 2(b)). Western blots of iNOS showed a
consistent tendency (Figures 2(c) and 2(d)). Meanwhile,
M2-related gene (Cd206 and Arg1) transcription and Arg1
expression were promoted by Omav (Figures 2(e)–2(h)).

Pretreatment with ML385 blocked the effect of Omav. Taken
together, these results indicated that Omav modulated
microglial polarization toward the M2 phenotype following
OxyHb stimulation.

3.3. Omav Administration Decreased the Proinflammatory
Cytokine Production but Promoted Phagocytosis after
OxyHb Stimulation in BV2 Microglial Cells. We tested the
proinflammatory or prophagocytic functions of BV2 cells
treated with Omav to further verify the pharmacological
effects of Omav on the microglial polarization. The mRNA
expression of inflammatory cytokines (Il-1β and Tnf-α)
was upregulated upon stimulation with OxyHb but down-
regulated after treatment with Omav (Figures 3(a) and
3(b)). Regarding the M2 phenotype, Omav increased the
mRNA expression of Il-10, an anti-inflammatory M2
signature cytokine secreted by M2 microglia (Figure 3(c)).
Fluorescence imaging showed that Omav improved the
phagocyte ratio of BV2 cells (Figures 3(d) and 3(e)), which
was decreased by pretreatment with ML385. We further
detected the secretion of IL-1β and TNF-α using ELISAs,
which showed that Omav decreased the levels of these
cytokines compared with the OxyHb treatment group
(Figures 3(f) and 3(g)). Both transcriptional and translational
changes induced by Omav were blocked by ML385 pretreat-
ment. Furthermore, flow cytometry (FCM) revealed a paral-
lel result of higher phagocytosis of latex beads by the OxyHb
+Omav group than by the OxyHb+vehicle group and OxyHb
+Omav+ML385 group (Figures 3(h) and 3(i)). Collectively,
these results suggested that Omav treatment inhibited M1-
like polarization but promoted M2-like phenotype activation
following OxyHb challenge.

3.4. Omav Reduced ROS Production and Increased
Mitochondrial Membrane Potential after OxyHb In Vitro.
Intracellular ROS induced a self-propelling cycle to maintain
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Figure 2: Omav reduced the expression of M1-related genes and proteins but increased the expression of M2-related genes and proteins
in vitro. (a and b) Levels of the Cd86 and Nos2 mRNAs in the control group, OxyHb group, OxyHb+Omav group, and
OxyHb+Omav+ML385 group (n = 3). (c and d) Representative western blots bands and the quantification of the expression of iNOS
(n = 6). (e and f) mRNA Levels of the Cd206 and Arg1 assessed via qPCR (n = 3). (g and h) Representative western blots bands and the
quantification of the expression of Arg1 (n = 6). Data are presented as the means ± SEM. ∗∗P < 0:01 compared with the control group;
#P < 0:05 and ##P < 0:01 compared with the OxyHb group; †P < 0:05 and ††P < 0:01 compared with the OxyHb+Omav group.
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Figure 3: Continued.
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Figure 3: Omav reduced the expression of inflammatory cytokines but enhanced BV2 phagocytosis under the stress of OxyHb. (a–c) Levels
of the Il-1β, Tnf-α, and Il-10 mRNAs in treated BV2 cells (n = 3). (d) Representative fluorescent images of the phagocytosis assay in BV2
cells. β-Actin in BV2 cells was labeled with phalloidin-FITC, and RBCs were labeled with DiI. Scale bar: 50μm. (e) Quantification of the
phagocyte proportion according to fluorescence (n = 6). (f and g) The concentrations of IL-1β and TNF-α were detected using ELISAs
(n = 6). (h) Phagocytosis ratio of BV2 cells in each group detected via FCM. (i) Quantification of the ratio of BV2 cells phagocytoses
labeled RBCs from each group (n = 3). Data are presented as the means ± SEM. ∗P < 0:05 and ∗∗P < 0:01 compared with the control
group; #P < 0:05 and ##P < 0:01 compared with the OxyHb group; †P < 0:05 and ††P < 0:01 compared with the OxyHb+Omav group.
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the continued activation of the M1-like phenotype [39]. We
hypothesized that the mechanisms underlying the function
of Omav in modulating microglial polarization are associ-
ated with ROS. Fluorescence imaging showed that OxyHb
increased the mean ROS level, and Omav treatment signifi-
cantly reduced the elevated fluorescence signal, while the
ML385 pretreatment attenuated the inhibitory effect of
Omav on OxyHb-induced ROS generation (Figures 4(a)

and 4(b)). We then performed FCM to detect the mitochon-
drial membrane potential, which indicates the bioactivity of
mitochondria. Compared with the control group, OxyHb
stimulation markedly decreased mitochondrial bioactivity,
Omav administration attenuated the impairment caused by
OxyHb, and the protective effect of Omav on mitochondrial
bioactivity was blocked by the ML385 pretreatment
(Figures 4(c) and 4(d)). These results indicated that the
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Figure 4: Omav reduced ROS generation and increased mitochondrial membrane potential of BV2 in response to OxyHb. (a) ROS levels
were detected using an ROS assay kit with fluorescence microscopy after exposure to the corresponding stimulus; scale bar: 50μm. (b)
Quantification of fluorescence intensity per cell in each group (n = 6). (c) Mitochondrial bioactivity was detected using MitoTracker Red
CMXRos with FCM. (d) Quantification of the mean fluorescence intensity (MFI) assessed via FCM (n = 3). Data are presented as the
means ± SEM. ∗P < 0:05 and ∗∗P < 0:01 compared with the control group; #P < 0:05 and ##P < 0:01 compared with the OxyHb group;
†P < 0:05 and ††P < 0:01 compared with the OxyHb+Omav group.
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Figure 5: Continued.
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modulation of microglial polarization by Omav was associ-
ated with reducing ROS generation and mitochondrial
protection.

3.5. Omav Downregulated Proinflammatory Cytokines after
ICH. After documenting the modulatory effect of Omav on
BV2 microglial polarization, we assumed that Omav exerted
anti-inflammatory effects on the ICH insult. Inducible nitric
oxide synthase (iNOS) is a key factor associated with
microglia-mediated neuropathology [40]. Immunofluores-
cence staining revealed that Omav decreased the ratio of
iNOS-positive microglia around the perihematomal region
1 and 3 days after ICH (Figures 5(a) and 5(b); Sup. Fig.
3A, B; and Sup. Fig. 4A, C). We also discovered diminished
expression of the iNOS (Nos2), IL-1β, and TNF-α mRNAs
(Figures 5(c), 5(d), and 5(e)) in the ICH+Omav group.
Western blot showed that iNOS was expressed at lower
levels in the ICH+Omav group than in the ICH+vehicle
group (Figures 5(f) and 5(g)). In addition, the results of

ELISA suggested that Omav treatment significantly reduced
the levels of IL-1β and TNF-α at 1 and 3 days after ICH
(Figures 5(h) and 5(I) and Sup. Fig. 4E, F). Furthermore,
with ML385 pretreatment, the percentage of iNOS-positive
cells in brain sections was increased, and the expression
levels of M1 microglial markers were increased. Together,
these findings suggested that Omav exerted an anti-
inflammatory effect that attenuated M1 microglial activation
after ICH injury in vivo.

