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 Abstract: Intracerebral hemorrhage (ICH) is a neurological disease with high mortality and disability. 
Recent studies showed that white matter injury (WMI) plays an important role in motor dysfunction 
after ICH. WMI includes WMI proximal to the lesion and WMI distal to the lesion, such as cortico-
spinal tract injury located at the cervical enlargement of the spinal cord after ICH. Previous studies 
have tended to focus only on gray matter (GM) injury after ICH, and fewer studies have paid attention 
to WMI, which may be one of the reasons for the poor outcome of previous drug treatments. Microglia 
and astrocyte-mediated neuroinflammation are significant mechanisms responsible for secondary 
WMI following ICH. The NOD-like receptor family, pyrin domain-containing 3 (NLRP3) inflam-
masome activation, has been shown to exacerbate neuroinflammation and brain injury after ICH. 
Moreover, NLRP3 inflammasome is activated in microglia and astrocytes and exerts a vital role in mi-
croglia and astrocytes-mediated neuroinflammation. We speculate that NLRP3 inflammasome activa-
tion is closely related to the polarization of microglia and astrocytes and that NLRP3 inflammasome 
activation may exacerbate WMI by polarizing microglia and astrocytes to the pro-inflammatory phe-
notype after ICH, while NLRP3 inflammasome inhibition may attenuate WMI by polarizing microglia 
and astrocytes to the anti-inflammatory phenotype following ICH. Therefore, NLRP3 inflammasome 
may act as leveraged regulatory fulcrums for microglia and astrocytes polarization to modulate WMI 
and WM repair after ICH. This review summarized the possible mechanisms by which neuroinflam-
mation mediated by NLRP3 inflammasome exacerbates secondary WMI after ICH and discussed the 
potential therapeutic targets. 
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1. INTRODUCTION 

 Intracerebral hemorrhage (ICH) is a neurological disease 
caused by vascular rupture of the cerebral parenchyma,  
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which can cause severe neurological dysfunction that is  
closely related to the damage of gray matter (GM) and white 
matter (WM) after ICH [1, 2]. White matter tracts are com-
posed of axons and glial cells, and multiple white matter 
tracts intertwine to form networks and are responsible for 
signal transduction, enabling humans to participate in daily 
activities [3]. Some studies have shown that more than 77% 
of patients with ICH are accompanied by WM injury (WMI), 
and a better understanding of WMI and promoting WM re-
pair may provide a new perspective for the treatment of ICH 
[4]. In fact, contralateral limb hemiplegia caused by the cor-
ticospinal tracts (CST) and corticonuclear tracts damage, 
hemidysesthesia caused by central thalamic radiations dam-
age and hemianopia caused by optic radiation damage is the 

1875-6190/23 $65.00+.00 © 2023 Bentham Science Publishers

http://crossmark.crossref.org/dialog/?doi=10.2174/1570159X20666220830115018&domain=pdf


670    Current Neuropharmacology, 2023, Vol. 21, No. 3 Xiao et al. 

major sequelae resulting from WMI after ICH [5, 6]. There-
fore, WMI is an important contributor to the neurological 
dysfunction after ICH, but most previous studies have paid 
more attention to GM injury than WMI, which may be one 
of the reasons for the ineffectiveness of drugs targeting dam-
aged neurons [7]. Hence, reducing WMI or promoting WMI 
repair after ICH is particularly important for the neurological 
recovery of ICH patients. 
 WMI is divided into primary and secondary injury after 
ICH. The mass effect and barotrauma due to hematoma can 
cause primary injury to WM [8]; the mass effect of the he-
matoma can be reduced after the evacuation of the hemato-
ma. However, small hematoma fragments that cannot be 
surgically removed can cause secondary injury to WMI. And 
the pathophysiological mechanisms of secondary WMI after 
ICH are complicated, including neuroinflammation, oxida-
tive stress, and neuroexcitoxiticty [8, 9]. Notably, neuroin-
flammation contributes to secondary injury in WMI [8, 9]. 
Unfortunately, these pathophysiological processes that lead 
to secondary WMI, such as neuroinflammation, cannot be 
surgically blocked. Therefore, the development of pharmaco-
logical treatments for secondary WMI is particularly im-
portant. Recently, the NOD-like receptor family, pyrin do-
main-containing 3 (NLRP3) inflammasome, has been identi-
fied as a crucial player in neuroinflammation and is a pivotal 
contributor to the acceleration of pro-inflammatory cytokines 
secretion and subsequent inflammatory responses [10-13]. 
Most importantly, our recent study showed that selective 
NLRP3 inflammasome inhibitors attenuate CST injury after 
ICH [14], and CST is a type of WM projection fiber. This 
suggests that activation of NLRP3 inflammasome exerts an 
important role in WMI following ICH, and inhibition of 
NLRP3 inflammasome may be a promising therapeutic strat-
egy to mitigate WMI [15]. Since WMI can cause multiple 
neurological deficits after ICH, there is an urgent need for 
new treatment strategies to reduce WMI and promote WM 

repair in ICH. This is particularly important for the recovery 
of motor function in patients with ICH. Thus, this review 
summarized the important role of NLRP3 inflammasome in 
secondary WMI and promising therapeutic strategies for 
targeting NLRP3 inflammasome for WMI after ICH (Fig. 1). 

2. MAIN COMPONENTS AND FUNCTIONS OF WM 

 WM accounts for more than 40% of the total volume of 
adult brain tissue and plays an integral role in the distributed 
neural networks responsible for neurobehavioral manage-
ment [16, 17], and the WM is composed mainly of myelinat-
ed axon tracts and supporting glial cells (including oligoden-
drocytes (OLs), astrocytes, and microglia). Axons are sur-
rounded by multiple dense myelin membranes generated by 
OLs, which are mature [18]. The structural integrity of the 
myelin sheath isolates axons from each other and effectively 
prevents crosstalk between different signals, thus ensuring 
fast and efficient action potential signaling and protecting 
nerve fibers from damage [19].  
 WM fiber bundles can be divided into a projection, asso-
ciation, and commissural tracts [20]. The projection tracts 
are divided into two types of fibers: upward and downward, 
whose function is mainly responsible for transmitting neural 
signals between the cerebral cortex and subcortical struc-
tures. For instance, the corticospinal tract (CST) is the main 
pathway responsible for transmitting descending information 
from the cerebral cortex to the spinal cord. The association 
fibers establish connections between cortical areas within the 
ipsilateral hemisphere. Commissural tracts are responsible 
for communication between the left and right hemispheres. 
All these WM fiber bundles form complicated neural net-
works between different brain regions and are each responsi-
ble for different functions. Many studies have revealed WM-
related brain functions, such as cognitive function, motor 
function, reading and practice abilities [21, 22]. 

