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Abstract
Aims: Intracerebral hemorrhage (ICH) is a condition that arises due to the rupture 
of cerebral blood vessels, leading to the flow of blood into the brain tissue. One of 
the pathological alterations that occurs during an acute ICH is an impairment of the 
blood–brain barrier (BBB), which leads to severe perihematomal edema and an im-
mune response.
Discussion: A complex interplay between the cells of the BBB, for example, pericytes, 
astrocytes, and brain endothelial cells, with resident and infiltrating immune cells, 
such as microglia, monocytes, neutrophils, T lymphocytes, and others accounts for 
both damaging and protective mechanisms at the BBB following ICH. However, the 
precise immunological influence of BBB disruption has yet to be richly ascertained, 
especially at various stages of ICH.
Conclusion: This review summarizes the changes in different cell types and molecu-
lar components of the BBB associated with immune-inflammatory responses during 
ICH. Furthermore, it highlights promising immunoregulatory therapies to protect the 
integrity of the BBB after ICH. By offering a comprehensive understanding of the 

https://doi.org/10.1111/cns.14853
www.wileyonlinelibrary.com/journal/cns
https://orcid.org/0000-0002-1182-5492
https://orcid.org/0000-0002-0609-8956
mailto:
mailto:
https://orcid.org/0000-0001-5614-6859
mailto:
https://orcid.org/0000-0003-2291-640X
http://creativecommons.org/licenses/by/4.0/
mailto:jianwang2020@outlook.com
mailto:chenxm@zzu.edu.cn
mailto:chaoj@zzu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fcns.14853&domain=pdf&date_stamp=2024-07-21


2 of 16  |     JIA et al.

1  |  INTRODUC TION

Intracerebral hemorrhage (ICH) is a result of the rupture of blood 
vessels in the cerebral parenchyma. The second most common 
subtype of stroke follows a high incidence rate and mortality with 
limited treatment options.1,2 Neuroinflammation and the disrup-
tion of the blood–brain barrier (BBB) are two hallmarks of sec-
ondary brain damage after ICH.3 BBB injuries triggered a cascade 
of changes involving immune responses, the degradation of tight 
junction proteins (TJPs), and increased trans-endothelial permea-
bility. The extravasation of blood components, including thrombin, 
fibrinogen, and clot-derived degradation products of red blood 
cells, precipitates an extensive immune-inflammatory response in 
the perihematomal area. This response induces pronounced cy-
totoxic and vasogenic edema, culminating in adverse outcomes. 
Currently, clinical research in the field of drug treatment for ICH 
primarily centers around the exploration and creation of novel 
drugs targeting the injury mechanisms of this condition. Several 
internal mechanisms have been identified that can potentially 
ameliorate the pathology associated with the permeability of the 
BBB. However, the outcomes of these therapeutic approaches 
have yet to yield the desired effectiveness, and research on the 
BBB after ICH is still limited.4

Activated immune cells around the hematoma stimulate the ex-
pression of pro-inflammatory factors, leading to peripheral leuko-
cyte infiltration and increasing levels of cytokines and chemokines.5 
These immune cells also activate matrix metalloproteinases (MMPs), 
which subsequently compromise the integrity of BBB and facilitate 
the recruitment of peripheral immune cells to the affected regions. 
The subsequent damage to the BBB directly results from this se-
quence of events. It is pertinent to note that neuroinflammation, in 
its initial stages, significantly contributes to brain injury in cases of 
ICH. Nevertheless, the resultant inflammatory alterations in neutro-
phils, macrophages, and astrocytes may facilitate recovery during 
later stages. This involves resolving inflammation and promoting 
neurogenesis, angiogenesis, and neuronal plasticity. Moreover, im-
mune cells in the central nervous system (CNS) communicate with 
peripheral immune cells, creating a complex inflammatory network 
that may indirectly impact BBB integrity. Therefore, a comprehen-
sive understanding of the transition within the neuroinflammatory 
response mechanism from injury to repair and the correlation be-
tween the cellular and molecular immune-inflammatory response to 
the disruption in BBB may aid in identifying potential therapeutic 
targets for ICH.

This article aims to provide an overview of the current knowledge 
regarding the mechanisms that underlie the disruption of the BBB 
associated with immune-inflammatory responses, with a determi-
nation of the interactions between cerebral and peripheral immune 
cells after ICH. We provide a high-level overview of the structural 
characteristics of the BBB and the various factors that can poten-
tially affect its integrity. We explore the impact of different cellular 
and molecular immune components, such as cytokines, chemokines 
and adhesion molecules, and MMPs, as well as microglial activation 
and peripheral immune cells. Finally, we explore recent therapeutic 
advancements and emerging 3D tissue engineering approaches that 
aim to address BBB disruption and serve as a reference for future 
research and clinical transformation.

2  |  DISRUPTION OF BBB COMPONENTS 
POST- ICH AND IMMUNOLOGIC AL IMPAC TS

Maintaining the integrity of the BBB is crucial for ensuring the cor-
rect structural and functional connections in the brain, synaptic 
linkages, and the exchange of information among various cell types 
within the neurovascular unit. The BBB is composed of complex in-
teractions of different components, including brain endothelial cells 
(BECs), pericytes, astrocytes, cellular junctions, and the basement 
membrane (BM).6,7 The CNS has a low level of immune cell surveil-
lance against the peripheral tissues due to the BBB, which prevents 
circulating leukocytes from entering the CNS.8 Excessive immune 
responses can corrupt tight junctions (TJs) and BECs in brain injury. 
Within this section, we describe the physiological and pathologi-
cal changes of different BBB components after ICH (summarized in 
Figure 1), in addition to immune responses and their associated ef-
fects on these cells.

2.1  |  Brain endothelial cells

2.1.1  |  Pathological changes in BECs after ICH

BECs line cerebral vessels and form a continuous monolayer, which 
in contrast to the periphery, has no fenestrations and is particu-
larly tight due to the expression of TJPs and adhesion junctions.9 
Research reported that BECs can undergo cell death after ICH in 
experimental rodents and in  vitro models.10 BBB impairments 
have also been observed in larger animal models, such as sheep.11 

mechanisms behind BBB damage linked to cellular and molecular immunoinflamma-
tory responses after ICH, this article aimed to accelerate the identification of poten-
tial therapeutic targets and expedite further translational research.

K E Y W O R D S
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Erythrocyte lysis within ICH leads to hemoglobin release, degrada-
tion, and subsequent iron release, contributing to BBB breakdown. 
Oxidized heme and iron are pivotal in damaging BECs by promoting 
lipid peroxidation, which can alter BBB function.12

In our previous studies in experimental ICH in mice, BECs be-
came swollen and irregular in shape, the TJs were shorter and 
blurred, and the expression of TJPs was significantly lower, with 
their lowest expression on day 3 after ICH (investigated time win-
dow for up to 5 days).13,14 Using gadolinium-enhanced T1-MRI and 
Evans Blue (EB) staining, we observed that the breakdown of the 
BBB began to recover on day 7.15 Interestingly, a decrease in BBB ex-
travasation has been observed in different models of ICH, including 
the autologous blood model14 and the thrombin model,16 indicating 
that the BBB may have the potential for repair after injury. Currently, 
changes at the BBB during the recovery period of ICH remain poorly 
understood, and research on the changes in BECs and TJPs during 
the repair stage is warranted.

The paracellular pathway, a crucial mechanism involving alter-
ations in the function of TJs, is extensively studied for its role in reg-
ulating barrier permeability after ICH. Understanding the impact of 
changes in the number of blood vessels after ICH on TJPs expression 
is vital. This requires evaluating whether TJP reduction is linked to a 
decrease in the number of blood vessels, a comparison that can be 
facilitated by considering TJPs with vessel length.

In addition to the well-documented role of the TJs network in 
governing the BBB through the paracellular route,17 BEC endocyto-
sis emerges as a critical, yet less explored, mechanism in modulating 

BBB function after ICH. Studies have indicated a significant reduc-
tion in the expression of Mfsd2a, a transmembrane protein facili-
tating the cellular transport of BECs, in the brain tissue surrounding 
the hematoma after ICH. The findings illustrate that the overex-
pression of Mfsd2a can suppress vesicle-mediated endocytosis, 
lower the number of vesicles, and attenuate BBB impairment after 
ICH.18 However, ongoing research aims to delineate the alterations 
in transporters at the BBB, including SLCs, SLC7A5, LAT1, or ABC 
efflux pumps, after ICH.

2.1.2  |  The immunological impact of ICH 
on the BECs

BECs play a crucial role in maintaining CNS homeostasis by limit-
ing the entry of circulating WBCs and blood molecules into the 
CNS.19 Following ICH, peripheral immune cells infiltrate the sur-
rounding tissues of the hematoma through the damaged BBB. The 
expression of inhibitory MHC class I, specifically the ligand H2-
Kb, in BECs is downregulated, while ligands that activate natural 
killer cells (NK cells) such as RAE1 and MULT-1 increase, which 
may lead to cell apoptosis in BECs.20 There are also reports that 
antigen presentation and recognition in MHC class I induces CD8 
activity, leading to BBB breakdown.21 Suggests that the interac-
tion between BECs and peripheral immune cells may exacerbate 
the disruption of the BBB after ICH. In addition, NK cells also 
significantly increase the mRNA expression of chemokines and 

F I G U R E  1 The structure of the neurovascular unit in healthy and post-ICH conditions. The neurovascular unit comprises brain 
endothelial cells (BECs), basement membrane (BM), pericytes, astrocytes, microglia, and neurons. BECs are the main component of the 
blood–brain barrier (BBB) and are arranged regularly and tightly connected by tight junction proteins (TJPs). Surrounding the BECs are the 
BM, pericytes, and astrocyte end feet, which control the passage of cells and molecules into and out of the brain. When an intracerebral 
hemorrhage (ICH) occurs, the structure of the BBB is compromised, leading to swollen and irregular BECs, reduced expression of TJPs, and 
shortened and unclear tight junctions, resulting in increased BBB permeability. In addition, pericytes and astrocyte end feet show reduced 
contact with the BM, and toxic components in the hematoma following ICH activate astrocytes and microglia, damaging neurons.
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cytokines that act on BECs, such as chemokine (C-X-C motif) li-
gand 2 (CXCL2), CXCL9, chemokine (C-C motif) ligand 2 (CCL2), 
tumor necrosis factor (TNF), and interleukin-6 (IL-6).20 Therefore, 
blocking the inflammatory response can effectively prevent the 
degradation of TJs and protect the integrity of the BBB.22–24 In 
summary, the excessive inflammatory response of BECs after ICH 
can cause BECs damage and exacerbate the disruption of the BBB.

2.2  |  Astrocytes

Astrocyte end feet covers much of the cerebrovascular network and 
is in close contact with the BBB. They can release neurotrophic fac-
tors and metabolites, maintain the dynamic balance of molecules and 
water, and contribute to the formation and regulation of the BBB.24 
After cerebral ischemia, due to the inability of blood to flow back to 
astrocytes, the end feet of astrocytes swell and reduce contact with 
the BM, leading to damage to the BBB.25 Although it was found that 
astrocytes have close contact with blood vessels through transmem-
brane anchoring proteins after ICH,26 the microscopic changes of as-
trocytes at the site of BBB injury have not been elucidated yet. The 
main water channel expressed in astrocyte end feet is aquaporin-4 
(AQP4). As the expression of AQP4 decreases in astrocytes after 
ICH,27 this may suggest that the tight contact between astrocyte 
terminals and blood vessels will also be disrupted after ICH.

Research suggests that inflammatory reactive astrocytes (A1 type) 
are essential in disrupting the BBB.28 Following ICH, astrocytes are 
also activated to reactive astrocytes, and the number of reactive as-
trocytes significantly increases on the first day after ICH and remains 
increased for 7 days.29 Astrocytes contribute to the damage of the 
BBB by releasing many cytokines. The expression of CCL5 is increased 
in astrocytes after ICH. Knocking out CCL5 on astrocytes reduces the 
infiltration of CD8+ cytotoxic T cells and increases the expression of 
TJPs, maintaining the integrity of BBB.30 In addition, astrocytes also 
express other inflammatory signals such as chemokine (C-C motif) re-
ceptor 1, CCR1,22 CCR5,31 and nuclear factor-κB (NF-κB)32 after ICH. 
On the other hand, A2-type astrocytes provide protective effects after 
ICH; they not only downregulate pro-inflammatory factors but also 
improve neurological function in mice.33 However, whether they can 
affect BBB function remains unknown.

The functions of astrocytes are diverse, and recently it has been 
reported that astrocytes can also serve as compensatory phagocytic 
mechanisms for microglia34 This means that dividing astrocytes into 
A1 and A2 phenotypes is limited. In short, there is some evidence that 
the proinflammatory response of astrocytes further worsens BBB 
damage following ICH. Still, the different subtypes of astrocytes after 
ICH and their impact on the BBB have not yet been determined.