3.6. Omav Increased the Expression of Arg1 on Microglia and
Promoted Hematoma Resolution 3 Days Post-ICH. Gener-
ally, M2 polarization follows M1 activation at later stages
in ICH pathology, and Arg1 is a crucial M2 marker that
downregulates iNOS activity [16]. Here, immunofluores-
cence staining revealed that Omav increased the percentage
of Arg1+Iba1+/Iba1+ cells around the perihematomal
region (Figures 6(a) and 6(b); Sup. Fig. 3c, d; and Sup. Fig.
4b, d). Western blot analysis revealed an increase in Arg1
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Figure 5: Omav reduced the expression of proinflammatory genes and proteins after ICH. (a) Immunofluorescence staining for Iba-1
(green) and iNOS (red) in the ipsilateral basal ganglia region 3 days after ICH; the nuclei were stained with DAPI (blue); scale bar:
50μm (n = 6). (b) Quantification of the ratio of microglia expressing iNOS. (c–e) qRT-PCR analysis of the expression of the mRNAs
encoding iNOS, IL-1β, and TNF-α (n = 3). (f) Western blot showing iNOS levels in peripheral hematoma tissues from each group (n = 6
). (g) Quantitative analysis of the iNOS band. (h–i) The concentrations of IL-1β and TNF-α in perihematoma 3 days after ICH were
detected using ELISAs (n = 6). Data are presented as the means ± SEM. ∗P < 0:05 and ∗∗P < 0:01 compared with the control group;
#P < 0:05 and ##P < 0:01 compared with the OxyHb group; †P < 0:05 and ††P < 0:01 compared with the OxyHb+Omav group.
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Figure 6: Continued.
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protein levels in the ICH+Omav group compared to the
ICH+vehicle group (Figures 6(c) and 6(d)). qRT-PCR
showed increased expression of the Arg1 mRNA following
Omav treatment (Figure 6(e)). Furthermore, we acquired
images of 1mm thick coronal sections to evaluate the resid-
ual hematoma volume before collecting the hematoma for
hemoglobin tests and protein samples for western blotting
(Figure 6(f)). Measurement of the area and gray value of
these images showed a lower hematoma volume and hema-
toma index in the ICH+Omav group than in the other groups
(Figures 6(g) and 6(h)). Consistent with the volume changes,
the residual hemoglobin content was decreased by Omav
treatment (Figure 6(i)). Collectively, Omav enhanced M2
microglial polarization to protect against ICH, thereby pro-
moting hematoma absorption.

3.7. Omav Treatment Alleviated Neurological Deficits in
Mouse ICH Models. We assessed the neurological functions
of each group 3 days after ICH modeling to intuitively
evaluate the neuroprotective effect of Omav. The results of
the cylinder test showed that Omav decreased the ratio of
using the nonimpaired forelimb for weight shifting move-
ments after ICH (Figure 7(a)). In addition, the administra-
tion of Omav increased the forelimb placement score
(Figure 7(b)). Moreover, the corner turn test showed a lower
ratio of turning right in the ICH+Omav group (Figure 7(c)).
Based on these results, Omav administration improved the
sensorimotor/proprioceptive capacity 3 days after ICH. In
contrast, inhibition of Nrf2 by ML385 blocked the ameliora-
tion of neurological deficits. Taken together, the modulation
of microglial polarization by Omav might be a functional
neuroprotective target after ICH.

4. Discussion

This study examined the effect of Omav, a potent Nrf2 acti-
vator, on ICH both in vivo and in vitro. Omav attenuated
ICH-induced neuroinflammation and promoted hematoma
clearance by modulating microglial M1/M2 polarization,
subsequently facilitating neurological recovery after ICH.
Omav promoted the nuclear translocation of Nrf2 and
increased the expression of HO-1 and NQO1 to then reduce
ROS accumulation and preserve mitochondrial functions in
microglia. In addition, ML385-mediated inhibition of Nrf2
abolished the protective effects of Omav on ICH.

Hematoma evacuation was once the mainstay of ICH
treatment, yet the improvement of functional outcome or
mortality was limited, as reported in several well-known
clinical trials, such as STICH and MISTIE [41, 42]. These
results do not deny the role of early clearance of hematoma
but rather highlight that secondary brain injury is as impor-
tant as primary injury in influencing long-term neurological
recovery after ICH. As key innate immune cells, microglia
are the first nonneuronal cells to respond to acute brain inju-
ries [43–45]. M1 microglia are presumed to be proinflamma-
tory and release cytokines such as TNF-α, IL-1β, and IL-6,
whereas M2 microglia are presumed to secrete anti-
inflammatory cytokines such as IL-10 and contribute to
the phagocytosis of hematoma [12]. Previous studies have
revealed dynamic changes in the M1 to M2 phenotype over
time in response to traumatic brain injury [46], ischemic
brain injury [10], and ICH. In a study of ICH in mice,
microglia responded to hemorrhagic attack within the first
hour after surgery and presented an M1-like phenotype.
Markers of M2 microglia increased later than those of M1
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Figure 6: Omav promoted M2-like microglial polarization and accelerated hematoma resolution after ICH. (a) Immunofluorescence
staining for Iba-1 (green) and Arg1 (red) in the ipsilateral basal ganglia region; the nuclei were stained with DAPI (blue); scale bar:
50μm (n = 6). (b) Quantification of the ratio of microglia expressing Arg1. (c) Western blot showing Arg1 levels in peripheral hematoma
tissues from each group (n = 6). (d) Quantitative analysis of the Arg1 band. (e) qRT-PCR analysis of the expression of the Arg1 mRNA
(n = 3). (f) Representative images of brain slices from each group; scale bar: 5mm. (g) Quantification of the hematoma volume in each
group (n = 6). (h) Quantification of the hematoma index (hematoma volume × density), which considers incomplete hematoma
absorption (n = 6). (a) Quantification of the residual hemoglobin content detected using Drabkin’s reagent (n = 6). Data are presented as
the means ± SEM. ∗P < 0:05 and ∗∗P < 0:01 compared with the control group; #P < 0:05 and ##P < 0:01 compared with the OxyHb group;
†P < 0:05 and ††P < 0:01 compared with the OxyHb+Omav group.
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microglia, peaked from days 3 to 7 after ICH induction. In
clinical studies, both M1 and M2 microglia were detected
in the hematoma of patients with ICH within 30 hours after
ICH onset. More importantly, higher levels of IL-10 in the
hematoma and serum and lower amounts of M1 microglia
were independently associated with a better recovery at 90
days after ICH. In this regard, modulating the phenotypic
changes of activated microglia may provide opportunities
for future therapeutic interventions. Consistent with previ-
ous studies, our study indicated that both M1 and M2
microglia existed after ICH induction in mice. The propor-
tions of iNOS-positive and Arg-positive microglia cells in
ICH groups at 3 days were higher than those in the corre-
sponding group at 1 day post-ICH. However, the proportion
of iNOS-positive microglia in the Omav treatment group
was lower than that in the vehicle group, and the ratio of
Arg1-positive microglia was higher than that in the vehicle
group. This indicated that Omav administration may
advance the polarization of microglia toward the M2 pheno-
type, which ultimately attenuated the neurological deficits of
ICH mice. Indeed, the M1/M2 paradigm is oversimplified to
describe the true nature of microglia, especially in compli-
cated situations such as ICH. Here in this study, we tend
to use the concept of M1 and M2 to represent the functional
properties of microglia rather than emphasize the polariza-
tion itself. Fortunately, as the methodology advances, the
identification and classification of microglia are becoming
more adequate and accurate. For example, the discovery of
disease-associated microglia (DAM) has vastly improved
our understanding of the diversity and functional role of
microglia in AD. Further investigations are urgently needed
to better characterize microglia in other brain diseases,
including ICH.