 

Fig. (1). Schematic representation of NLRP3 inflammasome modulating secondary WMI after ICH. (Created with BioRender.com) (A high-
er resolution/colour version of this figure is available in the electronic copy of the article). 
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3. ACTIVATION OF NLRP3 INFLAMMASOME AF-
TER ICH 

 Inflammasomes are oligomeric multiprotein complexes 
distributed in the cytoplasm that play a vital role in the innate 
immune response to central nervous system (CNS) disease 
[23, 24]. NLRP3 inflammasome is the most widely studied 
in CNS among all inflammasomes. The NLRP3 inflam-
masome complex consists of the NLRP3 scaffold, apoptosis-
associated speckle-like protein (ASC) adaptor, and caspase-1 
effector [25]. In recent years, NLRP3 inflammasome has 
been closely associated with the inflammatory response in-
duced by ICH [26, 27]. And it has been shown that NLRP3 
signaling expression is progressively upregulated in peri-
hematoma tissue from 1 to 5 days after ICH [28]. Various 
upstream signals after ICH can stimulate the activation of the 
NLRP3 inflammasome, such as heme released from hemo-
globin catabolism, which is an activating signal upstream of 
the NLRP3 inflammasome [29]. Moreover, there are other 
widely accepted upstream stimulatory signals of NLRP3 
inflammasome such as activation of purinergic 2X7 receptor 
(P2X7R), K+ efflux, generation of reactive oxygen species 
(ROS), lysosomal disruption causing leakage of cathepsin B, 
the release of mitochondrial DNA or mitochondrial phospho-
lipids cardiolipin and Ca2+ influx [30-33]. 

4. IMMUNE CELLS THAT MEDIATE NEUROIN-
FLAMMATION ASSOCIATED WITH SECONDARY 
WMI AFTER ICH 

 The complicated immune cascade response is an im-
portant driving factor of brain injury after ICH, especially for 
secondary WMI [9, 34]. Multiple immune cells have been 
shown to participate and synergistically regulate the inflam-
matory response in the CNS after ICH. Herein, we introduce 
several immune cells associated with neuroinflammation-
mediated secondary WMI after ICH (Figs. 2 and 3).  

4.1. Microglia 

 Microglia are believed to be the first innate immune cells 
to respond to acute brain injury, including ICH [35]. Previ-
ous studies suggest that activated hyper-reactive microglia 
can release high levels of pro-inflammatory mediators (such 
as cytokines and chemokines) and cytotoxic mediators,  
leading to dysfunction and death of neurons [35-39]. Acti-
vated microglia can develop into two different states:  
pro-inflammatory phenotype (M1 phenotype) and anti-
inflammatory phenotype (M2 phenotype), a process known 
as polarization [40, 41]. M1 microglia can secrete pro-
inflammatory cytokines such as interleukin (IL)-1β, IL-6 and 
tumor necrosis factor (TNF)-α, which in turn impede axonal 
regeneration and OLs maturation [42-44], while M2 micro-
glia can generate anti-inflammatory cytokines (such as IL-4 
and IL-10) and growth factors to remove tissue debris via 
phagocytosis and facilitate remyelination [45-48]. And mi-
croglia have been shown to switch dynamically and tempo-
rarily between M1 and M2 phenotypes to respond to acute 
brain injury [49, 50]. It has been shown that fine-tuned 
M1/M2 polarization of microglia can decrease the detri-
mental effects of neuroinflammation in various neurological 
diseases such as ischemic brain injury, traumatic brain injury 
(TBI), and spinal cord injury (SCI) while boosting neuropro-

tective potential [50-52]. Crucially, it has been shown that 
activated microglia can polarize to pro-inflammatory pheno-
type and participate in the process of WMI after ICH and 
that with the use of P2X4R inhibitors, microglia are convert-
ed to an anti-inflammatory phenotype and attenuate WMI by 
promoting the production of brain-derived neurotrophic fac-
tor (BDNF) [53]. In addition, there is evidence that IL-33 
can drive the transformation of microglia from the M1 phe-
notype to the M2 phenotype, thereby alleviating neuronal 
damage and WMI after ICH and improving neurological 
function [54]. Moreover, HDAC inhibitors and VK-28 have 
been shown to polarize microglia to M2 phenotype, thereby 
attenuating WMI following ICH [55, 56]. All of the above 
studies suggest that microglia-associated neuroinflammation 
after ICH is closely associated with WMI. Therefore, based 
on the prominent role of microglia in WMI after ICH, there 
is a pressing demand for therapeutic strategies to intervene in 
microglia to alleviate WMI after ICH. And the modulation of 
polarization of microglial phenotype could be one of the 
potential therapeutic strategies. 
 Notably, NLRP3 inflammasome has been shown to play 
a crucial role in microglia-associated neuroinflammation 
after ICH, and many studies have demonstrated that activa-
tion of NLRP3 inflammasome amplifies neuroinflammation 
and worsens neurological function following ICH [27, 35, 
57, 58], and NLRP3 inflammasome is mainly expressed in 
microglia [12]. Most importantly, it has been shown that the 
selective NLRP3 inflammasome inhibitor MCC950 decreas-
es microglia-associated pro-inflammatory cytokine secretion, 
increases microglia-associated anti-inflammatory cytokine 
production, and shifts the phenotype of microglia towards an 
anti-inflammatory state [10]. Furthermore, Chen et al. [59] 
demonstrated that mitoquinone (MitoQ) could reduce brain 
injury by inhibiting the NLRP3 inflammasome from polariz-
ing microglia to the M2 phenotype after ICH. The above 
results suggest that NLRP3 inflammasome may be a lever-
aged regulatory fulcrum regulating microglia phenotypic 
transition after ICH (Fig. 2). Therefore, it is reasonable to 
speculate that activation of NLRP3 inflammasome after ICH 
may exacerbate WMI by promoting microglia polarization to 
the M1 phenotype, whereas when NLRP3 inflammasome is 
inhibited will accelerate the microglial transition of M1 phe-
notype to the M2 phenotype, thereby alleviating WMI. Un-
fortunately, however, direct evidence for attenuation of WMI 
after inhibition of NLRP3 inflammasome following ICH 
remains scarce at this time. Given the strong association be-
tween NLRP3 inflammasome and WMI mediated by neu-
roinflammation associated with microglia, we hypothesize 
that NLRP3 inflammasome may be a potential key target for 
mitigating further exacerbation of WMI mediated by neu-
roinflammation associated with microglia after ICH and 
promoting neurological recovery, but more experimental 
studies are still needed to confirm it, which is one of our 
future research directions. 

4.2. Astrocyte 

 There is growing evidence that astrocytes are also closely 
associated with neuroinflammation in the CNS. Activated 
microglia can stimulate the activation of astrocytes, and as-
trocytes can secrete pro-inflammatory factors (such as IL-1β, 
IL-6) and anti-inflammatory cytokines, which regulate the 
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Fig. (2). Schematic representation of the modulation of microglia phenotypic polarization by NLRP3 inflammasome after ICH and potential 
therapeutic strategies for targeting NLRP3 inflammasome for secondary WMI. (Created with BioRender.com) (A higher resolution/colour 
version of this figure is available in the electronic copy of the article). 