2.3  |  Pericytes

Pericytes are contractile cells that wrap around the BECs of 
capillaries, and they are particularly abundant in the brain's 

microvasculature. Pericytes interact with BECs, astrocytes, micro-
glia, and other cells to maintain BBB integrity.25 Following ICH, the 
separation of pericytes from the endothelial membrane leads to a 
significant loss of pericytes, evidenced by the reduced expression 
of its markers pericytes-derived platelet-derived growth factor re-
ceptor beta and NG2.35 Pericytes accumulate a large amount of 
Fe2+ and even die due to the influence of excessive oxidative stress 
after ICH, leading to BBB damage, suggesting that inhibiting oxida-
tive stress response can improve pericyte survival.36 Additionally, 
pericytes are also very sensitive to thrombin following ICH. 
Pericytes release MMP-937 upon thrombin stimulation, which may 
exacerbate BBB impairment after ICH, as discussed above, but 
some studies also suggest that thrombin stimulation can increase 
the coverage of pericytes.38 Therefore, like astrocytes, pericytes 
may be affected by immune inflammatory reactions, stimulating in-
flammatory pathways and influencing BBB function after ICH. The 
precise mechanisms and the role of pericytes in BBB breakdown 
should be further investigated.

2.4  |  Basement membrane

The BM is a thin, specialized extracellular matrix that serves as a 
structural foundation and support for BECs and epithelial cells. It is 
separated by pericytes into parenchymal BM and endothelial BM.39 
Mural cell-specific knockout of the BM protein laminin led to an in-
crease in BBB permeability after experimental ICH in mice,40,41 sug-
gesting an essential role of the BM for BBB function. In line with this, 
lysine hydroxylase 3 (LH3), an enzyme that catalyzes the formation of 
the BM protein collagen, is reduced in the plasma of ICH patients.42 
In experimental ICH in mice, LH3 mRNA expression significantly de-
creased starting on the third day after ICH, and LH3 overexpression 
enhanced the integrity of the BM. This also correlated with a damp-
ened inflammatory response after LH3 overexpression.42

3  |  THE ROLE OF MICROGLIA /
MACROPHAGES AND PERIPHER AL IMMUNE 
CELL S ON THE BBB IN ICH

After ICH occurs, the initial responders are microglia, followed by 
infiltrating macrophages appearing within minutes to hours around 
the hematoma. Subsequently, neutrophils peak at day 3 post-
infarction and persist until day 7, after which their numbers decline. 
Non-conventional innate-like T cells, such as γδT cells and CD8+ cy-
totoxic T cells, also migrate to the lesion site early on, with the arrival 
time of CD4+ T cells resembling neutrophils. These immune cells are 
involved in the complex pathological process of ICH, and excessive 
activation of immune cells and the release of inflammatory cytokines 
can lead to deterioration of the BBB.43,44 Therefore, a thorough un-
derstanding of the cellular and molecular immune components that 
affect the BBB in the hemorrhagic brain may help identify potential 
therapeutic targets for ICH. The current knowledge of the causes 
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and mechanisms by which immune cells lead to BBB disruption is 
summarized in Figure 2.

3.1  |  Microglia/macrophages (M/M)

Microglia, the primary immune cells in the CNS, quickly react to 
hemorrhagic damage and are the initial responders to extravasated 
blood within 1–1.5 h post-ICH.45 Due to the disruption of the BBB, 
peripheral macrophages also infiltrate around the hematoma, and 
they jointly regulate BBB function after ICH. The efficacious elimi-
nation of the hematoma is critical for mitigating damage to the BBB 
and facilitating recovery from ICH. This importance stems from the 
fact that hematomas contain substances potentially deleterious to 
neuronal cells, such as iron and by-products of hemoglobin degrada-
tion. The removal of these toxic substances aids in reducing further 
harm to the BBB. M/M can engulf and digest hemoglobin and other 

blood components in hematoma, playing a crucial role in clearing the 
hematoma.46,47

Subsequently, the accumulation of activated M/M at the injury 
site can directly affect the permeability of the BBB. M/M causes 
local inflammation and neuronal degradation by releasing pro-
inflammatory factors, for instance, IL-1β, TNF, and express chemok-
ines such as CCL2 and chemokine (C-X3-C motif) receptor 1 (Cx3cr1) 
that activate BECs, alter BBB permeability, and increase the recruit-
ment of white blood cells (WBCs). M/M also expresses inflamma-
tory damage molecules, including MMPs, inducible nitric oxide 
synthase (iNOS), and high mobility group box 1 (HMGB1), exacer-
bating BBB damage after ICH.48 Moreover, BBB damage is repaired 
2 weeks after bleeding,46 which is related to mechanisms such as 
anti-inflammatory effects, tissue repair, and angiogenesis. The anti-
inflammatory factors released by M/M increase during the disease 
recovery stage, including IL-10, IL-4, and transforming growth factor 
beta (TGF-β), which have been associated with improvements in the 

F I G U R E  2 Interactions between immune cells and the BBB after ICH. Detrimental mechanisms: ① Downregulated H2-kb and upregulated 
RAE1 and MULT-1 in BECs activate NK cells, which mediate BECs death. NK cells produce CXCL12, enhancing neutrophil recruitment. 
② Astrocytes are activated to reactive astrocytes, releasing CCL5, CCR1, and CCR5, downregulating TJPs to disrupt the integrity of the 
BBB. ③ Fe2+ accumulates in pericytes, which are stimulated by thrombin and release MMP-9, exacerbating BBB damage. ④ Activated M/M 
express CCL2 and reduce the expression of TJPs. ⑤ IL-23, secreted by macrophages, stimulates γδT cells to produce IL-17, which activates 
macrophages. ⑥ Neutrophils, neutrophil extracellular traps, Th1 cells and, activated M/M increase pro-inflammatory factors such as IL-1β, 
TNF, and inflammatory damage molecules such as MMPs, iNOS, HMGB1, which exacerbate inflammation and increase BBB permeability. 
Protective mechanisms: ⑦ LH3 overexpression enhances the integrity of the BM and decreases MMP-9 expression. ⑧ Immune cells also 
release a large amount of anti-inflammatory factors to help repair the BBB. A2-type astrocytes reduce the expression of IL-1β and TNF. Treg 
cells play an immunosuppressive role by inhibiting M/M overactivation. ⑨ IL-27 production by neutrophils is increased, which has led to an 
increase in the production of the iron scavengers lactoferrin, promoting the clearance of Fe2+ and the integrity of the BBB (Created with 
BioRe​nder.​com).
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function of the BBB by inhibiting inflammatory reactions and en-
hancing hematoma clearance.49,50 Meanwhile, M/M also expresses 
growth factors related to tissue and inflammation recovery, such as 
vascular endothelial growth factor, platelet-derived growth factor, 
and brain-derived neurotrophic factor, promoting BBB repair.51

In summary, M/M plays an important role in regulating the BBB 
after ICH. However, further exploration is needed to unravel the 
similarities and differences in the effects of M/M on the BBB.

3.2  |  Lymphocytes

Lymphocytes, including T cells, NK cells, and B cells, are essential 
immune system components that play complex roles in ICH.

Emerging evidence indicates a dynamic interplay between BBB 
dysfunction and lymphocyte infiltration in ICH. T cells contribute 
intricately to the inflammatory environment, with substantial ev-
idence indicating their pro-inflammatory impact within the brain 
after ICH.52,53 Furthermore, studies involving T-cell-deficient 
nude mice and those treated with siponimod54 and fingolimod52 
exhibit decreased BBB leakage post-ICH. Gene expression anal-
ysis revealed that γδ T cells and NK cells were enriched, whereas 
natural regulatory T cells were lower after ICH than the control 
group.44 In ICH mouse models, CD3+ T cell levels peak on day 5, 
aligning with maximum BBB permeability evidenced by EB leakage 
and a significant drop in TJPs.52 Th1 cells exacerbate BBB dam-
age by secreting inflammatory cytokines like IL-12.55 NK cells can 
aggravate brain injury within 12 hours following ICH. When NK 
cells are inhibited, there is a reduction in EB penetration and BEC 
damage, while the expression of TJPs such as claudin-5 and ZO-1 
is enhanced.20 NK cells induce cytotoxic effects on BECs while 
recruiting neutrophils via CXCL12, exacerbating BBB damage and 
increasing brain edema.56 Treg cells exhibit anti-inflammatory ef-
fects on microglia following ICH,57 though their influence on the 
BBB remains unexplored. Therefore, suppressing detrimental lym-
phocyte responses may serve as a strategy for preserving BBB 
function post-ICH. In forthcoming research, it will be essential to 
delve into the specific cell types and mechanisms through which 
lymphocytes impact the BBB following ICH.

3.3  |  Neutrophils

Neutrophils are a type of WBC renowned for their swift reaction 
to infections and inflammation. Neutrophils in the CNS challenge 
the traditional notion that the BBB acts as an impenetrable barrier 
against immune cells. An upregulation of genes associated with 
neutrophils was observed in ICH patients.58,59 After ICH in ro-
dent models, an increase in neutrophil levels is often accompanied 
by further disruption of the BBB.20 Depleting neutrophils in ex-
perimental ICH leads to a reduction in BBB permeability, MMP-9 
levels, axonal injury, as well as the activation of astrocytes and 
M/M following ICH.57,60 During the initial week following ICH, 

activated neutrophils that cling to BECs generate neutrophil ex-
tracellular traps, composed of active proteases and condensed 
chromatin, intensifying inflammation and encouraging thrombo-
sis.61 Furthermore, NETs hinder the resolution of hematomas and 
exacerbate BBB leakage by impairing the fibrinolytic activity of 
tissue plasminogen activator.61 Moreover, neutrophils have the 
potential to foster the formation of blood clots within cerebral 
vessels, thereby exacerbating the situation.62,63

On the other hand, it has also been reported that neutrophils 
can play protective roles. For example, the release of lactoferrin, 
which scavenges iron, contributes to decreasing perihematomal 
edema (PHE) and enhancing the clearance of the hematoma. IL-27 
decreases the presence of inflammatory/cytotoxic molecules in the 
neutrophil secretome and increases the expression of lactoferrin, 
alleviating oxidative stress after ICH.64 Notably, this process is sys-
temic, as the alteration in the neutrophil secretome occurs in the 
bone marrow.

Comprehending the intricate interplay between neutrophils and 
the BBB following ICH is imperative for developing precise thera-
peutic interventions.

4  |  THE INFLUENCE OF CY TOKINES ON 
BBB

Many recent studies have demonstrated that neuroinflammation is a 
risk factor and leads to BBB dysfunction in various brain diseases.65 
The characteristic of inflammation is the accumulation and activa-
tion of inflammatory cells and mediators in the hemorrhagic brain, 
which begins cytokine production mostly by activating leukocytes, 
astrocytes, and microglial cells in the brain.16 A class of polypeptides 
known as cytokines is implicated in inflammatory reactions, so the 
prognosis of patients can be judged by the characteristic changes 
of these cytokines. To better understand the mechanisms involving 
immune responses at the BBB following ICH, we review recent re-
search on the impact of cytokines on BBB function.

4.1  |  Pro-inflammatory cytokines

4.1.1  |  IL-1β

IL-1β is an inflammatory cytokine predominantly generated by acti-
vated glial cells and monocytes.66 Extensive research has revealed a 
marked surge in IL-1β release following ICH as an integral component 
of the inflammatory cascade.16 IL-1β instigates many inflammatory 
pathways, notably the activation of NF-κB facilitated by its receptor 
interactions.55 This activation, in turn, incites the migration of immune 
cells and sets off a robust inflammatory reaction. The impact of IL-1β 
on the integrity of the BBB represents a pivotal facet of the inflamma-
tory response following ICH. It was closely linked to the occurrence 
and exacerbation of PHE, contributing to the mortality and disability 
observed in animal models. Decreasing IL-1β levels pharmacologically 
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has been associated with less BBB impairment and improved expres-
sion of occludin and claudin in ICH mice.67–69 We encountered IL-1β as 
a biomarker for detection rather than a direct influencing factor, and 
the precise pathway through which IL-1β exerts its function remains 
elusive. It is plausible that its primary role may be within the resident 
brain cells rather than the infiltrating peripheral cells.70

4.1.2  |  TNF

TNF is released by various cells, including microglia and astrocytes, and 
triggers an inflammatory cascade that plays a pivotal role in the inflam-
matory response following ICH.65 TNF protein levels increase rapidly, 
often within just 6 h, in the areas surrounding the hematoma. These 
levels continue to rise over time, persisting for at least 72 h after ICH.55 
TNF can traverse the BBB through receptor-mediated endocytosis and 
interact with BECs, decreasing BBB stability.71 After ischemic stroke, 
microglia are the primary source of TNF secretion. This secretion can 
result in BEC death by necroptosis, but treatment with the anti-TNF 
antibody infliximab has demonstrated significant improvements.72 
However, whereas BECs are known to be injured after ICH, there has 
been no direct investigation of the impact of TNF on BBB injury after 
ICH. Recent studies indicate a correlation between increased TNF 
levels and more severe cerebral edema following ICH.73,74 This may 
suggest more extensive BBB damage, although the exact mechanisms 
remain unclear. This underscores the idea that different cytokines may 
target distinct cells or tissues, prompting further exploration into the 
specific functions of TNF secreted by various cell types.