In microglia, the main source of ROS is the activation of
NADPH oxidase (NOX) and nitric oxide synthase (NOS)
enzymes [47, 48]. ROS and the subsequently formed peroxy-
nitrite contribute to cell death by damaging mitochondria

and DNA, inhibiting the activity of mitochondrial com-
plexes and the production of ATP, and promoting lipid per-
oxidation [49, 50]. In addition, ROS production and redox
homeostasis have been shown to affect the phenotype of
microglia. Pharmacological inhibition of NOX or knockout
of its functional subunit p47phox shift LPS-challenged
microglia from the M1 phenotype to the M2 phenotype
[51]. A mitochondria-targeted antioxidant alleviated brain
damage in an autologous blood injection-induced ICH
model by polarizing microglia to the M2 phenotype [11].
According to these studies, modulating oxidative stress
may be a potential therapeutic target for treating ICH in
the future. Antioxidant drugs such as edaravone have been
shown to scavenge ROS and modulate the phenotype of
microglia either in individuals with hemorrhagic stroke or
LPS-induced neuroinflammation [52, 53], yet they failed to
reduce mortality and provide long-term clinical benefits in
clinical studies [54, 55]. Thus, more efforts are needed to
develop novel antioxidant therapies that improve the out-
comes of patients with ICH.

Nrf2 regulates a variety of antioxidant genes and is
tightly related to redox hemostasis [56]. Nrf2-/- mice suf-
fered more severe brain damage and had a significantly
lower survival rate than wild-type mice after ICH [19, 57].
Deletion of Nrf2 impaired hematoma clearance and
enhanced neuroinflammation after ICH, while the induc-
tion of HO-1, one of the major targets of Nrf2, polarizes
microglia/macrophages to the M2 phenotype [57, 58].
Omav is one of the most potent activators of Nrf2. Oral
administration of Omav to monkeys is associated with
dose-proportional concentrations in the brain and induces
Nrf2 target gene mRNA expression [59]. More impor-
tantly, Omav is currently being investigated in clinical tri-
als as a treatment for mitochondrial myopathies
(NCT02255422), melanoma (NCT02259231), non-small-
cell lung cancer (NCT02029729), and Friedreich ataxia
(FA, NCT02255435). The results of FA research revealed
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Figure 7: Omav alleviated neurological deficits in mice 3 days after ICH. The results of the following neurological behavior tests: the
cylinder test (a), forelimb placement score (b), and corner test (c) (n = 6). ∗∗P < 0:01 compared with the control group; #P < 0:05 and
##P < 0:01 compared with the OxyHb group; ††P < 0:01 compared with the OxyHb+Omav group.
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that Omav is safe and well tolerated, and Omav improved
the neurological functions of patients with FA. In this
study, we found that Omav alleviated ROS accumulation
in microglia by activating Nrf2. Furthermore, Omav
downregulates iNOS-positive microglia polarization but
promotes Arg1-positive phenotype, which led to the atten-
uation of ICH-induced neuroinflammation and the accel-
eration of hematoma clearance. Based on these data,
Omav might represent a promising candidate for treating
ICH in the future.

Abbreviations

ICH: Intracerebral hemorrhage
Nrf2: Nuclear factor erythroid-2 related factor 2
Omav: Omaveloxolone
HO-1: Heme oxygenase-1
NQO1: NAD(P)H: quinone oxidoreductase-1
ROS: Reactive oxygen species
DMSO: Dimethyl sulfoxide
PBS: Phosphate-buffered saline
qRT-PCR: Quantitative Real-time polymerase chain

reaction
OxyHb: Oxyhemoglobin
SOD: Superoxide dismutase
CNS: Central nervous system
DCFH-DA: 2′,7′-Dichlorodihydrofluorescein diacetate
FCM: Flow cytometry
PFA: Paraformaldehyde.

Data Availability

The raw data involved in the manuscript are available on
reasonable request.

Conflicts of Interest

The authors have no conflicts of interest to declare.

Authors’ Contributions

Libin Hu, Yang Cao, and Huaijun Chen contributed equally
to this work.

Acknowledgments

This research was supported by the National Key R&D Pro-
gram of China (2018YFC1312600 and 2018YFC1312603),
TCM Science and Technology Plan of Zhejiang Province
(2017ZZ013), TCM Key Discipline of Zhejiang Province
(2017-XK-A39), Zhejiang Province Natural Science Founda-
tion (LQ20H090015 and LY20H090016), and Zhejiang Pro-
vincial Health Innovative Talents Project (2020RC012).

Supplementary Materials

Supplementary Figure 1: (a) gating strategy for FCM in
mitochondrial bioactivity detection. (b) In vitro phagocyto-
sis gating strategy. Supplementary Figure 2: (a) western blots
showing the levels of Nrf2 in BV2 cells treated with vehicle

and ML385 under the stress of OxyHb. (b) Quantification
of the Nrf2 expression (n = 6). (c) Western blots showing
the levels of cytoplasmic Nrf2 in BV2 cells treated with vehi-
cle, OxyHb, Omav, and ML385. (d) Quantification of the
cyto-Nrf2 expression (n = 6). Data are presented as the
means ± SEM. ∗P < 0:05 and ∗∗P < 0:01 compared with the
control group; #P < 0:05 and ##P < 0:01 compared with the
OxyHb group; ††P < 0:01 compared with the OxyHb+Omav
group. Supplementary Figure 3: (A) quantification of the
number of cells expressing iNOS. (b) Quantification of num-
ber of Iba1-positive cells (n = 6). (c) Quantification of the
count of cells expressing Arg1. (d) Quantification of count
of Iba1+ cells (n = 6). Data are presented as the means ±
SEM. ∗P < 0:05 and ∗∗P < 0:01 compared with the Control
group; P < 0:05 and P < 0:01 compared with the OxyHb
group; ††P < 0:01 compared with the OxyHb+Omav group.
Supplementary Figure 4: (A) immunofluorescence staining
for Iba-1 (green) and iNOS (red) in the ipsilateral basal gan-
glia region 1 day after ICH; the nuclei were stained with
DAPI (blue); scale bar: 50μm. (B) Immunofluorescence
staining for Iba-1 (green) and Arg1 (red) in the ipsilateral
basal ganglia region 1 day after ICH; the nuclei were stained
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Luteolin (LUT) possesses multiple biologic functions and has beneficial effects for cardiovascular and cerebral vascular diseases.
Here, we investigated the protective effects of LUT against subarachnoid hemorrhage (SAH) and the involvement of
underlying molecular mechanisms. In a rat model of SAH, LUT significantly inhibited SAH-induced neuroinflammation as
evidenced by reduced microglia activation, decreased neutrophil infiltration, and suppressed proinflammatory cytokine release.
In addition, LUT markedly ameliorated SAH-induced oxidative damage and restored the endogenous antioxidant systems.
Concomitant with the suppressed oxidative stress and neuroinflammation, LUT significantly improved neurologic function and
reduced neuronal cell death after SAH. Mechanistically, LUT treatment significantly enhanced the expression of nuclear factor-
erythroid 2-related factor 2 (Nrf2), while it downregulated nod-like receptor pyrin domain-containing 3 (NLRP3)
inflammasome activation. Inhibition of Nrf2 by ML385 dramatically abrogated LUT-induced Nrf2 activation and NLRP3
suppression and reversed the beneficial effects of LUT against SAH. In neurons and microglia coculture system, LUT also
mitigated oxidative stress, inflammatory response, and neuronal degeneration. These beneficial effects were associated with
activation of the Nrf2 and inhibitory effects on NLRP3 inflammasome and were reversed by ML385 treatment. Taken together,
this present study reveals that LUT confers protection against SAH by inhibiting NLRP3 inflammasome signaling pathway,
which may be modulated by Nrf2 activation.