Fig. (3). Schematic representation of the modulation of astrocyte phenotypic polarization by NLRP3 inflammasome after ICH and potential 
therapeutic strategies for targeting NLRP3 inflammasome for secondary WMI. (Created with BioRender.com) (A higher resolution/colour 
version of this figure is available in the electronic copy of the article). 
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activation and function of microglia [60, 61]. It has been 
shown that astrocytes accumulate around hematoma within 1 
to 3 days after ICH [62]; hemoglobin can trigger oxidative 
stress in the brain parenchyma and induce the expression of 
matrix metalloproteinase-9 (MMP-9) in astrocytes, thereby 
damaging the BBB [63, 64]. When the activity of astrocytes 
is inhibited, it reduces hematoma volume and decreases BBB 
disruption [65]. These results suggest a close association 
between astrocytes and neuroinflammation after ICH. In 
addition, there is early evidence that various molecules ex-
pressed in astrocytes can inhibit axonal regeneration [66]. 
This shows that astrocytes and WM are also very closely 
related. 
 Interestingly, astrocytes are similar to microglia in terms 
of phenotype; some scholars believe that they can differenti-
ate into A1 phenotype or A2 phenotype under specific condi-
tions [67, 68]. A1 astrocytes can secrete pro-inflammatory 
factors and chemokines [69], leading to apoptosis of neurons 
and surrounding OLs [70]. It is known that OLs are respon-
sible for participating in myelination and are an important 
component of WM in the CNS [71, 72]. Thus, A1 astrocytes 
are closely associated with WMI. In contrast, A2 astrocytes 
are considered to have a protective effect on the CNS be-
cause they accelerate the upregulation of neurotrophic fac-
tors. Reactive astrocytes promote CNS recovery and repair 
under ischemia-induced conditions [68, 73-75]. Therefore, 
phenotypic regulation of astrocytes may also be an important 
regulatory target to attenuate WMI and promote WM repair 
after ICH. 
 Notably, NLRP3 inflammasome is also expressed in as-
trocytes [76-80]. Lu et al. [80] demonstrated that deficiency 
of uncoupling protein 2 (UCP2) aggravates endoplasmic 
reticulum stress and cleavage of caspase-12 and exacerbates 
neuroinflammation by activating NLRP3 in astrocytes. Fur-
thermore, it has been shown that in a model of chronic mild 
stress/depression, deficiency of mitochondrial UCP2 leads to 
enhanced oxidative, enhanced expression of the thioredoxin-
interaction protein (TXNIP), and activation of NLRP3 in-
flammasome in astrocytes [81]. Most critically, Liu and his 
colleagues showed that adiponectin peptide (APNp) might 
inhibit the activation of NLRP3 inflammasome in astrocytes 
treated by oxygen-glucose deprivation and reintroduction 
(OGD-R) via the AMPK phosphorylation-dependent path-
way [82]. The above studies suggest that astrocytes are 
closely related to neuroinflammation mediated by the 
NLRP3 inflammasome. Although fewer studies are related to 
NLRP3 inflammasome in astrocytes after ICH, some schol-
ars have already started gradually conducting studies on 
NLRP3 in OGD-R-treated astrocytes. OGD-R can mimic 
cerebral ischemia-reperfusion injury in vitro, and both is-
chemic stroke and ICH can be categorized as stroke. Despite 
the pathophysiology of different types of strokes that may 
differ greatly, there may still be many commonalities. This 
suggests that NLRP3 inflammasome in astrocytes is of great 
potential research value in ICH. Therefore, NLRP3 inflam-
masome in astrocytes may also be one of the potential targets 
for the treatment of secondary WMI after ICH. In the future, 
if we can promote axonal regeneration by modulating the 
phenotype of astrocytes or altering the function of astrocytes 
through NLRP3 inflammasome, it will provide a new thera-

peutic idea for alleviating secondary WMI and promoting 
WM repair after ICH (Fig. 3). 

4.3. T Lymphocytes 

 Previous studies have shown that T lymphocytes are also 
important players in neuroinflammation. In autologous blood 
or collagenase-induced ICH models, CD4+ T lymphocytes 
dominate the lymphocyte population, while CD8+ T lympho-
cytes constitute a very small number of infiltrating leukocyte 
populations [9]. It is generally believed that T lymphocytes 
rarely enter the brain parenchyma, and when the stroke oc-
curs, T lymphocytes migrate in large numbers and infiltrate 
the lesion site after microglia activation [9, 83]. A recent study 
has shown that it is regulatory T lymphocytes (Tregs) in the 
brain that inhibit neurotoxic astrogliosis by generating epi-
dermal growth factor receptor (EGFR) ligands, thus exerting a 
powerful neuronal protective effect in ischemic stroke [83]. 
This finding reveals that the function of T lymphocytes in the 
brain should also be given high priority during the repair of 
ICH processes. Moreover, Tregs-derived IL-10 can trigger a 
shift of hemoglobin-activated microglia/macrophages to the 
M2 phenotype. Similarly, it has been shown that Tregs regu-
late microglia/macrophage polarization via the IL-10/GSK3β/ 
PTEN axis, thereby protecting against ICH-induced inflam-
matory injury, which may play a pivotal role in Tregs-
induced microglia polarization [84]. Tregs also altered mi-
croglia polarization, downregulated the expression of MHC-
II, IL-6 and TNF-α, and upregulated the expression of 
CD206 when co-cultured in vitro [9]. Most importantly, Sen 
et al. [85] found that T lymphocyte infiltration exacerbates 
WMI after TBI. This shows that T lymphocytes and second-
ary WMI are closely related. Interestingly, both Th17 and 
Tregs have effects similar to microglia's M1/M2 phenotype. 
Th17 cells can cause autoimmunity and inflammation, while 
Treg cells can suppress these phenomena and maintain im-
mune homeostasis [86]. Therefore, the modulation of 
Th17/Treg cells balance also appears to be crucial for sec-
ondary WMI and could be one of the key research directions 
in the future. 

5. CELLS ASSOCIATED WITH WMI REPAIR 

5.1. Oligodendrocytes (OLs) 

 OLs are a vital component of the WM, accounting for 
approximately 75% of subcortical WM glial cells [87]. OLs 
are susceptible to damage by neuroinflammation, oxidative 
stress, excitotoxicity and apoptotic pathways [88, 89]. OLs 
are reduced, and microglia are activated after ICH. Microglia 
promote myelin regeneration by removing damaged cells and 
damaged myelin sheaths [90]. In this process, microglia are 
converted from M1 phenotype to M2 phenotype [90]. M1 
microglia can kill oligodendrocyte precursor cells (OPCs) 
via the TLR4 signaling pathway, whereas the M2 microglia 
have different functions [15]. Han et al. [91] showed that 
rosiglitazone improved the long-term integrity of WMI after 
stroke, at least in part by promoting the formation of OLs 
and facilitating the differentiation of microglia to the M2 
phenotype. In addition, evidence showed that neural stem 
cells (NSC) or neural progenitor cells (NPC) in the subven-
tricular zone (SVZ) provide newly formed oligodendrocytes 
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to the damaged region of the WM when demyelination oc-
curs [92]. They also demonstrated that focal demyelination 
in the corpus callosum caused microglia activation not only 
at the site of demyelination but also in the SVZ and signifi-
cantly increased the production of OPCs in the SVZ [92]. 
This situation is obviously beneficial to the repair of WMI. 
In a word, OLs play an indispensable role in the repair pro-
cess after WMI. 