4.1.3  |  IL-6

IL-6 is a promising biomarker for predicting the risk and evaluating 
the severity of ICH. IL-6 is a proinflammatory factor, and its con-
centration in the tissue surrounding the hematoma typically rises 
during the acute stages following an ICH in mice.75 Moreover, its 
concentrations in cerebrospinal fluid and blood correlated with the 
degree of PHE and the prognosis of individuals affected by hemor-
rhagic strokes.76,77 Some studies have shown that an improvement 
in BBB impairment after ICH is accompanied by a decrease in the 
expression of IL-6,78,79 and the direct effect of IL-6 on BBB injury 
has been suggested in other models.80 However, it is still unknown 
in the ICH. It has also been reported that IL-6 can induce an M2-
type macrophage phenotype, contributing to an anti-inflammatory 
response.81 Hence, we cannot just consider the pro-inflammatory 
effects of IL-6; we need to explore its potential role in the BBB after 
ICH from multiple perspectives.

4.1.4  |  IL-17/IL-23

The IL-23/IL-17 axis is crucial in the inflammatory response after 
ICH. Specifically, IL-23 and IL-17 are upregulated in the vicinity of 

the hematoma. IL-23 reaches its peak at day 1, while IL-17 peaks at 
day 4.82 Notably, IL-17 has been reported to be neurotoxic post-ICH 
and to enhance autophagy and inflammatory responses of micro-
glia through IL-17 receptors.83 Furthermore, the level of IL-17 in the 
serum of ICH patients is negatively correlated with neurological 
function recovery.84

Another aspect to consider is the potential influence of cyto-
kines on cell interactions after ICH. It has been demonstrated that 
IL-23, secreted by macrophages, can stimulate T cells to produce 
IL-17, thereby exacerbating PHE post-ICH.82 This finding suggests 
that cytokines significantly mediate cell-to-cell communication, 
which can greatly impact brain injury. Consequently, future re-
search should delve further into elucidating the specific effects 
of cell interactions through cytokines on the integrity of the BBB 
following ICH.

4.2  |  Anti-inflammatory cytokines

Only a few studies have examined the impact of anti-inflammatory 
cytokines on the BBB after ICH. TGF-β1 administration can reduce 
PHE, improve BBB integrity, activate anti-inflammatory microglia, 
and enhance long-term outcomes in an ICH model, suggesting TGF-
β1 as a potential therapeutic agent for BBB after ICH.85 IL-10 was 
found to be correlated with relative PHE volume in the cerebrospi-
nal fluid of patients with ICH.76 IL-10 can regulate the inflammatory 
response of M/M after ICH in mice86 and alleviate inflammation and 
cell death by inhibiting the level of nerve growth factor precursor, 
thereby protecting brain tissue after ICH.87 Other published reports 
indicate that IL-10 increases TJPs and improves BBB permeability in 
acute pancreatitis,88 but its specific mechanism in ICH is still unclear. 
Understanding the intricate interplay between anti-inflammatory 
cytokines and the BBB after ICH is essential for developing thera-
peutic strategies to mitigate the deleterious effects of neuroinflam-
mation and promote recovery.

4.3  |  Chemokines

Chemokines are small cytokines or signaling proteins secreted by 
cells. They can induce targeted chemotaxis of cells and play a piv-
otal role in inflammatory responses. After ICH, immune cells re-
lease numerous chemokines, remarkably increasing the expression 
levels of CCL and CXCL families.89 The greater the concentration 
of these chemokines, the more pronounced their impact on BBB 
permeability.31

CCL2 has been identified as a factor contributing to BBB dam-
age after ICH. Increased CCL2 protein expression has been associ-
ated with reductions in TJP expression, an exacerbation of PHE, and 
an increase in BBB permeability.90,91 CCR1 also plays a leading role 
in promoting inflammation.92 Inhibiting CCL5 can counteract the 
impact of CCR1, and blocking CCR1 improves the integrity of the 
BBB.22 CCL17-dependent CCR4 activation can mitigate PHE after 
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ICH.93 This effect may be attributed to the more substantial che-
motactic impact of CCR4 on Treg cells compared to other cell types, 
thereby exerting an immunosuppressive role. CCR5 has been asso-
ciated with neuronal damage after ICH, although its documented 
impact on the BBB remains unestablished.94

CXCL2 is upregulated in NK cells after ICH, which enhances the 
recruitment of neutrophils and exacerbates damage to the BBB.20 
Additionally, CXCL12 enhances the proliferation, migration, adhe-
sion, and vascular repair capabilities of BECs after ICH.89 CCL20 
emerges as an inflammatory biomarker following ICH, providing a 
promising target for anti-inflammatory interventions.95 The lev-
els of several other members of the CXCL family, including CXCL9, 
CXCL11, CXCL17, and CXCL21, also increased after ICH,20 though 
research on these factors remains limited.

In summary, chemokines can respond to inflammation and alter 
the immune milieu surrounding the hematoma by influencing cell mi-
gration, particularly impacting WBCs. Nonetheless, further studies 
should be performed beyond expression detection to investigate the 
specific mechanisms of their effects as a basis for developing tar-
geted treatments.

4.4  |  Adhesion molecules

Adhesion molecules produced by BECs play a crucial role in facilitating 
the migration of leukocytes across the endothelium and are closely 
associated with the maintenance of BBB function.96 When WBCs rec-
ognize the blood vessel wall through signal molecules like selectins, 
the interaction between WBC adhesion molecules and vascular en-
dothelial cell adhesion molecules results in firm adhesion of WBCs to 
BECs. Subsequently, they can infiltrate the CNS, recognize antigens in 
the brain, and release numerous cytokines and chemokines, inciting 
an inflammatory response.8 Decreasing levels of intercellular adhesion 
molecules90 and vascular endothelial cell adhesion molecules97 can 
enhance BBB integrity and reduce PHE. α4 integrin was elevated in 
all leukocyte populations in the brain after ICH, which reduces leuko-
cyte migration into the brain, diminishing neurobehavioral disability.98 
However, the role of immunoglobulin family members and selectins in 
BBB function after ICH remains undefined, with the specific types of 
WBCs requiring further clarification. Additionally, pro-inflammatory 
factors have been shown to influence BBB permeability and the ex-
pression of adhesion molecules.96

4.5  |  Matrix metalloproteinases

MMPs are a family of proteases that participate in physiological 
and pathophysiological processes. Elevated MMP levels disrupt the 
normal metabolism balance of the extracellular matrix, resulting in 
the degradation of blood capillary BM and TJ structures. This deg-
radation, in turn, leads to increased BBB permeability and clinical 
hematoma expansion.99 Consequently, inhibiting MMP activation 
mitigates BBB damage following ICH.100,101

MMPs, particularly MMP-2 and MMP-9, have been implicated 
in the breakdown of BBB integrity, contributing to increased per-
meability and PHE. This process is closely tied to the recruitment 
and activation of immune cells, including neutrophils and macro-
phages, which release pro-inflammatory factors and chemokines. 
These immune responses and MMP activity further exacerbate BBB 
disruption and tissue damage. Previous findings have indicated in-
creased MMP-9 levels in peripheral blood are associated with he-
matoma enlargement, poor functional prognosis, and increased PHE 
growth in patients.102 Inhibiting MMP-9 can increase the expression 
of TJPs and basal protein.40 However, some studies have suggested 
that MMP-9 activation may not be a contributing factor to the neu-
rological outcomes in hypertension-induced ICH.103 Additionally, 
distinct members within the MMPs family may exhibit different ef-
fects. For example, MMP-2 shows no independent correlation with 
early hematoma expansion in ICH patients104 but is associated with 
ICH recurrence.105 Notably, in this study, no indicators were linked 
to the BBB. In future research, a more comprehensive exploration 
of MMP-2 and the impact of other MMPs family members on the 
BBB, possibly in conjunction with clinical detection methods, is 
warranted.

5  |  THER APEUTIC ADVANCES TARGETING 
IMMUNOREGUL ATORY EFFEC TS TO 
ALLE VIATE BBB IMPAIRMENT AF TER ICH

The primary approach to managing hemorrhagic stroke is typically 
a craniotomy intended to stop the bleeding or reduce intracranial 
pressure. However, these interventions are associated with sev-
eral challenges, including constraints related to the time window 
for intervention, suboptimal efficacy, a heightened risk of com-
plications, and limitations in terms of patient eligibility. Currently, 
novel treatment strategies targeting BBB dysfunction have gar-
nered increasing recognition in the ICH research field. Numerous 
drugs and gene targets have demonstrated efficacy in promoting 
BBB recovery, presenting promising avenues for therapeutic in-
terventions. The potential targets for BBB protection post-ICH are 
summarized in Table 1.

Relieving excessive immune cell proliferation and activation is 
a way to deal with the inflammatory reaction brought on by BBB 
breakdown after ICH. Compounds like Nle4-D-Phe7-α-MSH,23 mi-
nocycline, dexmedetomidine, methylprednisolone, Didymin,69 oza-
nimod, and P7C3-A20 can inhibit microglial activation and alleviate 
inflammatory reactions through various pathways.106–110 Some have 
also demonstrated effects on astrocytes, neutrophils,69 and periph-
eral infiltrating macrophages.107 Research on targeting lymphocytes 
in the context of BBB disruption after ICH is relatively limited. While 
siponimod54 and fingolimod52 have shown potential in reducing 
lymphocyte infiltration, its exact molecular mechanism of action re-
mains unknown.

In addition, reducing pro-inflammatory factors and chemokines 
is also an important strategy to reduce immune cell infiltration and 
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TA B L E  1 Potential targets for BBB protection post ICH.

Pre-clinical studies

Targets Known to
Method or 
effect Cell type Function Mechanism Reference

H2-kb MHC-I ligand, a ligand 
for the inhibitory NK 
cell receptor Ly49C

Protective 
effects

BECs Prevent apoptosis of BECs – [20]

Laminin α5 Laminin Protective 
effects

BECs ① Reduce BBB permeability
② Reduce neuronal death
③ Reduce inflammatory 
response

– [134]

MMP-9 Matrix 
metalloproteinases

Inhibit BECs and BM Improve expression of TJ 
proteins and basal proteins

– [40]

AQP4 Family of membrane 
channel proteins

Protective 
effects

Astrocytes Improve BBB integrity and Peri-
hematoma edema

Relates to micro-
environmental reactive 
oxygen species

[27]

CCL5 Chemokine ligand Inhibit Astrocytes Reduce the infiltration of CD8+ 
cytotoxic T cells
Reduce the loss of TJPs, 
maintaining the integrity of BBB

– [30]

LH3 An enzyme that 
catalyzes the 
formation of the BM 
protein collagen

Protective 
effects

BM ① Enhance the integrity of the 
BM
② Attenuate neuroinflammation

– [42]

TSG-6 Tumor necrosis 
factor 6

Protective 
effects

Astrocytes Antagonize the inflammatory 
response of activated astrocytes

Inhibits NF-κB pathway [32]

NDP-MSH Nle4-D-Phe7-α-MSH, 
transforming from 
α-MSH

Protective 
effects

Microglia ① Lessen BBB leakage
② Increase the expression of 
ZO-1, occludin, and laminin-α5
③ Attenuate neuroinflammation

Activates CREB/Nr4a1/
NF-κB pathway

[23]

Didymin A dietary citrus 
flavonoid

Protective 
effects

Microglia ① Attenuate neuroinflammation
② Decrease BBB disruption and 
brain water content

Upregulates Rkip 
expression and 
suppresses the Asc/
Caspase-1/GSDMD 
signal pathway

[69]

P7C3-A20 A novel aminopropyl 
carbazole compound

Protective 
effects

Microglia ① Lessen BBB leakage
② Reverse the reduced protein 
levels of TJs
③ Attenuate neuroinflammation

Activate the NAD+/
Sirt3 Pathway

[110]

Soluble 
epoxide 
hydrolase

The key 
enzyme in the 
Epoxyeicosatrienoic 
acid signaling

Inhibit Microglial 
Neutrophils

Induce neuroinflammatory 
responses

– [111]

CCR1/CCL2 C-C chemokine 
receptor/Chemokine 
CC ligand 2

Inhibit BECs Astrocyte 
NeuN

① Reduce the BBB permeability
② Reverse the reduced protein 
levels of TJs

① Inhibit CCR1/SRC/
Rac1 signal pathway
② Inhibit CCL2/CCR2/
p38 MAPK signal 
pathway

[22,91]

Heat shock 
protein B8, 
HSPB8

Small heat shock 
proteins family

Protective 
effects

BECs ① Reduce the brain water 
content
② Lessen BBB leakage
③ Reduce damage of TJs

Activate the Akt/
GSK3β/β-catenin 
pathway

[135]

(Continues)
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help with regression. Inhibitors targeting inflammatory factors and 
chemokines, such as CCR1 and CCL2 receptor inhibitors,22,91,111 pri-
marily enhance BBB function after ICH by reducing the expression 
of proinflammatory cytokines and chemokines. However, the effec-
tiveness of these inhibitors often depends on the activation state 
of cells.