1. Introduction

Subarachnoid hemorrhage (SAH), a detrimental type of
stroke, is considered a life-threatening disease with limited
therapeutic options [1]. There are urgent unmet needs for
intervention that could block progressive brain damage after
SAH. Recently, numerous clinical and experimental studies
have suggested that the robust reactive oxygen species
(ROS) overproduction and neuroinflammation play impor-

tant roles in the secondary brain injury after SAH and
contribute greatly to the neurological deficits [2–5]. Accord-
ingly, identifying new and effective therapeutic strategies to
mitigate excessive oxidative damage and neuroinflammation
is a pressing need.

Luteolin (LUT) is an abundant flavonoid distributed in
vegetables and fruits such as broccoli and carrots [6]. Previ-
ous reports have demonstrated that LUT is a neuroprotec-
tive flavonoid by scavenging free-radical and inhibiting
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inflammation in a series of neurological disorders, including
traumatic brain injury (TBI), ischemic stroke, and Alzhei-
mer’s disease [6–8]. Moreover, LUT can easily penetrate
the blood-brain barrier and improve behavioral perfor-
mance in acute brain injuries [8, 9]. However, whether
LUT could exert cerebroprotective effects against SAH
remains unknown.

There is emerging evidence indicates that nod-like recep-
tor pyrin domain-containing 3 (NLRP3) inflammasome-
mediated neuroinflammation plays a critical role in the
development of secondary brain injury after SAH [10–13].
In addition, ROS generation is closely associated with oxida-
tive damage and is one of the major signals that trigger the
NLRP3 inflammasome activation. Nuclear factor-erythroid
2-related factor 2 (Nrf2) is considered as the most important
endogenous factor in the maintenance of cellular homeostasis.
Under the condition of oxidative stress, Nrf2 translocates into
the nucleus and binds with an antioxidant response element
(ARE), thereby promoting a battery of antioxidative gene
expressions, such as heme oxygenase-1 (HO-1), glutathione
peroxidase (GSH-Px), and superoxide dismutase (SOD)
[14–16]. Accumulating studies have indicated that activating
the Nrf2 signaling pathway plays a key role in attenuation of
oxidative damage in a variety of oxidative disorders [8, 17].
Moreover, recent studies have suggested that NLRP3 inflam-
masome activation is modulated by Nrf2 signaling [18, 19].
Intriguingly, LUT is a powerful Nrf2 activator and can inhibit
NLRP3 inflammasome in a series of disease models [8, 20, 21].
Thus, in this study, we investigated whether LUT had thera-
peutic potential in SAH and verified whether the beneficial
effects of LUT were associated with the inhibition of NLRP3
inflammasome activation by Nrf2-dependent pathway.

2. Materials and Methods

2.1. Animals. All of the procedures were approved by the
Institutional Animal Care and Use Committee of Wannan
Medical University and met the accordance of National
Institutes of Health. Health adult male Sprague Dawley rats
(250–300 g) were bought from the Nanjing Biomedical
Research Institute of Nanjing University. The animals had
free access to food pellets and water ad libitum.

2.2. SAH Model. A prechiasmatic cistern injection model
was used in our study. Anesthesia was induced by intraper-
itoneal injection avertin (200mg/kg). After anesthetization,
rats were positioned prone in a stereotactic frame. And then,
a burr hole was drilled into the skull 7.5mm anterior to the
bregma. A total of 0.35mL of nonheparinized fresh autolo-
gous arterial blood was retracted from the femoral artery
and injected into the burr hole (in the course of 20 s) under
aseptic conditions [22]. Bone wax was employed to block
cerebrospinal fluid leakage. Sham operation animals were
injected with 0.35mL physiological saline instead of blood
into prechiasmatic cistern. Consistent with previous studies
[17, 23], the inferior basal temporal lobe always contained
blood and differed histologically from control rat brain.
Therefore, the basal temporal lobe adjacent to the clotted

blood was used for histopathologic examination in the cur-
rent study.

2.3. Study Design. In the first set of experiments, 108 rats
(127 rats were used, and 19 rats died) were divided into
the following groups: sham (n = 14), sham+vehicle
(n = 16), SAH+vehicle (n = 20, 5 rats died), SAH+10mg/kg
LUT (n = 20, 5 rats died), SAH+30mg/kg LUT (n = 19, 3
rats died), SAH+60mg/kg LUT (n = 19, 3 rats died), and
SAH+90mg/kg LUT (n = 19, 3 rats died) groups. Rats
were killed at 24 h and 72 h after operation. Post-
assessments included behavior performance, brain water
content, and histopathological study.

In the second set of experiments, 48 rats (57 rats were
used, and 9 rats died) were assigned into four groups:
sham+vehicle (n = 12), SAH+vehicle (n = 15, 3 rats died),
SAH+60mg/kg LUT (n = 14, 2 rats died), and SAH
+60mg/kg LUT+ML385 (n = 16, 4 rats died) groups. Rats
were killed at 24 h after SAH. Post-assessments included
immunofluorescence staining, biological estimation, and
behavior performance.

2.4. Primary Cell Culture and In Vitro SAH Model. Primary
cortical neurons and microglia were performed according to
our previous study [24]. Rat pups were sacrificed on postna-
tal days 0-1. For primary neurons culture, cortical cells were
cultured onto poly-D-lysine-coated plates and suspended in
neurobasal media supplemented with B27, glutamate,
Hepes, penicillin, and streptomycin. For primary microglia
culture, cortical cells were placed in serum-free DMEM-
F12 culture medium. Regarding the neurons and microglia
coculture system, microglia were seeded in transwell upper
chamber (Corning, pore size = 0:4μm) and the neurons were
cultured in the plates. Coculture medium was DMEM with
10% FBS.

To mimic SAH in vitro, the coculture system was stimu-
lated with 10μM oxyhemoglobin (OxyHb) for 24h. The
dose of OxyHb was chosen according to our previous study
[23]. Hemoglobin (Sigma, USA) was used to produce
OxyHb as we described in detail before [25]. The neuron–
microglia cocultures were partitioned into the following
groups: control, oxyHb, OxyHb+5μM LUT, OxyHb
+10μM LUT, OxyHb+25μM LUT, and OxyHb+25μM
LUT+ML385. The coculture system was harvested 24 h after
indicated intervention. The culture medium, neurons, and
microglia were collected for cell viability analysis, biochemi-
cal estimation, and immunofluorescence staining.