5.2. Microvascular Endothelial Cells 

 The nutrients provided by the blood are essential for the 
repair of the damaged WM. The expression of vascular en-
dothelial growth factors (VEGF) receptors such as Flt-1 and 
Flk-1 are upregulated after ICH during the body's repair pro-
cess, which implies the formation of neovascularization [15]. 
There is evidence of increased expression of VEGF, Flt-1 
and Flk-1 in endothelial cells in the basal ganglia at the hem-
orrhagic region [93]. This suggests that regulating the ex-
pression of VEGF and related receptors could be a potential 
research direction to promote microvascular regeneration 
and facilitate WMI repair. Moreover, it has been shown that 
OPCs can induce excessive postnatal WM angiogenesis in 
vivo, directly stimulate endothelial cell proliferation in vitro, 
and promote vascular regeneration and coordinate myelin 
formation to ensure axonal and WM integrity [94]. Further-
more, in addition to supplying nutrients, microvascular endo-
thelial cells play an important role in the phagocytosis of 
myelin debris. It is well known that removing damaged mye-
lin is crucial to ensure functional recovery after neural inju-
ry. A recent study showed that endothelial cells could exert 
crucial functions beyond myelin clearance by modulating 
macrophage infiltration, pathological angiogenesis and fibro-
sis in SCI and experimental autoimmune encephalomyelitis 
(EAE) [95]. Chen et al. [96] found that knock-in miR-126 in 
primary cultured brain endothelial cells (BECs) significantly 
increased the capillary-like tube formation and axonal out-
growth in primary cultured cortical neurons. The above stud-
ies suggest that microvascular endothelial cells are essential 
for the repair of WMI. 

6. ASSOCIATION OF NLRP3 INFLAMMASOME 
WITH SECONDARY WMI FOLLOWING ICH 

6.1. Role of NLRP3 Inflammasome in Secondary WMI 
Proximal to the Primary Lesion after ICH 

 It is well known that blood vessels are distributed all over 
the CNS so that ICH may occur in all areas of the brain. 
However, different brain regions have different neurological 
functions, so the symptoms and severity after ICH are close-
ly related to the location of the hemorrhage. In human cases 
of ICH, the putamen and the thalamus are particularly prone 
to hemorrhage [2]. It is worth noting that the symptoms and 
severity of hemorrhage in the putamen and thalamus appear 
to be associated with the severity of the internal capsule [97-
99]. The internal capsule is a white matter area made up of 
several groups of fiber tracts that connect the cerebral cortex 
and the lower brain region. These fiber tracts are located 
between the putamen and the thalamus and are responsible 
for transmitting ascending (sensory) and descending (motor) 
information. When there is hemorrhage in the putamen or 
thalamus, the hematoma usually expands at the initial bleed-

ing site, thus invading the internal capsule, damaging the 
axonal tracts near the original bleeding site, interrupting the 
transmission of information between the upper brain regions 
and the lower brain areas, leading to neurological dysfunc-
tion [1, 97-99]. Wasserman and Schlichter [7] observed ax-
onal injury without demyelination at the edge of hematoma 
and axonal injury accompanied by demyelination inside and 
at the edge of hematoma in collagenase-induced ICH model 
in rats. Hijioka et al. [100] found that corticospinal axons 
were fragmented following ICH induced by local injection of 
collagenase into the internal capsule. These facts suggest that 
protecting axonal fiber tracts may be a potential strategy to 
effectively alleviate the neurological symptoms associated 
with ICH. 

 Interestingly, the accumulated evidence suggests that the 
expression of NLRP3 signaling in perihematomal tissue in-
creases gradually from 1 to 5 days after ICH [28]. The acti-
vation of NLRP3 inflammasome amplifies the inflammatory 
response and deteriorates neurological function after ICH 
[27]. Hemorrhage in areas of denser WM trajection, such as 
the internal capsule, makes the WM in this region highly 
vulnerable to compression of the hematoma and secondary 
inflammatory injury so that activation of NLRP3 inflam-
masome around the hematoma inevitably will cause damage 
to the WM. Chen and his colleagues [101] found that mito-
chondrial ROS are involved in WMI proximal to the lesion 
after ICH in mice and that the clearance of mitochondrial 
ROS alleviates WMI and Chen et al. [59] also demonstrated 
that selective mitochondrial ROS scavengers can reduce 
brain injury by inhibiting NLRP3 inflammasome. This evi-
dence is sufficient to speculate that the ROS/NLRP3 path-
way may be involved in WMI proximal to the lesion after 
ICH. In addition, there is evidence that curcumin suppresses 
microglia/macrophage pyroptosis through inhibition of NF-
κB and NLRP3 inflammasome and attenuates WMI after 
ischemic stroke [102]. This also suggests the involvement of 
NLRP3 inflammasome in post-stroke WMI. Moreover, it has 
been shown that inhibition of P2X purinoreceptor 4 (P2X4R) 
can be directly involved in the proximal WMI of the primary 
lesion by converting microglia to a proinflammatory pheno-
type after ICH [53]. Furthermore, P2X7R, a member of the 
same family as P2X4R, has been shown to activate NLRP3 
inflammasome after ICH, and inhibition of P2X7R alleviates 
NLRP3 inflammasome-mediated neuroinflammation, there-
by reducing brain injury after ICH [26, 103]. Since P2X4R 
and P2X7R are members of the P2X purine receptor family, 
they might have the same structure and motif or form heter-
omers with each other [104], there may be some degree of 
similarity in the pathophysiological role of them following 
ICH. Therefore, given that inhibition of P2X7R after ICH 
can suppress NLRP3 inflammasome to attenuate brain injury 
and that inhibition of P2X4R can attenuate WMI proximal to 
the primary lesion, members of the P2X purine receptor fam-
ily may be an important target for the treatment of NLRP3 
inflammasome-mediated WMI after ICH, but more studies 
are needed to confirm this. In summary, since the tissues 
studied above were all proximal to the primary lesion, we 
speculate that activation of NLRP3 inflammasome after ICH 
may directly cause damage to WM proximal to the primary 
lesion. 
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6.2. Relationship between NLRP3 Inflammasome and 
Secondary WMI Distal to the Primary Lesion after ICH 