Cell transplantation technology holds significant potential for 
improving BBB function. Pericytes from pluripotent stem cells re-
duce post-stroke BBB permeability in  vivo by increasing coverage 
on BECs and the expression of TJPs.112 In the context of ICH, stud-
ies involving cell transplantation, such as mesenchymal stromal cell 
transplantation, have also been reported to improve neurological 
function after ICH.113,114 However, we emphasize the need for more 
integration of tissue engineering methods in these approaches. 
Over recent years, emerging tissue engineering has provided poten-
tial therapeutic strategies for BBB recovery after ICH, including the 

application of biomaterials in drug delivery and cell transplantation. 
Hydrogel, a biological material derived from various polymers, ex-
hibits excellent permeability and accuracy across the BBB. Hydrogel 
with drug therapy has demonstrated a therapeutic effect in im-
proving inflammatory reactions and reducing PHE after ICH.115–117 
Hydrogel delivers Procyanidins, which can more effectively reduce 
reactive oxygen species levels.118 Nanomaterials utilizing carbon 
clusters containing high iron chelators can effectively reduce oxida-
tive stress.119 The 3D scaffold constructed with graphene enhances 
adhesion proteins' adhesion and facilitates nerve cell regeneration 
and development.120 However, all of the above biomaterials have 
their limitations, such as dosage volume, time, efficacy, and injection 
method, which need to be considered.121 In this regard, we hypoth-
esize that optimizing nasal delivery and intravenous injection meth-
ods may greatly improve clinical translation. 3D tissue engineering 
technology aims to create three-dimensional structures that mimic 

Clinical studies

Targets Known to Phase Cell type Function Mechanism

Dexmedetomidine A2-adrenergic 
receptor agonist

Phase II Microglia Reduce the volume 
of hematoma, PHE, 
and inflammatory 
reaction

① Inhibit the 
activation of 
NLRP3
② Suppress 
NF-κB signal 
pathway

[107,136,137]

Methylprednisolone 
sodium succinate

An 
immunosuppressive 
agent

Pre-clinical Microglia
Neutrophils

① Reduce 
permeability of the 
BBB and PHE
② Inhibit 
inflammatory 
responses
③ Reduce neuronal 
apoptosis

① Attenuate 
activation of the 
TLR4/NF-κB 
pathway
② Increase Bcl-2 
expression and 
reduce Bax 
expression

[108]

Minocycline An antibiotic Phase II 
and III

Microglia Alleviate BBB 
damage, PHE, 
neurological deficit, 
and inflammatory 
reaction

Alter the activity 
of DKK1-Wnt 
Signaling

[101,106,138]

Ozanimod Sphingosine-1-
phosphate (S1P) 1/5 
receptor agonist

Pre-clinical Microglia
Lymphocyte

① Improve the 
neural function
② Reduce the 
number of activated 
microglia and 
neutrophils

S1PR regulator [109]

Fingolimod A sphingosine 
1-phosphate analog

Phase II/0 Lymphocyte Regulate the 
integrity and reduce 
permeability of the 
BBB

S1PR regulator [139]

Glibenclamide Sulfonylurea Phase II BECs
Microglia

Reduce the brain 
water content, 
BBB permeability, 
and inflammatory 
reaction

Activate NLRP3 
inflammatory 
bodies

[140]

Deferoxamine Iron chelator Phase II BECs Reduce the 
inflammatory 
activation

– [141,142]

TA B L E  1 (Continued)
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the morphology and function of biological tissues in vivo.122 Both 
hydrogel and graphene scaffolds can be used as a platform for at-
taching immune cells and other elements involved in the recovery of 
neural function. In vitro experiments have successfully utilized these 
biomaterials in combination with 3D printing technology to generate 
cerebral micro-vessels or even complete neurovascular units, simu-
lating the BBB.123–125 The combination of biomaterials and immune 
cells has been studied in other fields,126 but research on ICH has 
not been reported yet. A study showed that microglia have charac-
teristic morphology, inflammatory reaction, phagocytosis, and other 
functions in 3D organoids,127 suggesting that 3D tissue engineering 
technology and cell transplantation technology can be combined to 
study the function of the BBB after ICH.

6  |  CONCLUSIONS AND PERSPEC TIVES

The immune response following ICH is a complex process triggered 
by multifaceted factors. The BBB, a crucial boundary between the 
central and peripheral areas, becomes a target for these immune 
responses. While studies have provided a comprehensive overview 
of the inflammatory response post-ICH,16 the specific impact of the 
immune response from distinct BBB components on ICH remains 
unclear. This underscores the necessity for in-depth research on the 
changes and mechanisms of the immune responses to BBB compo-
nents.128 This understanding is paramount as the morphology and 
structure of BECs undergo significant changes after ICH,14 leading 
to functional damage.

The increased expression of MHC ligand20 on BECs enhances 
the antigen presentation of BECs. It facilitates the recognition by 
immune cells and their transport to the CNS after ICH. Similarly, 
the increased expression of chemokines and adhesion molecules20 
is crucial in recruiting immune cells to BECs. After ICH, astrocytes 
transform to an inflammatory phenotype,29 releasing proinflamma-
tory factors that induce BEC activation. Meanwhile, the inflamma-
tory response is more likely to result in passive loss of pericytes and 
BM after ICH. Therefore, any disruption of these components inevi-
tably leads to BBB dysfunction.

Brain-resident microglia are the primary responders to ICH, fol-
lowed by peripheral macrophages, lymphocytes, and neutrophils 
that gradually infiltrate the lesion over several days.129,130 Microglia, 
in particular, can lead to BBB destruction by releasing numerous in-
flammatory factors in the early stage of ICH.48 Eliminating microg-
lia has been shown to improve the prognosis of ICH.131 Therefore, 
understanding the protective effects of microglia and their proin-
flammatory role in the early stage of BBB destruction is of utmost 
importance. Macrophages, on the other hand, gradually transform 
toward the phenotype of microglia after entering the brain. It is 
crucial to distinguish the effects of microglia and peripherally infil-
trating macrophages on the BBB after ICH, yet many studies do not 
differentiate them. There is no study on brain-resident macrophages 
on the BBB, highlighting a significant research gap. In addition, the 
metabolic environment varies in different disease environments, 

and M/M are important sources of metabolites.132 Whether the me-
tabolites of M/M have an impact on the BBB function after ICH is 
also a new research direction.

The time point of infiltration of lymphocytes and neutrophils after 
ICH is inconsistent, possibly due to the differential expression of BEC 
adhesion molecules, selectin ligands, etc., causing variations in differ-
ent infiltrating cell types.133 Peripheral infiltrating lymphocytes and 
neutrophils are believed to have a destructive effect on the BBB.53 
However, the exact function and mechanism of action of different 
types of immune cells in BBB damage after ICH are still a puzzle. 
There are numerous unresolved issues, such as the differences in the 
effects of various subtypes of lymphocytes on the BBB after ICH, the 
interaction between peripheral infiltrating immune cells and brain 
cells to affect BBB function after ICH, and their role in the recovery 
phase of the BBB after ICH. These gaps in knowledge underscore the 
need for multi-angle interpretation and in-depth exploration of the 
mechanism of the effects of different immune cells on the BBB after 
ICH in future research.

The interaction between central and peripheral immune cells 
emerges as a vital factor in damaging and protecting the BBB after 
ICH. This review synthesizes the current understanding of how ICH 
influences immune responses within various BBB components and 
underscores the significant yet often underestimated effects of 
peripheral immune cells infiltrating the BBB. Furthermore, it dis-
cusses current therapeutic approaches targeting the inflammatory 
responses at the BBB post-ICH, thus paving the way for future in-
vestigative avenues.

AUTHOR CONTRIBUTIONS
Peijun Jia, Qinfeng Peng devised the conceptual ideas, performed 
the literature search, and drafted the original manuscript. Yumeng 
Zhang, Hanxiao Xue, Jiaxin Li, and Houn Sonita assisted with writing 
and formatting modifications. Xiaochong Fan, Junmin Wang, Simon 
Liu, Anh Le, Shijie Zhang, Marietta Zille, Chao Jiang, Xuemei Chen, 
and Jian Wang contributed to the discussion and revision. All au-
thors approved the final manuscript.

ACKNOWLEDG MENTS
The authors thank the funding sources for supporting this work.

FUNDING INFORMATION
This work received partial support from the National Natural Science 
Foundation of China (82371339).

CONFLIC T OF INTERE S T S TATEMENT
The author declares no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
Data sharing is not applicable to this article, as no datasets were 
generated or analyzed during the current study.

ORCID
Simon Liu   https://orcid.org/0000-0002-1182-5492 

 17555949, 2024, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cns.14853, W

iley O
nline L

ibrary on [09/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0002-1182-5492
https://orcid.org/0000-0002-1182-5492


12 of 16  |     JIA et al.

Marietta Zille   https://orcid.org/0000-0002-0609-8956 
Xuemei Chen   https://orcid.org/0000-0001-5614-6859 
Jian Wang   https://orcid.org/0000-0003-2291-640X 

R E FE R E N C E S
	 1.	 Li Z, You M, Long C, et al. Hematoma expansion in intracerebral 

hemorrhage: an update on prediction and treatment. Front Neurol. 
2020;11:702. doi:10.3389/fneur.2020.00702

	 2.	 Jiang C, Guo H, Zhang Z, et  al. Molecular, pathological, clinical, 
and therapeutic aspects of perihematomal edema in differ-
ent stages of intracerebral hemorrhage. Oxid Med Cell Longev. 
2022;2022:3948921. doi:10.1155/2022/3948921

	 3.	 Zille M, Farr TD, Keep RF, Römer C, Xi G, Boltze J. Novel tar-
gets, treatments, and advanced models for intracerebral hae-
morrhage. EBioMedicine. 2022;76:103880. doi:10.1016/j.
ebiom.2022.103880

	 4.	 Zhang R, Ding R, Wang Q, et  al. Inflammation in intracerebral 
hemorrhage: a bibliometric perspective. Brain Hemorrhages. 
2024;5(3):107-116. doi:10.1016/j.hest.2024.01.003

	 5.	 Ren H, Han R, Chen X, et al. Potential therapeutic targets for in-
tracerebral hemorrhage-associated inflammation: an update. J 
Cereb Blood Flow Metab. 2020;40(9):1752-1768. doi:10.1177/027
1678x20923551

	 6.	 Sweeney MD, Zhao Z, Montagne A, Nelson AR, Zlokovic BV. 
Blood-brain barrier: from physiology to disease and back. Physiol 
Rev. 2019;99(1):21-78. doi:10.1152/physrev.00050.2017

	 7.	 Sweeney MD, Sagare AP, Zlokovic BV. Blood-brain barrier 
breakdown in Alzheimer disease and other neurodegenerative 
disorders. Nat Rev Neurol. 2018;14(3):133-150. doi:10.1038/
nrneurol.2017.188

	 8.	 Langen UH, Ayloo S, Gu C. Development and cell biology of the 
blood-brain barrier. Annu Rev Cell Dev Biol. 2019;35:591-613. 
doi:10.1146/annurev-cellbio-100617-062608

	 9.	 Daneman R, Prat A. The blood-brain barrier. Cold Spring Harb 
Perspect Biol. 2015;7(1):a020412. doi:10.1101/cshperspect.
a020412

	 10.	 Zille M, Ikhsan M, Jiang Y, Lampe J, Wenzel J, Schwaninger M. 
The impact of endothelial cell death in the brain and its role 
after stroke: a systematic review. Cell Stress. 2019;3(11):330-347. 
doi:10.15698/cst2019.11.203

	 11.	 Boltze J, Ferrara F, Hainsworth AH, et al. Lesional and perilesional 
tissue characterization by automated image processing in a novel 
gyrencephalic animal model of peracute intracerebral hemor-
rhage. J Cereb Blood Flow Metab. 2019;39(12):2521-2535. doi:10.1
177/0271678x18802119