2.5. Drug Administration. For in vivo experiments, LUT
(Sigma-Aldrich, St. Louis, MO, USA) was dissolved in
dimethylsulfoxide (DMSO) (<1%) and physiological saline
at different concentrations (10, 30, 60, and 90mg/kg). Rats
were intraperitoneally administrated with LUT at different
doses at 2 h after insults and then once daily until euthana-
sia. ML385, a selective Nrf2 inhibitor, was dissolved in
DMSO and physiological saline and was administered intra-
peritoneally (30mg/kg) for 2 days before SAH induction.
For in vitro experiments, LUT (5μM, 10μM, and 25μM)
and ML385 (10μM) were dissolved in 0.1% DMSO (in
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physiologic saline) and then added to culture medium [8,
26]. LUT was administered for 0.5 h prior to OxyHb incuba-
tion. Cells were pretreated with ML385 24 h before OxyHb
stimulation.

2.6. Neurological Behavior. Neurologic functions were
recorded using an 18-point scoring system reported by Zhao
et al. [21]. Rotarod test was used to assess motor function
according to a previous study [16]. The rotating speed was
gradually increased from 4 to 40 rpm over a 5min period.
The latency to fall was recorded. The mean latency was cal-
culated based on three consecutive trials.

2.7. Brain Water Content. In brief, the brains were harvested
immediately after sacrificing the rats and dissected into cere-
brum, cerebellum, and brainstem. Each part was weighed to
record the wet weight. The dry weight was recorded after the
samples were being dried at 80°C for 72 h. Brain edema ratio
was calculated as ½ðwetweight – dry weightÞ/wet weight� ×
100%.

2.8. Nissl Staining. In brief, the brain tissue was first fixed in
4% paraformaldehyde for 48 h and then performed as we
described in detail before [17]. Afterward, tissue sections
were stained with Nissl solution for 10min and mounted
with Permount. All the sections were photographed in the
microscope.

2.9. Immunofluorescence Staining. Immunofluorescence
staining was performed as we described in detail before
[17]. In brief, the sections were first fixed by 0.1% Triton
X-100 and then were blocked by 5% BSA for 2 h. After three
washes with PBS, brain tissues or cultured neurons were
incubated with primary antibodies against Iba-1 (1: 50,
Santa Cruz Biotechnology or 1 : 100, Abcam), myeloperoxi-
dase (MPO, 1 : 50, Santa Cruz Biotechnology), 8-
hydroxydeoxyguanosine (8-OHdG) (1 : 100, Abcam), Nrf2
(1 : 100, Abcam), caspase-1 p20 (1 : 50, Santa Cruz Biotech-
nology), and NeuN (1 : 200, EMD Millipore). Sections were
then incubated with corresponding secondary antibodies
(Alexa Fluor 488 and Alexa Fluor 594) overnight at 4°C.
Fluorescence microscopy imaging was examined under a
ZEISS HB050 inverted microscope system. The fluorescently
stained cells were recorded using Image J program.

2.10. TUNEL Staining. TUNEL staining was detected by a
terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) detection kit (Roche Inc., India-
napolis, USA) in line with the manufacturer’s instructions.
The brain slices and coverslips were incubated with the
primary antibody anti-NeuN (1 : 200, EMD Millipore) over-
night. And then, a reaction solution and converter-AP were
incubated subsequently. The fluorescently stained cells were
recorded using Image J program.

2.11. ELISA. Brain samples and culture medium were col-
lected. The levels of IL-1β, tumor necrosis factor-α (TNF-
α), and IL-6 were evaluated in line with the manufacturer
instructions (Multi Sciences. China).

2.12. Biochemical Estimation. The contents of malondialde-
hyde (MDA), GSH-Px, glutathione (GSH), and SOD were
evaluated by using commercially available kits in line with
the manufacturer instructions (Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, China). For MDA, brain samples
were mixed with thiobarbituric acid, acetic acid, and sodium
dodecyl sulphate at 95°C for 30min. And then, the sample
was centrifuged at a rate of 4,000 rpm for 10min. The
MDA contents in all tubes were measured at the wavelength
of 532nm using a spectrophotometer. For H2O2, the fresh
brain tissue was homogenized using the assay buffer and
processed per kit instructions (Abcam). Absorbance at
590 nm was recorded. For GSH-Px, the supernatant was
mixed with sodium azide, glutathione reductase enzyme,
NADPH, and H2O2. The GSH-Px activity was measured at
the wavelength of 340nm using a spectrophotometer. For
GSH, the supernatant was mixed with 1% trichloroacetic
acid and centrifuged at 10,000 × g for 15min. The reaction
mixture consisted of lysates and 5,5′-dithiobis-(2-nitroben-
zoic acid). GSH was measured at the wavelength of
405 nm. For SOD, sample was mixed with the xanthine
and xanthine oxidase in potassium phosphate buffer at
37°C for 20min. SOD was measured at the wavelength of
450 nm using a spectrophotometer.

2.13. Western Blotting. The brain samples and the primary
microglia in transwell upper chambers and neurons in the
plates were collected for Western blotting. In brief, the
extracted proteins were separated by Tris-glycine SDSPAGE
and then transferred to PVDF membranes for 30min. Pri-
mary antibodies used were Nrf2 (1 : 1000, cat# ab31163,
Abcam), HO-1 (1 : 1000, cat# ab13243, Abcam), NLRP3
(1 : 200, cat# SC-66846, Santa Cruz Biotechnology), adaptor
apoptosis-related speck-like protein (ASC) (1 : 200, cat#
SC-22514, Santa Cruz Biotechnology), caspase-1 (1 : 200,
cat# SC-56036, Santa Cruz Biotechnology), caspase-1 p20
(1 : 200, cat# SC-398715, Santa Cruz Biotechnology), His-
tone H3 (1 : 3000, cat# BS7416, Bioworld Technology), and
β-actin (1 : 3000, cat# AP0060, Bioworld Technology, Min-
neapolis, MN, USA). Then, the membranes were incubated
for 2 h at room temperature with corresponding second anti-
body. Detection was conducted by using chemiluminescence
solution.

2.14. Cell Viability Analysis. Cell viability was detected by the
cell counting kit- (CCK-) 8 assays or lactate dehydrogenase
(LDH) activity with commercially available kits (Beyotime
Biotechnology, China) in accordance with the manufac-
turer’s instructions.

2.15. DCFH-DA Staining and Propidium Iodide Staining. For
ROS measurements, primary cultured neurons were
incubated with 2,7-dichlorodihydrofluorescein diacetate
(DCFH-DA, Sigma) for 10min at 37°C. For propidium
iodide (PI) staining, the primary neurons were stained with
2μg/mL of PI for 10min at 37°C. Quantifications were per-
formed with Image Pro Plus 6.0.

2.16. Statistical Analysis. Statistical software GraphPad
Prism 8.02 (GraphPad Software, La Jolla, CA, USA) was
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used for statistical analysis. All data were expressed as
mean ± SD. Differences among multiple groups were com-
pared by one-way or two-way analysis of variance with
Bonferroni post hoc test. Statistical significance was inferred
at P<0.05.