 Interestingly, axons would experience degeneration and 
loss after injury in the original site, and the spread of the 
degeneration of these damaged neurons can occur in distal 
brain regions, which are anatomically connected to the prox-
imal part of the initial infarction by axonal projection [105]. 
This view is supported in the results of studies on ICH; in 
addition to the proximal WMI of the primary lesion, the dis-
tal axons away from the hematoma are also damaged after 
ICH. It has been shown that significant corticospinal tract 
(CST) demyelination and axonal degeneration were observed 
in the cervical spinal cord in the mice model of ICH [3], but 
the exact mechanism has not been elucidated. Indeed, it is 
not uncommon for axonal injury proximal to the primary 
lesion to be followed by distal axonal injury, and this trans-
axonal injury may be closely associated with the NLRP3 
inflammasome. For example, our recent study has shown 
that selective NLRP3 inflammasome inhibitors can alleviate 
CST injury located in cervical enlargement of the spinal cord 
distal to the hematoma and attenuate neurobehavioral deficits 
following ICH [14]. Zhang et al. [106] also supported this 
view by establishing a mouse model of unilateral optic nerve 
crush (ONC). Their results showed that the expression of 
NLRP3 in the primary visual cortex (V1) was significantly 
increased. The NLRP3 inflammasome was activated in the 
contralateral visual cortex (V1) from 1 to 14 days after ONC. 
Nevertheless, trans-neuronal degeneration was significantly 
alleviated within 14 days after the NLRP3 gene was knocked 
out, and the visual electrophysiological function was effec-
tively improved [106]. Moreover, Li and his colleagues 
[107] demonstrated that indirect traumatic optic neuropathy 
(ITON) could promote JNK/c-jun signaling, which further 
activates the NLRP3 inflammasome in microglia and pro-
motes axonal degeneration and retinal ganglion cells death. 
Furthermore, another study showed that after SCI, neuronal 
pyroptosis lasts longer and occurs farther away from the cen-
ter of injury compared to neuronal apoptosis, and this neu-
ronal pyroptosis is mediated by NLRP3 inflammasome 
[108]. 

 Given the above results, we speculate that the NLRP3 
inflammasome may mediate the CST injury in the cervical 
spinal cord after ICH. Notably, this distal axonal injury does 
not seem to occur immediately after the damage to the prox-
imal axons of the lesion but takes some time. The mecha-
nism may be that some inflammatory factors or NLRP3 in-
flammasome in the proximal part of the lesion are transport-
ed through the axon to the distal part, thus causing damage to 
the distal axon or the activation of NLRP3 inflammasome in 
situ in the distal part of the lesion may occur. No study has 
yet elucidated the exact mechanism of this injury. Regardless 
of the mechanism of injury, this suggests that NLPR3 in-
flammasome and WMI distal to the primary lesion are close-
ly related after ICH. In future studies, it needs to be further 
explored whether NLRP3 is activated by trans-synaptic or 
trans-axonal activation to elucidate the mechanism of distal 
axonal injury after ICH. Together, NLRP3 inflammasome 
may be a promising therapeutic target to protect the distal 
axonal injury of the lesion following ICH. 

7. NLRP3 INFLAMMASOME-MEDIATED POTEN-
TIAL MECHANISMS THAT ARE ASSOCIATED 
WITH SECONDARY WMI AFTER ICH 

7.1. P2X Receptor Family Members and Mitochondrial 
ROS-mediated Activation of NLRP3 Inflammasome 

 There is increasing evidence that some P2X receptor 
family members are involved in brain injury, including WMI 
after ICH. P2X4R is directly involved in WMI after ICH by 
polarizing microglia to a pro-inflammatory phenotype, and 
inhibition of P2X4R can polarize pro-inflammatory micro-
glia to anti-inflammatory microglia, promote BDNF produc-
tion, and it can attenuate WMI and improve neurological 
function via the BDNF/TrkB pathway [53]. And it has been 
shown that P2X7R, another member of the P2X receptor 
family, is a key regulator of NLRP3 inflammasome activa-
tion [109]. P2X7R is located upstream of the NLRP3 in-
flammasome, directly interacts with NLRP3 inflammasome 
scaffold protein, and is responsible for NLRP3 recruitment 
and activation [110]. In the case of ICH, levels of both 
P2X7R and NLRP3 inflammasome components were signif-
icantly elevated and peaked on 1 day after ICH, and the 
P2X7R/NLRP3 inflammasome axis participates in neuroin-
flammation and brain injury after ICH [26]. Moreover, Chen 
et al. [101] showed that mitochondrial ROS are involved in 
WMI after ICH, and that clearance of mitochondrial ROS 
attenuates WMI. At the same time, Chen and his colleagues 
[59] demonstrated that selective mitochondrial ROS scaven-
gers could reduce brain injury by repressing the NLRP3 in-
flammasome to promote microglia polarization toward the 
M2 phenotype. We can therefore speculate that the mito-
chondrial ROS/NLRP3 inflammasome signaling pathway 
may also be an inflammatory pathway that promotes second-
ary WMI after ICH. Thus, activation of NLRP3 inflam-
masome mediated by some P2X receptor family members 
and mitochondrial ROS is closely related to post-ICH sec-
ondary WMI. 