	 12.	 Chen X, Pang X, Yeo AJ, et al. The molecular mechanisms of fer-
roptosis and its role in blood-brain barrier dysfunction. Front Cell 
Neurosci. 2022;16:889765. doi:10.3389/fncel.2022.889765

	 13.	 Qiu Z, Yang J, Deng G, Fang Y, Li D, Zhang S. Angiopoietin-like 
4 attenuates brain edema and neurological deficits in a mouse 
model of experimental intracerebral hemorrhage. Med Sci Monit. 
2018;24:880-890. doi:10.12659/msm.907939

	 14.	 Jia P, He J, Li Z, et  al. Profiling of blood-brain barrier disruption 
in mouse intracerebral hemorrhage models: collagenase injection 
vs. autologous arterial whole blood infusion. Front Cell Neurosci. 
2021;15:699736. doi:10.3389/fncel.2021.699736

	 15.	 Yang J, Li Q, Wang Z, et  al. Multimodality MRI assessment of 
grey and white matter injury and blood-brain barrier disruption 
after intracerebral haemorrhage in mice. Sci Rep. 2017;7:40358. 
doi:10.1038/srep40358

	 16.	 Chen S, Li L, Peng C, et al. Targeting oxidative stress and inflam-
matory response for blood-brain barrier protection in intracere-
bral hemorrhage. Antioxid Redox Signal. 2022;37(1–3):115-134. 
doi:10.1089/ars.2021.0072

	 17.	 Knowland D, Arac A, Sekiguchi KJ, et  al. Stepwise recruitment 
of transcellular and paracellular pathways underlies blood-
brain barrier breakdown in stroke. Neuron. 2014;82(3):603-617. 
doi:10.1016/j.neuron.2014.03.003

	 18.	 Yang YR, Xiong XY, Liu J, et al. Mfsd2a (major facilitator superfam-
ily domain containing 2a) attenuates intracerebral hemorrhage-
induced blood–brain barrier disruption by inhibiting vesicular 
transcytosis. J Am Heart Assoc. 2017;6(7):e005811. doi:10.1161/
jaha.117.005811

	 19.	 Chen MB, Yang AC, Yousef H, et  al. Brain endothelial cells 
are exquisite sensors of age-related circulatory cues. Cell Rep. 
2020;30(13):4418-4432.e4414. doi:10.1016/j.celrep.2020.03.012

	 20.	 Li Z, Li M, Shi SX, et al. Brain transforms natural killer cells that ex-
acerbate brain edema after intracerebral hemorrhage. J Exp Med. 
2020;217(12):e20200213. doi:10.1084/jem.20200213

	 21.	 Aydin S, Pareja J, Schallenberg VM, et  al. Antigen recognition 
detains CD8(+) T cells at the blood-brain barrier and contributes 
to its breakdown. Nat Commun. 2023;14(1):3106. doi:10.1038/
s41467-023-38703-2

	 22.	 Yan J, Xu W, Lenahan C, et al. Met-RANTES preserves the blood-
brain barrier through inhibiting CCR1/SRC/Rac1 pathway after in-
tracerebral hemorrhage in mice. Fluids Barriers CNS. 2022;19(1):7. 
doi:10.1186/s12987-022-00305-3

	 23.	 Wu X, Fu S, Liu Y, et  al. NDP-MSH binding melanocortin-1 re-
ceptor ameliorates neuroinflammation and BBB disruption 
through CREB/Nr4a1/NF-κB pathway after intracerebral hemor-
rhage in mice. J Neuroinflammation. 2019;16(1):192. doi:10.1186/
s12974-019-1591-4

	 24.	 Michinaga S, Koyama Y. Dual roles of astrocyte-derived factors in 
regulation of blood–brain barrier function after brain damage. Int J 
Mol Sci. 2019;20(3):571. doi:10.3390/ijms20030571

	 25.	 Huang Y, Chen S, Luo Y, Han Z. Crosstalk between inflammation 
and the BBB in stroke. Curr Neuropharmacol. 2020;18(12):1227-
1236. doi:10.2174/1570159x18666200620230321

	 26.	 Scimemi A. Astrocytes and the warning signs of intracere-
bral hemorrhagic stroke. Neural Plast. 2018;2018:7301623. 
doi:10.1155/2018/7301623

	 27.	 Jeon H, Kim M, Park W, et  al. Upregulation of AQP4 improves 
blood-brain barrier integrity and perihematomal edema following 
intracerebral hemorrhage. Neurotherapeutics. 2021;18(4):2692-
2706. doi:10.1007/s13311-021-01126-2

	 28.	 Kim H, Leng K, Park J, et al. Reactive astrocytes transduce inflam-
mation in a blood-brain barrier model through a TNF-STAT3 signal-
ing axis and secretion of alpha 1-antichymotrypsin. Nat Commun. 
2022;13(1):6581. doi:10.1038/s41467-022-34412-4

	 29.	 Zhou Y, Wang Y, Wang J, Anne Stetler R, Yang QW. Inflammation 
in intracerebral hemorrhage: from mechanisms to clinical 
translation. Prog Neurobiol. 2014;115:25-44. doi:10.1016/j.
pneurobio.2013.11.003

	 30.	 Zhou S, Liu C, Wang J, et al. CCL5 mediated astrocyte-T cell in-
teraction disrupts blood-brain barrier in mice after hemorrhagic 
stroke. J Cereb Blood Flow Metab. 2024;44:367-383. doi:10.1177/0
271678x231214838

	 31.	 Lin J, Xu Y, Guo P, et al. CCL5/CCR5-mediated peripheral inflamma-
tion exacerbates blood–brain barrier disruption after intracerebral 
hemorrhage in mice. J Transl Med. 2023;21(1):196. doi:10.1186/
s12967-023-04044-3

	 32.	 Tang B, Song M, Xie X, et  al. Tumor necrosis factor-stimulated 
gene-6 (TSG-6) secreted by BMSCs regulates activated astrocytes 
by inhibiting NF-κB signaling pathway to ameliorate blood brain 
barrier damage after intracerebral hemorrhage. Neurochem Res. 
2021;46(9):2387-2402. doi:10.1007/s11064-021-03375-1

	 33.	 Fei X, Dou YN, Wang L, et al. Homer1 promotes the conversion of 
A1 astrocytes to A2 astrocytes and improves the recovery of trans-
genic mice after intracerebral hemorrhage. J Neuroinflammation. 
2022;19(1):67. doi:10.1186/s12974-022-02428-8

 17555949, 2024, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cns.14853, W

iley O
nline L

ibrary on [09/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0002-0609-8956
https://orcid.org/0000-0002-0609-8956
https://orcid.org/0000-0001-5614-6859
https://orcid.org/0000-0001-5614-6859
https://orcid.org/0000-0003-2291-640X
https://orcid.org/0000-0003-2291-640X
https://doi.org//10.3389/fneur.2020.00702
https://doi.org//10.1155/2022/3948921
https://doi.org//10.1016/j.ebiom.2022.103880
https://doi.org//10.1016/j.ebiom.2022.103880
https://doi.org//10.1016/j.hest.2024.01.003
https://doi.org//10.1177/0271678x20923551
https://doi.org//10.1177/0271678x20923551
https://doi.org//10.1152/physrev.00050.2017
https://doi.org//10.1038/nrneurol.2017.188
https://doi.org//10.1038/nrneurol.2017.188
https://doi.org//10.1146/annurev-cellbio-100617-062608
https://doi.org//10.1101/cshperspect.a020412
https://doi.org//10.1101/cshperspect.a020412
https://doi.org//10.15698/cst2019.11.203
https://doi.org//10.1177/0271678x18802119
https://doi.org//10.1177/0271678x18802119
https://doi.org//10.3389/fncel.2022.889765
https://doi.org//10.12659/msm.907939
https://doi.org//10.3389/fncel.2021.699736
https://doi.org//10.1038/srep40358
https://doi.org//10.1089/ars.2021.0072
https://doi.org//10.1016/j.neuron.2014.03.003
https://doi.org//10.1161/jaha.117.005811
https://doi.org//10.1161/jaha.117.005811
https://doi.org//10.1016/j.celrep.2020.03.012
https://doi.org//10.1084/jem.20200213
https://doi.org//10.1038/s41467-023-38703-2
https://doi.org//10.1038/s41467-023-38703-2
https://doi.org//10.1186/s12987-022-00305-3
https://doi.org//10.1186/s12974-019-1591-4
https://doi.org//10.1186/s12974-019-1591-4
https://doi.org//10.3390/ijms20030571
https://doi.org//10.2174/1570159x18666200620230321
https://doi.org//10.1155/2018/7301623
https://doi.org//10.1007/s13311-021-01126-2
https://doi.org//10.1038/s41467-022-34412-4
https://doi.org//10.1016/j.pneurobio.2013.11.003
https://doi.org//10.1016/j.pneurobio.2013.11.003
https://doi.org//10.1177/0271678x231214838
https://doi.org//10.1177/0271678x231214838
https://doi.org//10.1186/s12967-023-04044-3
https://doi.org//10.1186/s12967-023-04044-3
https://doi.org//10.1007/s11064-021-03375-1
https://doi.org//10.1186/s12974-022-02428-8


    |  13 of 16JIA et al.

	 34.	 Konishi H, Okamoto T, Hara Y, et  al. Astrocytic phagocytosis is 
a compensatory mechanism for microglial dysfunction. EMBO J. 
2020;39(22):e104464. doi:10.15252/embj.2020104464

	 35.	 Cui Q, Zhang Y, Tian N, et  al. Leptin promotes angiogenesis via 
pericyte STAT3 pathway upon intracerebral hemorrhage. Cells. 
2022;11(17):2755. doi:10.3390/cells11172755

	 36.	 Imai T, Iwata S, Hirayama T, et al. Intracellular Fe(2+) accumulation 
in endothelial cells and pericytes induces blood-brain barrier dys-
function in secondary brain injury after brain hemorrhage. Sci Rep. 
2019;9(1):6228. doi:10.1038/s41598-019-42370-z

	 37.	 Machida T, Dohgu S, Takata F, et  al. Role of thrombin-PAR1-
PKCθ/δ axis in brain pericytes in thrombin-induced MMP-9 pro-
duction and blood-brain barrier dysfunction in vitro. Neuroscience. 
2017;350:146-157. doi:10.1016/j.neuroscience.2017.03.026

	 38.	 Hu E, Hu W, Yang A, et  al. Thrombin promotes pericyte cover-
age by Tie2 activation in a rat model of intracerebral hemorrhage. 
Brain Res. 2019;1708:58-68. doi:10.1016/j.brainres.2018.12.003

	 39.	 Xu L, Nirwane A, Yao Y. Basement membrane and blood-brain 
barrier. Stroke Vasc Neurol. 2019;4(2):78-82. doi:10.1136/
svn-2018-000198

	 40.	 Ji Y, Gao Q, Ma Y, et al. An MMP-9 exclusive neutralizing antibody 
attenuates blood-brain barrier breakdown in mice with stroke and 
reduces stroke patient-derived MMP-9 activity. Pharmacol Res. 
2023;190:106720. doi:10.1016/j.phrs.2023.106720

	 41.	 Gautam J, Xu L, Nirwane A, Nguyen B, Yao Y. Loss of mural 
cell-derived laminin aggravates hemorrhagic brain in-
jury. J Neuroinflammation. 2020;17(1):103. doi:10.1186/
s12974-020-01788-3

	 42.	 Li H, Xu H, Wen H, et  al. Overexpression of LH3 reduces the 
incidence of hypertensive intracerebral hemorrhage in mice. J 
Cereb Blood Flow Metab. 2019;39(3):547-561. doi:10.1177/02716
78x18815791

	 43.	 Askenase MH, Sansing LH. Stages of the inflammatory response in 
pathology and tissue repair after intracerebral hemorrhage. Semin 
Neurol. 2016;36(3):288-297. doi:10.1055/s-0036-1582132

	 44.	 Mei S, Shao Y, Fang Y, et al. The changes of leukocytes in brain 
and blood after intracerebral hemorrhage. Front Immunol. 
2021;12:617163. doi:10.3389/fimmu.2021.617163

	 45.	 Han R, Lan X, Han Z, et  al. Improving outcomes in intracere-
bral hemorrhage through microglia/macrophage-targeted IL-
10 delivery with phosphatidylserine liposomes. Biomaterials. 
2023;301:122277. doi:10.1016/j.biomaterials.2023.122277

	 46.	 Nadeau CA, Dietrich K, Wilkinson CM, et  al. Prolonged blood-
brain barrier injury occurs after experimental intracerebral 
hemorrhage and is not acutely associated with additional 
bleeding. Transl Stroke Res. 2019;10(3):287-297. doi:10.1007/
s12975-018-0636-9