3. Results

3.1. Dose-Response Effects of LUT on SAH. No animals died
in the sham and sham+vehicle groups. The mortality rate
of the rats was 22.9% (8 of 35) in the SAH+vehicle group,
17.6% (16 of 91) in the SAH+LUT group, and 25% (4 of
16) in the SAH+LUT+ML385 group. In a dose-response
study, LUT was administered to rats after SAH at 10, 30,
60, and 90mg/kg. Doses of 30mg/kg, 60mg/kg, and
90m/kg, but not 10mg/kg, markedly improved neurologic
scores and rotarod performance in the early period after
SAH (Figures 1(a) and 1(b)). In addition, LUT treatment
at 60mg/kg and 90m/kg, but not 10mg/kg and 30mg/kg,
significantly reduced brain water content in cerebrum after
SAH (Figure 1(c)). Nissl staining further showed that evi-
dent damage was seen in the SAH+vehicle group, with a
decrease of cell number, sparse cell arrangements, and loss
of integrity. In contrast, LUT treatment at 30mg/kg,
60mg/kg, and 90mg/kg, but not 10mg/kg, significantly
improved neuronal survival after SAH (Figures 1(d) and
1(e)). There were no significant differences among
30mg/kg, 60mg/kg, and 90mg/kg LUT treatment in ame-
liorating neurological deficits, brain edema, and neuronal
degeneration after SAH (Figures 1(a)–1(e)). Based on the
results of these tests, we found that 60mg/kg was the opti-
mum dosage. Therefore, we used this dose for the remain-
ing experiments.

3.2. Effects of LUT on the Nrf2 Signaling Pathway and
NLRP3 Inflammasome Activation after SAH. LUT has been
considered as a powerful Nrf2 activator in a variety of disor-
ders. In addition, numerous studies have suggested that

NLRP3 inflammasome activation is modulated by Nrf2 sig-
naling [18, 19]. Thus, we used Western blot analysis to
determine whether LUT induced Nrf2 activation and inhib-
ited NLRP3 inflammasome signaling after SAH. ML385, a
selective Nrf2 inhibitor, was further employed to inhibit
Nrf2 signaling in this experiment. As shown in Figure 2,
nuclear and total expression levels of Nrf2 protein and
HO-1 protein were significantly increased after SAH, which
could be further enhanced after LUT supplementation
(Figures 2(a)–2(d)). In addition, SAH significantly induced
the expression of NLRP3, ASC, and cleaved caspase-1, which
was effectively inhibited by LUT administration
(Figures 2(e)–2(h)). In contrast, ML385 pretreatment
reversed LUT-induced Nrf2 expression and further
increased protein levels of NLRP3, ASC, and cleaved
caspase-1 (Figures 2(a)–2(h)). Double immunofluorescent
staining confirmed the Western blot results, indicating that
LUT enhanced nuclear translocation of Nrf2 after SAH,
which was abrogated by LUT administration (Figures 2(i)
and 2(j)). These data suggested that LUT could induce
Nrf2 signaling and inhibit NLRP3 inflammasome activation
after SAH.

3.3. Influence of LUT on Oxidative Damage at 24 h Post-
SAH. Nrf2 plays an important role in maintenance of redox
homeostasis after SAH. We next evaluated whether LUT
could ameliorate oxidative stress after SAH. As shown,
SAH insults significantly induced oxidative damage, as evi-
denced by increases in lipid peroxidation, H2O2 generation,
and 8-OHdG immunity (Figures 3(a)–3(d)). In addition,
SAH markedly decreased the endogenous antioxidant sys-
tems including SOD, GSH, and GSH-Px activities as com-
pared with those of the sham+vehicle group (Figures 3(e)–
3(g)). In contrast, LUT administration significantly
decreased oxidative insults and restored the impairment
antioxidant systems after SAH (Figures 3(a)–3(g)). However,
the antioxidant effects of LUT against SAH were abated by
ML385 administration (Figures 3(a)–3(g)).
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Figure 1: Dose-response effects of luteolin (LUT) on subarachnoid hemorrhage (SAH) in rats. Effects of three LUT doses on (a) neurologic
scores (n = 8‐10 per group), (b) rotarod performance (n = 8‐10 per group), and (c) brain water content (n = 6 per group). (d) Representative
photomicrographs of Nissl staining at 72 h after SAH. (d) Magnification ×200, scale bar 50μm. For Nissl staining, the basal temporal lobe
adjacent to the clotted blood was evaluated. (e) Quantification of the proportion of surviving neurons at 72 h after SAH (n = 6 per group).
Bars represent the mean ± SD. ∗P < 0:05.
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Figure 2: Effects of LUT treatment on Nrf2 and NLRP3 inflammasome signaling pathway after SAH. (a) Western blot assay for the
expression of Nrf2, HO-1, NLRP3, ASC, cleaved caspase-1, and caspase-1 in the indicated groups. Quantitative analyses of (b) nucleus
Nrf2, (c) total Nrf2, (d) HO-1, (e) NLRP3, (f) ASC, (g) cleaved caspase-1, and (h) caspase-1 expression in each group (n = 6 per group).
(i, j) Representative photomicrographs and quantification of Nrf2 immunofluorescence staining (n = 6 per group). Magnification ×200,
scale bar 50 μm; (i) inset magnification ×400, scale bar 25 μm. For immunofluorescence staining, the basal temporal lobe adjacent to the
clotted blood was evaluated. Bars represent the mean ± SD. ∗P < 0:05.
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Figure 3: Continued.
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3.4. Influence of LUT on Neuroinflammation at 24 h Post-
SAH. NLRP3 inflammasome plays a critical role in initiating
a series of immune-inflammatory reactions after SAH. We
also evaluated whether LUT was able to mitigate neuroin-
flammation after SAH. The immunofluorescence staining
showed that SAH insults significantly induced microglia
activation and neutrophil infiltration when compared with
those of the sham+vehicle group. LUT treatment signifi-
cantly inhibited microglia activation and neutrophil infil-
tration after SAH, and that these effects were abolished
by ML385 (Figures 4(a)–4(d)). In addition, SAH signifi-
cantly induced the proinflammatory cytokine generation,
which was suppressed by LUT treatment, while the
decreased proinflammatory cytokine generation by LUT
administration was reversed by Nrf2-specific inhibitor
ML385 (Figures 4(e)–4(g)).

3.5. Effects of LUT on Neurologic Function and Neuronal
Death after SAH. We next evaluated whether LUT could
improve neurological function and ameliorate neuronal
death. As shown, SAH caused significant neurologic impair-
ment that was alleviated by LUT treatment (Figures 5(a) and
5(b)). In contrast, the beneficial effects of LUT on neurolog-
ical function were reversed by ML385 pretreatment. Both
neuronal apoptosis and pyroptosis contribute to the devel-
opment of EBI after SAH. Cleaved caspase-1 is the canonical
executor of pyroptosis. We further performed caspase-1
staining and TUNEL staining to examine neuronal pyropto-
sis and apoptosis, respectively. As shown, rats with SAH had
greater numbers of caspase-1- and TUNEL-positive neurons
when compared with sham-operated rats. LUT treatment sig-
nificantly reduced the number of caspase-1- and TUNEL-
positive neurons after SAH (Figures 5(c)–5(f)), while ML385
treatment reversed the LUT-induced decreases in neuronal
apoptosis and pyroptosis after SAH (Figures 5(a)–5(f)).

3.6. Effects of LUT on Cell Viability, Oxidative Stress, and
Inflammatory Response In Vitro. We further confirmed the

potential beneficial effects of LUT in vitro. As shown, our
data indicated that LUT significantly improved neuronal
viability, reduced oxidative damage, and decreased expres-
sion of proinflammatory cytokines including IL-1β, IL-6,
and TNF-α after OxyHb stimulation (Figures 6(a)–6(g)).
However, all these changes were abrogated by ML385 treat-
ment (Figures 6(a)–6(g)).