7.2. GSK-3β is Involved in Regulating NLRP3 Inflam-
masome 

 In recent years, it has been shown that glycogen synthase 
kinase 3β (GSK-3β) was shown to be associated with WMI 
after ICH, and it can regulate the NLRP3 inflammasome. Li 
et al. [111] intervened in the mouse model of ICH induced 
by autologous blood with lithium chloride. The results 
showed that glycogen synthase kinase-3β (GSK-3β) was 
inactivated. The expression of brain-derived neurotrophic 
factor (BDNF), located in nerve fibers, was up-regulated, 
thereby producing a protective effect on the damaged white 
matter after ICH. Several studies support the view that inhi-
bition of GSK-3β can increase the expression of BDNF 
[111]. A previous study has shown that GSK-3β could be 
inhibited by suppressing the activation of the NLRP3 in-
flammasome, thus effectively attenuating lupus nephritis 
[112]. Another study of cerebral ischemia/reperfusion injury 
also showed that inhibition of GSK-3β attenuated cerebral 
ischemia/reperfusion injury; it may achieve by inhibiting the 
activation of NLRP3 inflammasome through autophagy 
[113]. Moreover, Liu et al. [82] demonstrated that adiponec-
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tin peptide could attenuate oxidative stress and activation of 
NLRP3 inflammasome after cerebral ischemia-reperfusion 
injury by modulating the AMPK/GSK-3β pathway. There-
fore, it is reasonable to speculate that GSK-3β is inhibited 
after the NLRP3 inflammasome is suppressed and then up-
regulates the expression of BDNF, thereby protecting the 
brain's white matter and promoting nerve repair. Further-
more, it is reported that the reduction of BDNF after sleep 
deprivation (SD) requires the activation of the NLRP3 in-
flammasome. They suggest the downregulation of BDNF by 
activating NLRP3 inflammasome in astrocytes is a crucial 
pathological process of depression-like behavior induced by 
SD [114]. Hence, we hypothesize that NLRP3 inflam-
masome may not only indirectly affect the expression of 
BDNF, similar to the above study but also directly affect the 
production of BDNF. Unfortunately, there is no direct evi-
dence to show that the expression of BDNF increases after 
the inhibition of NLRP3 inflammasome. Only Ward et al. 
[115] showed that selective NLRP3 inflammasome inhibitor 
MCC950 improved cognitive function and vascular integrity 
after stroke in diabetic animals and avoided hypoxia-induced 
reduction of BDNF secretion. Likewise, the findings of Fu et 
al. [116] also supported this point of view. They applied the 
selective NLRP3 inflammasome inhibitor MCC950 to peri-
operative aged mice, and the results showed that the inhibitor 
could inhibit the increase of NLRP3, apoptosis-associated 
speck-like protein (ASC), and caspase-1 and counteract the 
decrease of BDNF expression, thereby improving the neu-
rocognitive impairment of perioperative aged mice. It is re-
ported that although BDNF has a good protective effect on 
WM, its poor pharmacokinetics of BDNF and rapid half-life 
in blood circulation make it difficult for clinical application 
[117, 118]. In any case, it may be a great therapeutic strategy 
for white matter damage by enhancing the endogenous ex-
pression of BDNF with drugs after ICH. Consequently, the 
direct and indirect effects of NLRP3 inflammasome on 
BDNF need to be further investigated to promote clinical 
transformation. Of course, some researchers hold different 
views on the upstream and downstream relationship between 
the NLRP3 inflammasome and GSK-3β. They believe that 
GSK-3β is first inhibited, NLRP3 inflammasome is next 
suppressed, and then neuroinflammation is alleviated, rather 
than after NLRP3 inflammasome is suppressed, GSK-3β is 
inhibited [119-121]. No matter what their upstream and 
downstream relationship is, the final results are beneficial to 
the body. But more evidence is needed to clarify the relation-
ship. Moreover, Li et al. [122] found that GSK-3β inhibitor 
lithium chloride can accelerate hematoma resolution by pro-
moting microglia phagocytosis and M2-phenotype differen-
tiation in the early stage of ICH. In the chronic phase of ICH, 
it can promote angiogenesis and neurogenesis and play a 
neuroprotective role. This echoes what we mentioned earlier 
about microglia polarization and provides data support for 
our hypothesis. In a word, both expressions of GSK-3β and 
BDNF can be regulated by NLRP3 inflammasome, thus af-
fecting brain function. Therefore, the inhibition of NLRP3 
inflammasome may be a potential therapeutic strategy to 
protect axonal fiber tracts and reduce neurological dysfunc-
tion after ICH, but the existing evidence is insufficient and 
still needs to be further explored. 

7.3. Other Signaling Pathways Associated with NLRP3 
Inflammasome 

 In addition to the above signaling pathways, the NFκB/ 
NLRP3 inflammasome axis has also been shown to be in-
volved in WMI in ischemic stroke, and when NFκB/NLRP3 is 
inhibited, WMI caused by ischemic stroke is alleviated [102]. 
Moreover, there is evidence that activation of the Drp1-HK1-
NLRP3 signaling axis is a key mechanism and therapeutic 
target for WM degeneration of Alzheimer's disease (AD) 
[123]. Furthermore, Shao et al. [124] demonstrated that tran-
sient receptor potential melastatin 2 (TRPM2) is involved in 
neuroinflammation and cognitive dysfunction via NLRP3 
inflammasome in a cuprizone-induced model of multiple 
sclerosis (MS), and MS is a CNS disease characterized by 
demyelination and axonal injury, so the TRPM2/NLRP3 
inflammasome axis may also be a potential inflammatory 
signaling pathway involved in secondary WMI after ICH. 
 Although the mechanisms mentioned above are not post-
ICH mechanisms of secondary WMI, there may be similar 
mechanisms of WMI in different CNS diseases, especially 
the role of NFκB/NLRP3 inflammasome signaling pathway 
on secondary WMI in ischemic stroke has been verified, and 
both ischemic stroke and ICH can be categorized as stroke. 
Therefore, the above inflammatory pathways may be closely 
related to secondary WMI caused by ICH and deserve fur-
ther investigation. 

8. TARGETING NLRP3 IN THE PATHOGENESIS OF 
SECONDARY WMI AFTER ICH 

 There is growing evidence that NLRP3 inflammasome is 
strongly correlated with secondary WMI after ICH, and 
many researchers have developed many new drugs targeting 
NLRP3 inflammasome. Herein, we summarize some poten-
tial drugs targeting NLRP3 for secondary WMI after ICH 
(Table 1, Figs. 2 and 3). 

8.1. Compounds Targeting Specific Pathways 

 As mentioned previously, P2X4R and P2X7R, members 
of the P2X receptor family, may be involved in NLRP3 in-
flammasome-mediated WMI after ICH, and therefore block-
ing them may be a therapeutic strategy for WMI. The selec-
tive P2X7R inhibitor blue brilliant G (BBG) has been shown 
to reduce neuroinflammation by inhibiting the P2X7R/ 
NLRP3 axis after ICH [26]. In addition, Zhao et al. [103] 
demonstrated that endogenous hydrogen sulphide (H2S) at-
tenuated NLRP3 inflammasome-mediated neuroinflamma-
tion and alleviated brain injury by inhibiting P2X7R in rats 
after ICH. Moreover, the P2X4R antagonist 5-BDBD attenu-
ated WMI after ICH by promoting microglia polarization to 
the M2 phenotype and increasing BDNF production [53]. 
This suggests that inhibitors of P2X receptor family mem-
bers have great potential value for ameliorating neuroin-
flammation-mediated, especially NLRP3 inflammasome-
mediated, WMI after ICH and deserve further development 
and investigation. However, it is worth mentioning that the 
application of P2X7R inhibitors is controversial because 
these receptors are located in different types of cells under 
pathological conditions and may result in undesirable off-
target effects [125]. 
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Table 1.  Potential therapeutic strategies of WMI after ICH based on NLRP3 inflammasome inhibition. 

Potential Inhibitor of NLRP3 Mechanism of Action References 

Compounds targeting  
specific pathways 

BBG Inhibiting P2X7R/NLRP3 axis. [26] 

H2S Attenuating NLRP3 inflammasome-mediated neuroinflammation by inhibiting P2X7R. [103] 

5-BDBD Alleviating WMI after ICH by M2 microglial polarization and increasing BDNF. [53] 

MitoQ 
Ameliorating WMI after ICH by suppressing mitochondrial ROS. 

Inhibiting the NLRP3 inflammasome to promote microglia polarization to the M2 phenotype. 
[59, 101] 

Lithium 
GSK-3β-mediated microglia phagocytosis and M2 phenotypic differentiation. 