	 47.	 Li Q, Lan X, Han X, Wang J. Expression of Tmem119/Sall1 and Ccr2/
CD69 in FACS-sorted microglia-  and monocyte/macrophage-
enriched cell populations after intracerebral hemorrhage. Front 
Cell Neurosci. 2018;12:520. doi:10.3389/fncel.2018.00520

	 48.	 Bai Q, Xue M, Yong VW. Microglia and macrophage phenotypes 
in intracerebral haemorrhage injury: therapeutic opportunities. 
Brain. 2020;143(5):1297-1314. doi:10.1093/brain/awz393

	 49.	 Lan X, Han X, Li Q, Yang QW, Wang J. Modulators of microglial 
activation and polarization after intracerebral haemorrhage. Nat 
Rev Neurol. 2017;13(7):420-433. doi:10.1038/nrneurol.2017.69

	 50.	 He Y, Gao Y, Zhang Q, Zhou G, Cao F, Yao S. IL-4 switches mi-
croglia/macrophage M1/M2 polarization and alleviates neu-
rological damage by modulating the JAK1/STAT6 pathway 
following ICH. Neuroscience. 2020;437:161-171. doi:10.1016/j.
neuroscience.2020.03.008

	 51.	 Zhang W, Wu Q, Hao S, Chen S. The hallmark and crosstalk of 
immune cells after intracerebral hemorrhage: immunotherapy 
perspectives. Front Neurosci. 2022;16:1117999. doi:10.3389/
fnins.2022.1117999

	 52.	 Zhang X, Liu W, Yuan J, et  al. T lymphocytes infiltration pro-
motes blood-brain barrier injury after experimental intracere-
bral hemorrhage. Brain Res. 2017;1670:96-105. doi:10.1016/j.
brainres.2017.06.019

	 53.	 Shi SX, Xiu Y, Li Y, et al. CD4(+) T cells aggravate hemorrhagic brain 
injury. Sci Adv. 2023;9(23):eabq0712. doi:10.1126/sciadv.abq0712

	 54.	 Zhang Z, Li Y, Shi J, et al. Lymphocyte-related immunomodulatory 
therapy with Siponimod (BAF-312) improves outcomes in mice 
with acute intracerebral hemorrhage. Aging Dis. 2023;14(3):966-
991. doi:10.14336/ad.2022.1102

	 55.	 Tschoe C, Bushnell CD, Duncan PW, Alexander-Miller MA, Wolfe 
SQ. Neuroinflammation after intracerebral hemorrhage and poten-
tial therapeutic targets. J Stroke. 2020;22(1):29-46. doi:10.5853/
jos.2019.02236

	 56.	 Wang S, de Fabritus L, Kumar PA, et  al. Brain endothelial 
CXCL12 attracts protective natural killer cells during isch-
emic stroke. J Neuroinflammation. 2023;20(1):8. doi:10.1186/
s12974-023-02689-x

	 57.	 Zhang BW, Sun KH, Liu T, Zou W. The crosstalk between immune 
cells after intracerebral hemorrhage. Neuroscience. 2024;537:93-
104. doi:10.1016/j.neuroscience.2023.11.015

	 58.	 Durocher M, Knepp B, Yee A, et al. Molecular correlates of hem-
orrhage and edema volumes following human intracerebral hem-
orrhage implicate inflammation, autophagy, mRNA splicing, and 
T cell receptor signaling. Transl Stroke Res. 2021;12(5):754-777. 
doi:10.1007/s12975-020-00869-y

	 59.	 Carmona-Mora P, Ander BP, Jickling GC, et al. Distinct peripheral 
blood monocyte and neutrophil transcriptional programs follow-
ing intracerebral hemorrhage and different etiologies of ischemic 
stroke. J Cereb Blood Flow Metab. 2021;41(6):1398-1416. doi:10.11
77/0271678x20953912

	 60.	 Zhao X, Ting SM, Sun G, et  al. Beneficial role of neutrophils 
through function of lactoferrin after intracerebral hemorrhage. 
Stroke. 2018;49(5):1241-1247. doi:10.1161/strokeaha.117.020544

	 61.	 Tan Q, Guo P, Zhou J, et  al. Targeting neutrophil extracellu-
lar traps enhanced tPA fibrinolysis for experimental intracere-
bral hemorrhage. Transl Res. 2019;211:139-146. doi:10.1016/j.
trsl.2019.04.009

	 62.	 Wang R, Zhu Y, Liu Z, et  al. Neutrophil extracellular traps pro-
mote tPA-induced brain hemorrhage via cGAS in mice with stroke. 
Blood. 2021;138(1):91-103. doi:10.1182/blood.2020008913

	 63.	 Lou J, Zhang J, Deng Q, Chen X. Neutrophil extracellular traps medi-
ate neuro-immunothrombosis. Neural Regen Res. 2024;19(8):1734-
1740. doi:10.4103/1673-5374.389625

	 64.	 Zhao X, Ting SM, Liu CH, et al. Neutrophil polarization by IL-27 as 
a therapeutic target for intracerebral hemorrhage. Nat Commun. 
2017;8(1):602. doi:10.1038/s41467-017-00770-7

	 65.	 Zhu H, Wang Z, Yu J, et  al. Role and mechanisms of cyto-
kines in the secondary brain injury after intracerebral hem-
orrhage. Prog Neurobiol. 2019;178:101610. doi:10.1016/j.
pneurobio.2019.03.003

	 66.	 Lopez-Rodriguez AB, Hennessy E, Murray CL, et  al. Acute 
systemic inflammation exacerbates neuroinflammation in 
Alzheimer's disease: IL-1β drives amplified responses in primed 
astrocytes and neuronal network dysfunction. Alzheimers Dement. 
2021;17(10):1735-1755. doi:10.1002/alz.12341

	 67.	 Ding YX, Eerduna GW, Duan SJ, et al. Escin ameliorates the impair-
ments of neurological function and blood brain barrier by inhibit-
ing systemic inflammation in intracerebral hemorrhagic mice. Exp 
Neurol. 2021;337:113554. doi:10.1016/j.expneurol.2020.113554

	 68.	 Gu L, Sun M, Li R, et al. Activation of RKIP binding ASC attenuates 
neuronal pyroptosis and brain injury via Caspase-1/GSDMD signal-
ing pathway after intracerebral hemorrhage in mice. Transl Stroke 
Res. 2022;13(6):1037-1054. doi:10.1007/s12975-022-01009-4

	 69.	 Gu L, Sun M, Li R, et  al. Didymin suppresses microglia pyropto-
sis and neuroinflammation through the Asc/Caspase-1/GSDMD 

 17555949, 2024, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cns.14853, W

iley O
nline L

ibrary on [09/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org//10.15252/embj.2020104464
https://doi.org//10.3390/cells11172755
https://doi.org//10.1038/s41598-019-42370-z
https://doi.org//10.1016/j.neuroscience.2017.03.026
https://doi.org//10.1016/j.brainres.2018.12.003
https://doi.org//10.1136/svn-2018-000198
https://doi.org//10.1136/svn-2018-000198
https://doi.org//10.1016/j.phrs.2023.106720
https://doi.org//10.1186/s12974-020-01788-3
https://doi.org//10.1186/s12974-020-01788-3
https://doi.org//10.1177/0271678x18815791
https://doi.org//10.1177/0271678x18815791
https://doi.org//10.1055/s-0036-1582132
https://doi.org//10.3389/fimmu.2021.617163
https://doi.org//10.1016/j.biomaterials.2023.122277
https://doi.org//10.1007/s12975-018-0636-9
https://doi.org//10.1007/s12975-018-0636-9
https://doi.org//10.3389/fncel.2018.00520
https://doi.org//10.1093/brain/awz393
https://doi.org//10.1038/nrneurol.2017.69
https://doi.org//10.1016/j.neuroscience.2020.03.008
https://doi.org//10.1016/j.neuroscience.2020.03.008
https://doi.org//10.3389/fnins.2022.1117999
https://doi.org//10.3389/fnins.2022.1117999
https://doi.org//10.1016/j.brainres.2017.06.019
https://doi.org//10.1016/j.brainres.2017.06.019
https://doi.org//10.1126/sciadv.abq0712
https://doi.org//10.14336/ad.2022.1102
https://doi.org//10.5853/jos.2019.02236
https://doi.org//10.5853/jos.2019.02236
https://doi.org//10.1186/s12974-023-02689-x
https://doi.org//10.1186/s12974-023-02689-x
https://doi.org//10.1016/j.neuroscience.2023.11.015
https://doi.org//10.1007/s12975-020-00869-y
https://doi.org//10.1177/0271678x20953912
https://doi.org//10.1177/0271678x20953912
https://doi.org//10.1161/strokeaha.117.020544
https://doi.org//10.1016/j.trsl.2019.04.009
https://doi.org//10.1016/j.trsl.2019.04.009
https://doi.org//10.1182/blood.2020008913
https://doi.org//10.4103/1673-5374.389625
https://doi.org//10.1038/s41467-017-00770-7
https://doi.org//10.1016/j.pneurobio.2019.03.003
https://doi.org//10.1016/j.pneurobio.2019.03.003
https://doi.org//10.1002/alz.12341
https://doi.org//10.1016/j.expneurol.2020.113554
https://doi.org//10.1007/s12975-022-01009-4


14 of 16  |     JIA et al.

pathway following experimental intracerebral hemorrhage. Front 
Immunol. 2022;13:810582. doi:10.3389/fimmu.2022.810582

	 70.	 Voet S, Srinivasan S, Lamkanfi M, van Loo G. Inflammasomes in 
neuroinflammatory and neurodegenerative diseases. EMBO Mol 
Med. 2019;11(6):e10248. doi:10.15252/emmm.201810248

	 71.	 Pan W, Kastin AJ. Tumor necrosis factor and stroke: role of 
the blood-brain barrier. Prog Neurobiol. 2007;83(6):363-374. 
doi:10.1016/j.pneurobio.2007.07.008

	 72.	 Chen AQ, Fang Z, Chen XL, et  al. Microglia-derived TNF-α me-
diates endothelial necroptosis aggravating blood brain-barrier 
disruption after ischemic stroke. Cell Death Dis. 2019;10(7):487. 
doi:10.1038/s41419-019-1716-9

	 73.	 Wang X, Hong Y, Wu L, et al. Deletion of microRNA-144/451 clus-
ter aggravated brain injury in intracerebral hemorrhage mice by 
targeting 14-3-3ζ. Front Neurol. 2020;11:551411. doi:10.3389/
fneur.2020.551411

	 74.	 Zeng Z, Gong X, Hu Z. L-3-n-butylphthalide attenuates inflam-
mation response and brain edema in rat intracerebral hem-
orrhage model. Aging (Albany NY). 2020;12(12):11768-11780. 
doi:10.18632/aging.103342

	 75.	 Zhao W, Zhao L, Guo Z, Hou Y, Jiang J, Song Y. Valproate so-
dium protects blood brain barrier integrity in intracerebral 
hemorrhage mice. Oxid Med Cell Longev. 2020;2020:8884320. 
doi:10.1155/2020/8884320

	 76.	 Ziai WC, Parry-Jones AR, Thompson CB, et al. Early inflammatory 
cytokine expression in cerebrospinal fluid of patients with sponta-
neous intraventricular hemorrhage. Biomol Ther. 2021;11(8):1123. 
doi:10.3390/biom11081123

	 77.	 Leasure AC, Kuohn LR, Vanent KN, et  al. Association of serum 
IL-6 (interleukin 6) with functional outcome after intracere-
bral hemorrhage. Stroke. 2021;52(5):1733-1740. doi:10.1161/
strokeaha.120.032888

	 78.	 Li L, Yun D, Zhang Y, et al. A cannabinoid receptor 2 agonist re-
duces blood-brain barrier damage via induction of MKP-1 after 
intracerebral hemorrhage in rats. Brain Res. 2018;1697:113-123. 
doi:10.1016/j.brainres.2018.06.006

	 79.	 Hu D, Mo X, Luo J, et al. 17-DMAG ameliorates neuroinflamma-
tion and BBB disruption via SOX5 mediated PI3K/Akt pathway 
after intracerebral hemorrhage in rats. Int Immunopharmacol. 
2023;123:110698. doi:10.1016/j.intimp.2023.110698

	 80.	 Takeshita Y, Fujikawa S, Serizawa K, et al. New BBB model reveals 
that IL-6 blockade suppressed the BBB disorder, preventing onset 
of NMOSD. Neurol Neuroimmunol Neuroinflamm. 2021;8(6):e1076. 
doi:10.1212/nxi.0000000000001076

	 81.	 Casella G, Garzetti L, Gatta AT, et  al. IL4 induces IL6-producing 
M2 macrophages associated to inhibition of neuroinflamma-
tion in  vitro and in  vivo. J Neuroinflammation. 2016;13(1):139. 
doi:10.1186/s12974-016-0596-5