3.7. Effects of LUT on Nrf2 and NLRP3 Inflammasome
Signaling In Vitro. We next evaluated the effects of LUT
on Nrf2 and NLRP3 inflammasome signaling in vitro. West-
ern blot analysis showed that LUT treatment significantly
increased the expression of Nrf2 and reduced expression of
NLRP3, ASC, and cleaved caspase-1 in primary microglia
and neurons exposed to OxyHb. These changes were abro-
gated by Nrf2-selective inhibitor ML385 (Figures 7(a)–
7(e)). Double immunofluorescence staining further showed
that LUT enhanced the expression of Nrf2 in primary corti-
cal neurons, which was abated by ML385 treatment
(Figures 7(f) and 7(g)).

3.8. Effects of LUT on Neuronal Degeneration In Vitro. It has
demonstrated that both neuronal apoptosis and pyroptosis
contribute to the development of EBI after SAH. PI cannot
pass intact plasma membrane and can only be present in
DNA of cells where the plasma membrane has been com-
promised. During pyroptosis, pores can be formed in the cell
membrane and can be detected by PI staining [26]. TUNEL
staining can detect the DNA breaks when DNA fragmenta-
tion occurs in the last phase of apoptosis. Therefore, in this
experiment, we used PI and TUNEL staining to examine
neuronal pyroptosis and apoptosis, respectively. As shown,
OxyHb stimulation significantly increased the number of
PI- and TUNEL-positive neurons, which were decreased by
LUT treatment (Figures 8(a)–8(d)). In contrast, the
improvement by LUT was reversed by ML385 administra-
tion (Figures 8(a)–8(d)). These suggested that LUT could
reduce neuronal pyroptosis and apoptosis in vitro.
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Figure 3: Effects of LUT on oxidative damage after SAH. Quantification of (a) MDA and (b) H2O2 levels in all groups (n = 6 per group). (c,
d) Representative photomicrographs and quantification of 8-OHdG staining (n = 6 per group). (c) Magnification ×200, scale bar 50 μm. For
immunofluorescence staining, the basal temporal lobe adjacent to the clotted blood was evaluated. Quantification of (e) SOD, (f) GSH, and
(g) GSH-Px in all groups (n = 6 per group). Bars represent the mean ± SD. ∗P < 0:05.
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4. Discussion

Neuroinflammation and oxidative damage are two major
etiological factors resulting in the secondary brain injury
after SAH [27–29]. After the initial hemorrhage, blood com-
ponents enter the subarachnoid space and activate innate
and adaptive immune cascade responses. Microglia activa-
tion and neutrophils recruit to the damaged tissue and
release a variety of inflammatory factors that exacerbate
neurons [30]. Excessive ROS can elicit neuronal damage by
promoting lipid peroxidation and DNA damage. Moreover,

the robust inflammatory response produces additional
excess ROS, further aggravating the redox imbalance and
thereby inducing neuronal cell death and neurological defi-
cits after SAH [31–33]. Accordingly, pharmacologically
reducing neuroinflammation and oxidative damage might
provide a means to ameliorate SAH.

In recent years, mounting evidence has suggested that
LUT is a promising neuroprotective agent in a variety of
neurological disorders [6]. It has been demonstrated that
LUT has a wide range of pharmacological properties
including antioxidant free-radical scavenging and anti-
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Figure 4: Effects of LUT on inflammatory response after SAH. Representative photomicrographs and quantification of (a, b) Iba-1 and (c, d)
myeloperoxidase (MPO) staining (n = 6 per group). (a, c) Magnification ×200, scale bar 50 μm. For immunofluorescence staining, the basal
temporal lobe adjacent to the clotted blood was evaluated. Quantification of (e) IL-1β, (f) IL-6, and (g) TNF-α in all groups (n = 6 per
group). Bars represent the mean ± SD. ∗P < 0:05.
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Figure 5: Effects of LUT on neurological function and neuronal death after SAH. Effects of LUT on (a) neurologic function and latency to
fall in the (b) rotarod test after SAH (n = 12 per group). Representative photomicrographs and quantification of (c, d) caspase-1 and (e, f)
TUNEL staining (n = 6 per group). (c, e) Magnification ×200, scale bar 50μm. For immunofluorescence staining, the basal temporal lobe
adjacent to the clotted blood was evaluated. Bars represent the mean ± SD. ∗P < 0:05.
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Figure 6: Continued.
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inflammatory effects [20, 34, 35]. For example, Kou et al.
reported that LUT alleviated cognitive impairment in
Alzheimer’s disease mouse model via inhibiting endoplasmic
reticulum stress in astrocytes and subsequent neuroinflam-
mation [36]. Tan et al. demonstrated that LUT provided
autophagy and antioxidative effects in both in vivo and
in vitro models of intracerebral hemorrhage [7]. However,
to our knowledge, no study has yet investigated the potential
effects of LUT in experimental SAH and the underlying
molecular mechanisms.

Nrf2 as a critical translate factor in maintenance of redox
homeostasis is widely studied in recent years. After stimula-
tion by oxidative stress, Nrf2 translocates into the nucleus
and binds to the ARE, subsequently inducing antioxidant
enzyme expression [37, 38]. Loads of evidence have indi-
cated that Nrf2 signaling activation could significantly ame-
liorate SAH-induced oxidative damage and brain injury [39,
40]. Intriguingly, LUT has been considered as a powerful
Nrf2 activator in a variety of disorders [7, 8]. Xu et al.
reported that LUT could provide neuroprotective effects in
TBI models both in vivo and in vitro through the activation
of Nrf2-ARE pathway [8]. Xiao et al. indicated that LUT
attenuated cardiac ischemia/reperfusion injury in diabetic
rats by activation of Nrf2 signaling [41]. Thus, it is reason-
able to predict that LUT can activate Nrf2 signaling and con-
fer cerebroprotective effects in SAH. It has been clarified that
Nrf2 can transcriptionally induce numerous antioxidative
genes including HO-1, GSH-Px, and SOD. HO-1 plays a
prominent role in maintenance of cellular homeostasis by
degrading heme [42]. SOD and GSH-Px are antioxidant
enzymes which play fundamental and indispensable role in
against free radical attack [43]. Consistent with these previ-
ous studies, we found that LUT also markedly enhanced
the translocation of Nrf2 into the nucleus and Nrf2-
involved antioxidative enzyme expression. Meanwhile,
LUT significantly reduced the brain MDA and 8-OHdG

contents after SAH insults. MDA and 8-OHdG are two key
biomarkers for lipid peroxidation and DNA oxidative dam-
age caused by excessive ROS, respectively. These results indi-
cated that LUT could protect against SAH injury through
scavenging ROS and enhancing the endogenous antioxida-
tive system by the modulation of Nrf2 signaling.

Another interesting finding in the current study was that
LUT ameliorated neuroinflammation and inhibited NLRP3
inflammasome signaling activation. NLRP3 inflammasome
is a cytoplasmic multiprotein complex of the innate immune
system that can initiate a series of immune-inflammatory
reactions [44]. It has been proved that NLRP3
inflammasome-mediated neuroinflammation plays a promi-
nent role in the secondary brain injury after SAH [11, 12].
Once activated, NLRP3 inflammasome cleaves procaspase-
1 resulting in pro-IL-1β and pro-IL-18 activation. The
inflammatory cytokines can further activate immune-
related cells, such as neutrophils, to generate the correspond-
ing immune effects. In addition to amplify inflammation,
cleaved caspase-1 is the canonical executor of pyroptosis to
further exacerbate neuronal cell death after SAH [10]. Accord-
ing to recent studies, LUT is able to inhibit NLRP3 inflamma-
some activation in different research fields [20, 21]. In our
current study, we also observed that LUT significantly sup-
pressed NLRP3 inflammasome activation after SAH and the
subsequent inflammatory response, including microglia acti-
vation, neutrophil infiltration, and inflammatory cytokine
release. In addition, the SAH-induced neuronal apoptosis
and pyroptosis were markedly reduced after LUT administra-
tion. However, the underlying mechanism that mediates the
inhibition of NLRP3 inflammasome by LUT in SAH needs
to be elucidated.