Attenuating WMI following ICH through BDNF signaling. 
[111, 128] 

APNp Suppressing NLRP3 inflammasome activation in astrocytes via the AMPK/GSK-3β pathway. [82] 

Scriptaid Alleviating WMI following ICH by inhibiting HDAC through modulating microglial  
polarization. [55, 129] 

Curcumin Attenuating WMI caused by stroke through inhibiting NF-κB/NLRP3 inflammasome axis. [102] 

Small-molecule 
inhibitor 

MCC950 Blocking ASC oligomerization, Suppressing of canonical and non-canonical NLRP3 
 inflammasome. [10, 115, 116] 

OLT1177 Promoting myelin preservation by inhibiting NLRP3 inflammasome. [132-135] 

ZJU-37 Promoting myelination by suppressing NLRP3 inflammasome. [136] 

Novel materials and 
cell therapy 

PHBV/PLA/Col 
membrane 

Reducing glial scar formation and promoting axonal regeneration by suppressing  
NLRP3 inflammasome activation and M1 macrophage polarization. [139] 

CeNP Attenuate WMI after ICH, and the mechanisms may be related to the involvement of  
microglia and astrocytes in myelin regeneration. [71] 

Schwann cells Inhibiting NLRP3 and NLRP1 inflammasome activation and promoting remyelination. [140] 

hOPCs Inhibiting NLRP3 inflammasome combined with ZJU-37 treatment. [136] 

Knock-out of certain 
genes 

Drp1 Abolishing NLRP3 inflammasome activation and correcting myelin loss. [123] 

TRPM2 Protecting from cuprizone-induced demyelination, activation of microglia, and NLRP3  
inflammasome activation. [124] 

UCP2 Activating NLRP3 inflammasome in astrocytes. [80, 81] 

Other compounds 

MLT Inhibiting NLRP3-induced apoptosis in OLs. [141] 

17β-Estradiol Reducing demyelination and promoting myelin regeneration by promoting M2 microglia  
polarization and inhibiting NLRP3 inflammasome. [142] 

Sinomenine Alleviating demyelination and axonal injury by inhibiting NLRP3 inflammasome. [143] 

VK-28 Attenuating WMI and promoting microglial polarization to the M2 phenotype. [144] 

IL-33 Ameliorating WMI after ICH by promoting microglial polarization to the M2 phenotype. [54] 

Deferoxamine Attenuating WMI. [147] 

Minocycline Attenuating WMI. [148] 

Note: NLRP3, the NOD-like receptor family, pyrin domain containing 3; WMI, white matter injury; MitoQ, mitoquinone; BDNF, brain-derived neurotrophic factor; ASC, apoptosis-
associated speck-like protein; interleukin-33; IL-18, interleukin-33; NF-κB, nuclear factor kappa B; P2X7R, purinergic 2X7 receptor; P2X4R, purinergic 2X4 receptor; ROS, reactive 
oxygen species; GSK-3β, glycogen synthase kinase 3β; HDAC, histone deacetylase; PHBV/PLA/Col, poly(3-hydroxybutyrate-co-3-hydroxyvalerate)/collagen; CeNP, ceria nanopar-
ticle; Drp1, dynamin-related protein 1; TRPM2, transient receptor potential melastatin 2; MLT, melatonin; APNp, adiponectin peptide; BBG, blue brilliant G; UCP2, uncoupling 
protein 2; hOPCs, human neural stem cells. 
 
 In addition, it has also been mentioned previously that 
the ROS/NLRP3 inflammasome axis exerts a vital role in 
WMI after ICH, and therefore ROS scavengers could be 
candidates for attenuating WMI after ICH. For example, 
Chen et al. [59] found that the selective ROS scavenger Mi-
toQ could reduce brain injury by inhibiting the NLRP3 in-
flammasome from promoting microglia polarization to the 
M2 phenotype. And MitoQ also can attenuate WMI and im-

prove neurological function by suppressing mitochondrial 
ROS after ICH [53]. Moreover, lithium is an inorganic salt 
used for many years as a treatment for bipolar disorder [126, 
127]. However, in recent years, it has been shown that lithi-
um treatment can promote hematoma resolution after ICH 
through GSK-3β-mediated microglia phagocytosis and M2 
phenotypic differentiation, angiogenesis, and neurogenesis in 
rats [115]. Most importantly, lithium treatment can counter-
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act the deleterious effects of bipolar disorder on WM by re-
pressing GSK-3β [128], and it can also attenuate WMI after 
ICH in mice through BDNF signaling [111]. Furthermore, 
Liu and his colleagues found that adiponectin peptide 
(APNp) can inhibit NLRP3 inflammasome activation in as-
trocytes via the AMPK/GSK-3β pathway [82]. Scriptaid is a 
histone deacetylase (HDAC) inhibitor. Yang et al. [55] 
found that scriptaid can alleviate ICH-mediated neuroin-
flammation and WMI by inhibiting HDAC through modulat-
ing microglial polarization. HDAC inhibition has also been 
found to prevent WMI by regulating microglia/macrophage 
polarization by inhibiting the GSK3β/PTEN/AKT axis [129]. 
In summary, NLRP3 inflammasome and GSK-3β are closely 
related. Lithium, APNp, and scriptaid may indirectly affect 
NLRP3 inflammasome through their effects on GSK-3β, 
thereby reducing WMI after ICH. Curcumin (1,7-bis[4-
hydroxy-3-methoxyphenyl]-1, 6heptadiene-3,5-dione) is the 
predominant curcuminoid in Curcuma longa. And it has 
been shown that WMI caused by a stroke can be alleviated 
by inhibiting NF-κB/NLRP3 inflammasome axis [102]. 
 Altogether, inhibitors of specific pathways located up-
stream of NLRP3 inflammasome and associated with WMI 
are expected to be future drug candidates for treating sec-
ondary WMI after ICH. 

8.2. Small-Molecule Inhibitors Targeting NLRP3 In-
flammasome 

 It is reported that MCC950, a selective NLRP3 inflam-
masome inhibitor, is a small molecular compound similar to 
sulfonylurea, which can blockade the oligomerization of 
ASC in the NLRP3 inflammasome complex, and it is a highly 
effective NLRP3 inflammasome inhibitor. Crucially, MCC950 
has been shown to attenuate neuroinflammation and induce a 
shift in microglia phenotype to an anti-inflammatory state in 
a mouse model of ICH, but the exact mechanism has not 
been fully elucidated [10]. In addition, Zhao et al. [130] 
showed that MCC950 could inhibit NLRP3 inflammasome 
and attenuate axonal damage in the rat model of diffuse ax-
onal injury (DAI). This indicates the potential value of the 
MCC950 in protecting WMI after ICH. Moreover, OLT1177 
(rINN: Dapansutrile) is a β-sulfonitrile nitrile synthetic com-
pound with a molecular weight of 133.17 KDa, selectively 
inhibiting the NLRP3 inflammasome [131]. This compound 
has ameliorated disease severity in models of joint inflam-
mation, myocardial ischemia-reperfusion injury, MS, and 
AD [132-134]. Most importantly, OLT1177 was shown to 
promote myelin preservation by inhibiting NLRP3 inflam-
masome in the model of SCI [135]. Furthermore, ZJU-37, a 
novel inhibitor with dual targeting of RIP1 and RIP3, has 
been shown to exert a pivotal role in cell death and inhibit 
the inflammatory response without inducing apoptosis [136]. 
And that ZJU-37 was shown to promote oligodendrocyte 
precursor cell (OPC) survival, differentiation and mye-
lination by suppressing NLRP3 inflammasome activation in 
a neonatal rat model of WMI after transplantation of human 
neural stem cells (hOPCs) [136]. Compared with other mac-
romolecular drugs, these small-molecular compounds are 
easier to penetrate the BBB to reach the brain tissue to exert 
their pharmacological effects, so these small-molecular com-
pounds targeting NLRP3 inflammasome mentioned above 
should be one of the key research directions in the future. 