	 82.	 Zhong Q, Zhou K, Liang QL, et al. Interleukin-23 secreted by acti-
vated macrophages drives γδT cell production of interleukin-17 to 
aggravate secondary injury after intracerebral hemorrhage. J Am 
Heart Assoc. 2016;5(10):e004340. doi:10.1161/jaha.116.004340

	 83.	 Shi H, Wang J, Wang J, Huang Z, Yang Z. IL-17A induces autophagy 
and promotes microglial neuroinflammation through ATG5 and 
ATG7 in intracerebral hemorrhage. J Neuroimmunol. 2018;323:143-
151. doi:10.1016/j.jneuroim.2017.07.015

	 84.	 Gao L, Li PP, Shao TY, et  al. Neurotoxic role of interleukin-17 
in neural stem cell differentiation after intracerebral hemor-
rhage. Neural Regen Res. 2020;15(7):1350-1359. doi:10.4103/167
3-5374.272614

	 85.	 Wen H, Tan J, Tian M, Wang Y, Gao Y, Gong Y. TGF-β1 ameliorates 
BBB injury and improves long-term outcomes in mice after ICH. 
Biochem Biophys Res Commun. 2023;654:136-144. doi:10.1016/j.
bbrc.2023.03.007

	 86.	 Chang CF, Wan J, Li Q, Renfroe SC, Heller NM, Wang J. Alternative 
activation-skewed microglia/macrophages promote hematoma 

resolution in experimental intracerebral hemorrhage. Neurobiol 
Dis. 2017;103:54-69. doi:10.1016/j.nbd.2017.03.016

	 87.	 Song L, Xu LF, Pu ZX, Wang HH. IL-10 inhibits apoptosis in brain 
tissue around the hematoma after ICH by inhibiting proNGF. Eur 
Rev Med Pharmacol Sci. 2019;23(7):3005-3011. doi:10.26355/
eurrev_201904_17582

	 88.	 Lin R, Chen F, Wen S, Teng T, Pan Y, Huang H. Interleukin-10 at-
tenuates impairment of the blood-brain barrier in a severe acute 
pancreatitis rat model. J Inflamm (Lond). 2018;15:4. doi:10.1186/
s12950-018-0180-0

	 89.	 Wang J, Bian L, Du Y, et al. The roles of chemokines following in-
tracerebral hemorrhage in animal models and humans. Front Mol 
Neurosci. 2022;15:1091498. doi:10.3389/fnmol.2022.1091498

	 90.	 Xu D, Gao Q, Wang F, et al. Sphingosine-1-phosphate receptor 3 is 
implicated in BBB injury via the CCL2-CCR2 axis following acute 
intracerebral hemorrhage. CNS Neurosci Ther. 2021;27(6):674-686. 
doi:10.1111/cns.13626

	 91.	 Guo F, Xu D, Lin Y, et  al. Chemokine CCL2 contributes to BBB 
disruption via the p38 MAPK signaling pathway following acute 
intracerebral hemorrhage. FASEB J. 2020;34(1):1872-1884. 
doi:10.1096/fj.201902203RR

	 92.	 Yan J, Zuo G, Sherchan P, et  al. CCR1 activation promotes neu-
roinflammation through CCR1/TPR1/ERK1/2 signaling path-
way after intracerebral hemorrhage in mice. Neurotherapeutics. 
2020;17(3):1170-1183. doi:10.1007/s13311-019-00821-5

	 93.	 Deng S, Jin P, Sherchan P, et  al. Recombinant CCL17-dependent 
CCR4 activation alleviates neuroinflammation and neuronal 
apoptosis through the PI3K/AKT/Foxo1 signaling pathway after 
ICH in mice. J Neuroinflammation. 2021;18(1):62. doi:10.1186/
s12974-021-02112-3

	 94.	 Yan J, Xu W, Lenahan C, et al. CCR5 activation promotes NLRP1-
dependent neuronal pyroptosis via CCR5/PKA/CREB pathway 
after intracerebral hemorrhage. Stroke. 2021;52(12):4021-4032. 
doi:10.1161/strokeaha.120.033285

	 95.	 Zheng ZQ, Yuan GQ, Zhang GG, Chen YT, Nie QQ, Wang 
Z. Identification of CCL20 as a key biomarker of inflamma-
tory responses in the pathogenesis of intracerebral hemor-
rhage. Inflammation. 2023;46(4):1290-1304. doi:10.1007/
s10753-023-01807-4

	 96.	 Małkiewicz MA, Szarmach A, Sabisz A, Cubała WJ, Szurowska 
E, Winklewski PJ. Blood-brain barrier permeability and physi-
cal exercise. J Neuroinflammation. 2019;16(1):15. doi:10.1186/
s12974-019-1403-x

	 97.	 Fu X, Niu T, Li X. MicroRNA-126-3p attenuates intracerebral 
hemorrhage-induced blood-brain barrier disruption by regulating 
VCAM-1 expression. Front Neurosci. 2019;13:866. doi:10.3389/
fnins.2019.00866

	 98.	 Hammond MD, Ambler WG, Ai Y, Sansing LH. α4 integrin is a 
regulator of leukocyte recruitment after experimental intrace-
rebral hemorrhage. Stroke. 2014;45(8):2485-2487. doi:10.1161/
strokeaha.114.005551

	 99.	 Lattanzi S, Di Napoli M, Ricci S, Divani AA. Matrix metallopro-
teinases in acute intracerebral hemorrhage. Neurotherapeutics. 
2020;17(2):484-496. doi:10.1007/s13311-020-00839-0

	100.	 Song Y, Yang Y, Cui Y, Gao J, Wang K, Cui J. Lipoxin A4 methyl 
Ester reduces early brain injury by inhibition of the nuclear factor 
kappa B (NF-κB)-dependent matrix metallopeptidase 9 (MMP-9) 
pathway in a rat model of intracerebral hemorrhage. Med Sci Monit. 
2019;25:1838-1847. doi:10.12659/msm.915119

	101.	 Liu Y, Li Z, Khan S, et  al. Neuroprotection of minocycline by in-
hibition of extracellular matrix metalloproteinase inducer expres-
sion following intracerebral hemorrhage in mice. Neurosci Lett. 
2021;764:136297. doi:10.1016/j.neulet.2021.136297

	102.	 Simani L, Ramezani M, Mohammadi E, Abbaszadeh F, Karimialavijeh 
E, Pakdaman H. Association of changed serum brain biomarkers 
with perihematomal edema and early clinical outcome in primary 

 17555949, 2024, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cns.14853, W

iley O
nline L

ibrary on [09/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org//10.3389/fimmu.2022.810582
https://doi.org//10.15252/emmm.201810248
https://doi.org//10.1016/j.pneurobio.2007.07.008
https://doi.org//10.1038/s41419-019-1716-9
https://doi.org//10.3389/fneur.2020.551411
https://doi.org//10.3389/fneur.2020.551411
https://doi.org//10.18632/aging.103342
https://doi.org//10.1155/2020/8884320
https://doi.org//10.3390/biom11081123
https://doi.org//10.1161/strokeaha.120.032888
https://doi.org//10.1161/strokeaha.120.032888
https://doi.org//10.1016/j.brainres.2018.06.006
https://doi.org//10.1016/j.intimp.2023.110698
https://doi.org//10.1212/nxi.0000000000001076
https://doi.org//10.1186/s12974-016-0596-5
https://doi.org//10.1161/jaha.116.004340
https://doi.org//10.1016/j.jneuroim.2017.07.015
https://doi.org//10.4103/1673-5374.272614
https://doi.org//10.4103/1673-5374.272614
https://doi.org//10.1016/j.bbrc.2023.03.007
https://doi.org//10.1016/j.bbrc.2023.03.007
https://doi.org//10.1016/j.nbd.2017.03.016
https://doi.org//10.26355/eurrev_201904_17582
https://doi.org//10.26355/eurrev_201904_17582
https://doi.org//10.1186/s12950-018-0180-0
https://doi.org//10.1186/s12950-018-0180-0
https://doi.org//10.3389/fnmol.2022.1091498
https://doi.org//10.1111/cns.13626
https://doi.org//10.1096/fj.201902203RR
https://doi.org//10.1007/s13311-019-00821-5
https://doi.org//10.1186/s12974-021-02112-3
https://doi.org//10.1186/s12974-021-02112-3
https://doi.org//10.1161/strokeaha.120.033285
https://doi.org//10.1007/s10753-023-01807-4
https://doi.org//10.1007/s10753-023-01807-4
https://doi.org//10.1186/s12974-019-1403-x
https://doi.org//10.1186/s12974-019-1403-x
https://doi.org//10.3389/fnins.2019.00866
https://doi.org//10.3389/fnins.2019.00866
https://doi.org//10.1161/strokeaha.114.005551
https://doi.org//10.1161/strokeaha.114.005551
https://doi.org//10.1007/s13311-020-00839-0
https://doi.org//10.12659/msm.915119
https://doi.org//10.1016/j.neulet.2021.136297


    |  15 of 16JIA et al.

ICH patients. Neurologist. 2022;27(4):168-172. doi:10.1097/
nrl.0000000000000400

	103.	 Tarantini S, Yabluchanskiy A, Lindsey ML, Csiszar A, Ungvari 
Z. Effect of genetic depletion of MMP-9 on neurological mani-
festations of hypertension-induced intracerebral hemorrhages 
in aged mice. Geroscience. 2021;43(5):2611-2619. doi:10.1007/
s11357-021-00402-5

	104.	 Shi Y, Fan X, Li G, Zhong D, Zhang X, Association of Serum 
Dystroglycan. MMP-2/9 and AQP-4 with haematoma expansion in 
patients with intracerebral haemorrhage. Neuropsychiatr Dis Treat. 
2021;17:11-18. doi:10.2147/ndt.S283016

	105.	 Xia M, Su Y, Fu J, et al. The use of serum matrix metalloproteinases 
in cerebral amyloid angiopathy-related intracerebral hemorrhage 
and cognitive impairment. J Alzheimers Dis. 2021;82(3):1159-1170. 
doi:10.3233/jad-210288

	106.	 Wang G, Li Z, Li S, et al. Minocycline preserves the integrity and 
permeability of BBB by altering the activity of DKK1-Wnt signal-
ing in ICH model. Neuroscience. 2019;415:135-146. doi:10.1016/j.
neuroscience.2019.06.038

	107.	 Guo H, Zhang W, Wang Z, Li Z, Zhou J, Yang Z. Dexmedetomidine 
post-conditioning protects blood-brain barrier integrity by mod-
ulating microglia/macrophage polarization via inhibiting NF-κB 
signaling pathway in intracerebral hemorrhage. Front Mol Neurosci. 
2022;15:977941. doi:10.3389/fnmol.2022.977941

	108.	 Cheng S, Gao W, Xu X, et  al. Methylprednisolone sodium succi-
nate reduces BBB disruption and inflammation in a model mouse 
of intracranial haemorrhage. Brain Res Bull. 2016;127:226-233. 
doi:10.1016/j.brainresbull.2016.10.007

	109.	 Wang F, Zhang X, Liu Y, et  al. Neuroprotection by Ozanimod 
following intracerebral hemorrhage in mice. Front Mol Neurosci. 
2022;15:927150. doi:10.3389/fnmol.2022.927150

	110.	 Wu Y, Hu Q, Wu X, et al. P7C3-A20 attenuates microglial inflam-
mation and brain injury after ICH through activating the NAD(+)/
Sirt3 pathway. Oxid Med Cell Longev. 2023;2023:7857760. 
doi:10.1155/2023/7857760

	111.	 Tian Y, Yuan X, Wang Y, et  al. Soluble epoxide hydrolase inhibi-
tor attenuates BBB disruption and neuroinflammation after intra-
cerebral hemorrhage in mice. Neurochem Int. 2021;150:105197. 
doi:10.1016/j.neuint.2021.105197

	112.	 Sun J, Huang Y, Gong J, et  al. Transplantation of hPSC-derived 
pericyte-like cells promotes functional recovery in ischemic 
stroke mice. Nat Commun. 2020;11(1):5196. doi:10.1038/
s41467-020-19042-y

	113.	 Han Y, Seyfried D, Meng Y, et al. Multipotent mesenchymal stro-
mal cell-derived exosomes improve functional recovery after 
experimental intracerebral hemorrhage in the rat. J Neurosurg. 
2018;131(1):290-300. doi:10.3171/2018.2.Jns171475

	114.	 Wang C, Cao J, Duan S, et  al. Effect of microRNA-126a-3p 
on bone marrow mesenchymal stem cells repairing blood-
brain barrier and nerve injury after intracerebral hemorrhage. 
J Stroke Cerebrovasc Dis. 2020;29(5):104748. doi:10.1016/j.
jstrokecerebrovasdis.2020.104748

	115.	 Lim TC, Mandeville E, Weng D, et  al. Hydrogel-based therapy 
for brain repair after intracerebral hemorrhage. Transl Stroke Res. 
2020;11(3):412-417. doi:10.1007/s12975-019-00721-y