It is known that ROS production is one of the major sig-
nals that trigger the NLRP3 inflammasome activation [13].
Both ROS overproduction and neuroinflammation are con-
sidered crucial elements of EBI after SAH, and each of them
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Figure 6: Effects of LUT treatment on oxidative stress, inflammatory response, and neuronal damage in vitro. Quantitative analysis of (a)
cell viability and (b) LDH activity in the indicated groups (n = 6 per group). (c) Representative photomicrographs and (d) quantification of
DCFH immunofluorescence (n = 6 per group). (c) Magnification ×200, scale bar 50μm. Quantification of (e) IL-1β, (f) IL-6, and (g) TNF-α
in culture medium (n = 6 per group). Bars represent the mean ± SD. ∗P < 0:05.
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Figure 7: Effects of LUT treatment on Nrf2 and NLRP3 inflammasome activation in vitro. (a) Representative Western blots and
quantification of expression of (b) Nrf2, (c) NLRP3, (d) ASC, (e) cleaved caspase-1, and (f) caspase-1 (n = 6 per group). (g)
Representative photomicrographs of Nrf2 immunofluorescence staining. (g) Magnification ×200, scale bar 50μm. (h) Quantification of
Nrf2 immunofluorescence staining in all experimental groups (n = 6 per group). Bars represent the mean ± SD. ∗P < 0:05.
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promotes and amplifies the other one [23]. Under normal
conditions, the basal level of the NLRP3 inflammasome is
low in immune cells. Upon stimulation by ROS, the NLRP3
inflammasome is assembled and activated to amplify the
innate immune response after SAH [23]. Previous studies
have proved that decreasing ROS overproduction could pre-
vent NLRP3 inflammasome activation and mitigate the ele-
vated levels of proinflammatory cytokine release in
different neurological disorders, thereby ameliorating neuro-
inflammation [13, 23, 45]. As discussed above, we hypothe-
sized that LUT might affect ROS production by modulating
Nrf2 activation, thereby preventing NLRP3 inflammasome
signaling after SAH. The relationship between Nrf2 signal-
ing and NLRP3 inflammasome in other research fields has
been well discussed in a variety of studies in recent years
[46, 47]. Mounting evidence has demonstrated that Nrf2
activation could inhibit NLRP3 inflammasome by inducing

numerous antioxidative genes including HO-1, thereby scav-
enging ROS production [48, 49]. HO-1, one of the cytopro-
tective enzymes induced by the Nrf2-ARE pathway, has been
widely regarded as a protective mechanism against oxidative
stress and ROS [50, 51]. It has been proved that increased
HO-1 expression could remove ROS and maintenance of
the internal cellular environment. For example, Seiwert
et al. reported that HO-1 protects human colonocytes
against ROS formation, oxidative DNA damage, and cyto-
toxicity induced by heme iron [52]. Interestingly, we also
observed that LUT treatment significantly increased HO-1
expression after SAH, suggesting that HO-1 might be
involved in the inhibitory effects of LUT on NLRP3 inflam-
masome activation. To further address this hypothesis, we
employed a novel and selective Nrf2 inhibitor ML385 in
our study [53]. As expected, we observed that ML385 pre-
treatment significantly abated LUT-induced Nrf2 signaling-
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Figure 8: Effects of LUT treatment on PI staining and TUNEL staining in vitro. (a) Representative photomicrographs of PI
immunofluorescence staining. (b) Quantification of PI staining in primary cortical neurons (n = 6 per group). (c) Representative
photomicrographs of TUNEL immunofluorescence staining. (d) Quantification of TUNEL staining in primary cortical neurons (n = 6 per
group). (a, c) Magnification ×200, scale bar 50μm. Bars represent the mean ± SD. ∗P < 0:05.
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mediated HO-1 expression, ROS suppression, and NLRP3
inflammasome inhibition. Additionally, ML385 treatment
abrogated the neuroprotective effects of LUT against SAH-
induced oxidative damage, neuroinflammation, neuronal
apoptosis, and pyroptosis. These findings supported the
notion that LUT inhibited NLRP3 inflammasome activation
might involve Nrf2 signaling pathway. Based on these out-
comes, we further evaluated the effects of LUT in an
in vitro SAH model. In agreement with the results in vivo,
LUT inhibited neuroinflammation, oxidative damage, and
neuronal apoptosis and pyroptosis in vitro, which were
associated with NLRP3 inflammasome inhibition and Nrf2
activation and were reversed by ML385. Taken together,
our data indicated that the cerebroprotective effects of
LUT might be attributed to its ability to induce Nrf2 activa-
tion and thereby inhibiting the NLRP3 inflammasome
signaling.

However, there are several limitations in our study.
Firstly, in the dose-response experiments, we cannot con-
clude that 60mg/kg LUT is the optimum dose to provide
maximal effect. Although there were no statistical differences
between 30mg/kg and 60mg/kg LUT in ameliorating neuro-
logical deficits and neuronal degeneration, we can still see
that 60mg/kg LUT had a better act on neurological out-
comes and neuronal survival after SAH. A larger sample size
might decipher these discrepancies. Additionally, the toxic-
ity studies should be further conducted to verify the optimal
dose of LUT in SAH. Secondly, how LUT regulates Nrf2
activation remains unclear. Some possible mechanisms
might be involved in this action, such as sirtuin 1 (SIRT1),
adenosine monophosphate-activated protein kinase
(AMPK), and PI3K [14–16, 54]. Yang et al. reported that
dietary LUT could attenuate HgCl2-induced liver dysfunc-
tion by regulating SIRT1/Nrf2/TNF-α signaling pathway.
Another two previous studies have indicated that LUT could
significantly increase levels of PI3K and phosphorylated
AMPK to activate Nrf2 pathway in different research areas
[14, 55]. However, whether these molecular targets are
attributable to the activation of Nrf2 signaling by LUT after
SAH is needed to be clarified. Lastly, it should be noted that
in addition to HO-1, Nrf2 can transcriptionally induce a
variety of antioxidative genes including NAD(P) H dehydro-
genase quinone 1 (NQO-1). It has been demonstrated that
NQO-1 plays a critical role in monitoring cellular redox
state and protects against oxidative stress induced by a vari-
ety of metabolic situations [56, 57]. Whether NQO-1 is
involved in the beneficial effects of LUT against SAH
remains obscure. Given that the present research is a pilot
study, further experiments are still needed to validate the
exact role of LUT following SAH.

5. Conclusion

In conclusion, we provide the first evidence that LUT exerts
cerebroprotective effects against SAH by inhibiting NLRP3
inflammasome activation, which may be largely dependent
on upregulation of the Nrf2 signaling pathway. LUT may
serve as a promising candidate for SAH treatment.
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