	116.	 Zhang J, Li S, Yang Z, et al. Implantation of injectable SF hydrogel 
with sustained hydrogen sulfide delivery reduces neuronal pyro-
ptosis and enhances functional recovery after severe intracere-
bral hemorrhage. Biomater Adv. 2022;135:212743. doi:10.1016/j.
bioadv.2022.212743

	117.	 Gong Y, Gong Y, Hou Z, et al. Establishment of an experimental 
intracerebral haemorrhage model for mass effect research using a 
thermo-sensitive hydrogel. Sci Rep. 2019;9(1):13838. doi:10.1038/
s41598-019-50188-y

	118.	 Huang X, Ye Y, Zhang J, et al. Reactive oxygen species scaveng-
ing functional hydrogel delivers procyanidins for the treatment 

of traumatic brain injury in mice. ACS Appl Mater Interfaces. 
2022;14:33756-33767. doi:10.1021/acsami.2c04930

	119.	 Dharmalingam P, Talakatta G, Mitra J, et  al. Pervasive genomic 
damage in experimental intracerebral hemorrhage: therapeutic 
potential of a mechanistic-based carbon nanoparticle. ACS Nano. 
2020;14(3):2827-2846. doi:10.1021/acsnano.9b05821

	120.	 Ławkowska K, Pokrywczyńska M, Koper K, Kluth LA, Drewa T, 
Adamowicz J. Application of graphene in tissue engineering of 
the nervous system. Int J Mol Sci. 2021;23(1):33. doi:10.3390/
ijms23010033

	121.	 Thomas JM, Louca I, Bolan F, et  al. Regenerative potential of 
hydrogels for intracerebral hemorrhage: lessons from ischemic 
stroke and traumatic brain injury research. Adv Healthc Mater. 
2021;10(16):e2100455. doi:10.1002/adhm.202100455

	122.	 Jensen G, Morrill C, Huang Y. 3D tissue engineering, an emerg-
ing technique for pharmaceutical research. Acta Pharm Sin B. 
2018;8(5):756-766. doi:10.1016/j.apsb.2018.03.006

	123.	 Galpayage Dona KNU, Hale JF, Salako T, et  al. The use of tis-
sue engineering to fabricate perfusable 3D brain microves-
sels in  vitro. Front Physiol. 2021;12:715431. doi:10.3389/
fphys.2021.715431

	124.	 Potjewyd G, Kellett KAB, Hooper NM. 3D hydrogel models of the 
neurovascular unit to investigate blood-brain barrier dysfunction. 
Neuronal Signal. 2021;5(4):ns20210027. doi:10.1042/ns20210027

	125.	 Samanipour R, Tahmooressi H, Rezaei Nejad H, Hirano M, Shin 
SR, Hoorfar M. A review on 3D printing functional brain model. 
Biomicrofluidics. 2022;16(1):011501. doi:10.1063/5.0074631

	126.	 Qin YT, Li YP, He XW, Wang X, Li WY, Zhang YK. Biomaterials pro-
mote in vivo generation and immunotherapy of CAR-T cells. Front 
Immunol. 2023;14:1165576. doi:10.3389/fimmu.2023.1165576

	127.	 Ormel PR, Vieira de Sá R, van Bodegraven EJ, et  al. Microglia 
innately develop within cerebral organoids. Nat Commun. 
2018;9(1):4167. doi:10.1038/s41467-018-06684-2

	128.	 Sun Q, Xu X, Wang T, et  al. Neurovascular units and neural-glia 
networks in intracerebral hemorrhage: from mechanisms to 
translation. Transl Stroke Res. 2021;12(3):447-460. doi:10.1007/
s12975-021-00897-2

	129.	 Guo Y, Dai W, Zheng Y, et  al. Mechanism and regulation of mi-
croglia polarization in intracerebral hemorrhage. Molecules. 
2022;27(20):7080. doi:10.3390/molecules27207080

	130.	 Li X, Chen G. CNS-peripheral immune interactions in hemorrhagic 
stroke. J Cereb Blood Flow Metab. 2023;43(2):185-197. doi:10.1177
/0271678x221145089

	131.	 Liu M, Wang D, Xu L, et al. Group 2 innate lymphoid cells suppress 
neuroinflammation and brain injury following intracerebral hem-
orrhage. J Cereb Blood Flow Metab. 2024;44(3):355-366. doi:10.11
77/0271678x231208168

	132.	 Huang Y, Zhao M, Chen X, et al. Tryptophan metabolism in central 
nervous system diseases: pathophysiology and potential thera-
peutic strategies. Aging Dis. 2023;14(3):858-878. doi:10.14336/
ad.2022.0916

	133.	 Amersfoort J, Eelen G, Carmeliet P. Immunomodulation by en-
dothelial cells – partnering up with the immune system? Nat Rev 
Immunol. 2022;22(9):576-588. doi:10.1038/s41577-022-00694-4

	134.	 Gautam J, Miner JH, Yao Y. Loss of endothelial Laminin α5 exacer-
bates hemorrhagic brain injury. Transl Stroke Res. 2019;10(6):705-
718. doi:10.1007/s12975-019-0688-5

	135.	 Hou Y, Hu Z, Gong X, Yang B. HSPB8 overexpression prevents 
disruption of blood-brain barrier after intracerebral hemor-
rhage in rats through Akt/GSK3β/β-catenin signaling pathway. 
Aging (Albany NY). 2020;12(17):17568-17581. doi:10.18632/
aging.103773

	136.	 Song HL, Zhang SB. Therapeutic effect of dexmedetomi-
dine on intracerebral hemorrhage via regulating NLRP3. Eur 
Rev Med Pharmacol Sci. 2019;23(6):2612-2619. doi:10.26355/
eurrev_201903_17411

 17555949, 2024, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cns.14853, W

iley O
nline L

ibrary on [09/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org//10.1097/nrl.0000000000000400
https://doi.org//10.1097/nrl.0000000000000400
https://doi.org//10.1007/s11357-021-00402-5
https://doi.org//10.1007/s11357-021-00402-5
https://doi.org//10.2147/ndt.S283016
https://doi.org//10.3233/jad-210288
https://doi.org//10.1016/j.neuroscience.2019.06.038
https://doi.org//10.1016/j.neuroscience.2019.06.038
https://doi.org//10.3389/fnmol.2022.977941
https://doi.org//10.1016/j.brainresbull.2016.10.007
https://doi.org//10.3389/fnmol.2022.927150
https://doi.org//10.1155/2023/7857760
https://doi.org//10.1016/j.neuint.2021.105197
https://doi.org//10.1038/s41467-020-19042-y
https://doi.org//10.1038/s41467-020-19042-y
https://doi.org//10.3171/2018.2.Jns171475
https://doi.org//10.1016/j.jstrokecerebrovasdis.2020.104748
https://doi.org//10.1016/j.jstrokecerebrovasdis.2020.104748
https://doi.org//10.1007/s12975-019-00721-y
https://doi.org//10.1016/j.bioadv.2022.212743
https://doi.org//10.1016/j.bioadv.2022.212743
https://doi.org//10.1038/s41598-019-50188-y
https://doi.org//10.1038/s41598-019-50188-y
https://doi.org//10.1021/acsami.2c04930
https://doi.org//10.1021/acsnano.9b05821
https://doi.org//10.3390/ijms23010033
https://doi.org//10.3390/ijms23010033
https://doi.org//10.1002/adhm.202100455
https://doi.org//10.1016/j.apsb.2018.03.006
https://doi.org//10.3389/fphys.2021.715431
https://doi.org//10.3389/fphys.2021.715431
https://doi.org//10.1042/ns20210027
https://doi.org//10.1063/5.0074631
https://doi.org//10.3389/fimmu.2023.1165576
https://doi.org//10.1038/s41467-018-06684-2
https://doi.org//10.1007/s12975-021-00897-2
https://doi.org//10.1007/s12975-021-00897-2
https://doi.org//10.3390/molecules27207080
https://doi.org//10.1177/0271678x221145089
https://doi.org//10.1177/0271678x221145089
https://doi.org//10.1177/0271678x231208168
https://doi.org//10.1177/0271678x231208168
https://doi.org//10.14336/ad.2022.0916
https://doi.org//10.14336/ad.2022.0916
https://doi.org//10.1038/s41577-022-00694-4
https://doi.org//10.1007/s12975-019-0688-5
https://doi.org//10.18632/aging.103773
https://doi.org//10.18632/aging.103773
https://doi.org//10.26355/eurrev_201903_17411
https://doi.org//10.26355/eurrev_201903_17411


16 of 16  |     JIA et al.

	137.	 Dong R, Li F, Xu Y, et  al. Safety and efficacy of applying suffi-
cient analgesia combined with a minimal sedation program as an 
early antihypertensive treatment for spontaneous intracerebral 
hemorrhage: a randomized controlled trial. Trials. 2018;19(1):607. 
doi:10.1186/s13063-018-2943-6

	138.	 Strickland BA, Bakhsheshian J, Emmanuel B, et al. Neuroprotective 
effect of minocycline against acute brain injury in clinical practice: 
a systematic review. J Clin Neurosci. 2021;86:50-57. doi:10.1016/j.
jocn.2021.01.005

	139.	 Fu Y, Hao J, Zhang N, et al. Fingolimod for the treatment of intrace-
rebral hemorrhage: a 2-arm proof-of-concept study. JAMA Neurol. 
2014;71(9):1092-1101. doi:10.1001/jamaneurol.2014.1065

	140.	 Zhao J, Song C, Li D, et  al. Efficacy and safety of glibenclamide 
therapy after intracerebral haemorrhage (GATE-ICH): a multi-
centre, prospective, randomised, controlled, open-label, blinded-
endpoint, phase 2 clinical trial. EClinicalMedicine. 2022;53:101666. 
doi:10.1016/j.eclinm.2022.101666

	141.	 Ren S, Han S, Wang L, Huang Y, Wu J, Wu G. Minimally invasive 
surgery for ICH evacuation combined with deferoxamine treat-
ment increased perihematomal claudin-5 and ZO-1 expression 

levels and decreased BBB permeability in rabbits. Front Neurol. 
2022;13:835494. doi:10.3389/fneur.2022.835494

	142.	 Foster L, Robinson L, Yeatts SD, et  al. Effect of deferoxamine 
on trajectory of recovery after intracerebral hemorrhage: a post 
hoc analysis of the i-DEF trial. Stroke. 2022;53(7):2204-2210. 
doi:10.1161/strokeaha.121.037298

How to cite this article: Jia P, Peng Q, Fan X, et al. Immune-
mediated disruption of the blood–brain barrier after 
intracerebral hemorrhage: Insights and potential therapeutic 
targets. CNS Neurosci Ther. 2024;30:e14853. doi:10.1111/
cns.14853

 17555949, 2024, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cns.14853, W

iley O
nline L

ibrary on [09/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org//10.1186/s13063-018-2943-6
https://doi.org//10.1016/j.jocn.2021.01.005
https://doi.org//10.1016/j.jocn.2021.01.005
https://doi.org//10.1001/jamaneurol.2014.1065
https://doi.org//10.1016/j.eclinm.2022.101666
https://doi.org//10.3389/fneur.2022.835494
https://doi.org//10.1161/strokeaha.121.037298
https://doi.org/10.1111/cns.14853
https://doi.org/10.1111/cns.14853

	Immune-­mediated disruption of the blood–brain barrier after intracerebral hemorrhage: Insights and potential therapeutic targets
	Abstract
	1|INTRODUCTION
	2|DISRUPTION OF BBB COMPONENTS POST-­ICH AND IMMUNOLOGICAL IMPACTS
	2.1|Brain endothelial cells
	2.1.1|Pathological changes in BECs after ICH
	2.1.2|The immunological impact of ICH on the BECs

	2.2|Astrocytes
	2.3|Pericytes
	2.4|Basement membrane

	3|THE ROLE OF MICROGLIA/MACROPHAGES AND PERIPHERAL IMMUNE CELLS ON THE BBB IN ICH
	3.1|Microglia/macrophages (M/M)
	3.2|Lymphocytes
	3.3|Neutrophils

	4|THE INFLUENCE OF CYTOKINES ON BBB
	4.1|Pro-­inflammatory cytokines
	4.1.1|IL-­1β
	4.1.2|TNF
	4.1.3|IL-­6
	4.1.4|IL-­17/IL-­23

	4.2|Anti-­inflammatory cytokines
	4.3|Chemokines
	4.4|Adhesion molecules
	4.5|Matrix metalloproteinases

	5|THERAPEUTIC ADVANCES TARGETING IMMUNOREGULATORY EFFECTS TO ALLEVIATE BBB IMPAIRMENT AFTER ICH
	6|CONCLUSIONS AND PERSPECTIVES
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