8.3. Novel Materials and Cell Therapy 

 In recent years, many newly developed materials have been 
shown to positively affect WMI. For example, it has been 
shown that poly(3-hydroxybutyrate-co-3-hydroxyvalerate)/ 
collagen (PHBV/Col) nanofibers are promising substrates as 
bioengineered grafts for the regeneration of neural tissue 
[137, 138]. Zhao and his colleagues found that the use of 
poly(hydroxybutyrate-co-hydroxyvalerate)/polylactic acid/ 
collagen (PHBV/PLA/Col) membranes for duralplasty re-
duced glial scar formation and promoted axonal regeneration 
after acute SCI by suppressing NLRP3 inflammasome acti-
vation and M1 macrophage polarization [139]. In addition, 
ceria nanoparticle (CeNP) has been shown to attenuate WMI 
after ICH, and the mechanisms may be related to the in-
volvement of microglia and astrocytes in myelin regenera-
tion [71]. This suggests that some novel materials may also 
ameliorate secondary WMI or promote WMI repair in addi-
tion to traditional drugs. 
 Interestingly, recent studies have shown that cell therapy 
may also exert a protective effect on WMI by inhibiting the 
NLRP3 inflammasome. For instance, Mousavi et al. [140] 
found that Schwann cell transplantation could be neuropro-
tective in a rat model of SCI by inhibiting NLRP3 and 
NLRP1 inflammasome activation and promoting motor re-
covery and remyelination. Moreover, hOPCs as a neural 
stem cell, its transplantation combined with ZJU-37 treat-
ment can have a positive neuroprotective effect on neonatal 
WMI by inhibiting NLRP3 inflammasome [136]. The above 
studies suggest that partial kinds of cell therapy may also 
attenuate WMI by inhibiting NLRP3 inflammasome, and the 
effect of cell therapy on secondary WMI after ICH deserves 
further investigation. 

8.4. Knock-Out of Certain Genes Modulates NLRP3 In-
flammasome 

 In addition to the above treatment, the knockout of some 
genes can also interfere with NLRP3 inflammasome, thereby 
affecting WM. Zhang and his colleagues found that knock-
down of dynamin-related protein 1 (Drp1), a mitochondrial 
fission guanosine triphosphatase, in OLs abolished NLRP3 
inflammasome activation and corrected myelin loss, thereby 
improving cognitive function in a mouse model of AD [123]. 
At the same time, they also demonstrated that the Drp1-
HK1-NLRP3 signal axis might be a key mechanism and 
therapeutic target of WM degeneration in AD [123]. Moreo-
ver, a study on MS showed that deletion of transient receptor 
potential melastatin 2 (TRPM2) protects from cuprizone-
induced demyelination, activation of microglia, and NLRP3 
inflammasome activation [124]. Demyelination and cogni-
tive dysfunction are improved in TRPM2-deficient mice 
when NLRP3 inflammasome is inhibited [124]. The WMI 
involved in the above studies were all associated with 
NLRP3 inflammasome, suggesting that these genes may 
have a regulatory role in NLRP3 inflammasome-mediated 
WMI and deserve further investigation. Notably, one study 
found that deletion of UCP2 activated NLRP3 inflam-
masome in astrocytes [80, 81], but no study has yet reported 
the relationship between NLRP3 inflammasome and WMI 
after UCP2 deletion. Conversely, we speculate that activa-
tion of UCP2 may inhibit NLRP3 inflammasome activation. 
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This may be one of the future directions that need to be stud-
ied in depth. In any case, these genes may be important regu-
latory targets for the future treatment of secondary WMI 
after ICH. 

8.5. Other Compounds that May Ameliorate WMI by 
Inhibiting NLRP3 Inflammasome 

 Previous studies have shown that melatonin (MLT) can 
attenuate WMI in a mouse model of subarachnoid hemor-
rhage (SAH) by inhibiting NLRP3-induced apoptosis in OLs 
[141]. As previously mentioned, OLs are an important com-
ponent of WM, and since SAH and ICH are both hemorrhag-
ic strokes with strong similarities in the effects of blood on 
brain tissue and associated pathophysiology, MLT may at-
tenuate WMI after ICH by suppressing NLRP3 inflam-
masome. In addition, Aryanpour et al. [142] found that 17β-
Estradiol reduced demyelination and promoted myelin re-
generation in cuprizone-fed mice by promoting M2 micro-
glia polarization and inhibiting NLRP3 inflammasome. 
Moreover, sinomenine has been shown to alleviate demye-
lination and axonal injury in a mouse model of EAE by in-
hibiting NLRP3 inflammasome and inhibiting mobilization 
of microglia and astrocytes and suppressing neuroinflamma-
tion [143].  
 In addition, Li and his colleagues showed that VK-28 (5-
[4-(2-hydroxyethyl) piperazine-1-ylmethyl]quinoline-8-ol), a 
brain-permeable iron chelator, has been shown to provide 
significant neuroprotection and a marked reduction in iron 
deposition in some models of neurodegenerative diseases 
such as Parkinson's disease (PD) [144], AD [145], and am-
yotrophic lateral sclerosis (ALS) [146]. Most importantly, 
VK-28 promotes microglial polarization to the M2 pheno-
type and attenuates WMI in the ICH model [56]. Further-
more, IL-33 ameliorated WMI after ICH by promoting mi-
croglial polarization to the M2 phenotype [54]. Deferox-
amine and minocycline have been shown to attenuate WMI 
following ICH in piglets [147, 148]. Unfortunately, however, 
several of these studies above did not validate the relation-
ship of the compounds with NLRP3 inflammasome. Given 
the potential role of NLRP3 inflammasome in microglial 
polarization, whether the protective effect of these com-
pounds on WMI is achieved through inhibition of NLRP3 
inflammasome needs to be verified by more experiments in 
the future. In conclusion, all of the above compounds may be 
valuable for further research and development by modulating 
NLRP3 inflammasome to attenuate secondary WMI after 
ICH. 

CONCLUSION AND FUTURE DIRECTIONS 

 ICH is a very devastating neurological disease. Although 
there has been considerable progress in mechanistic research 
in the field of ICH over the past decades [149-153], it is only 
in recent years that it has been recognized that secondary 
WMI after ICH is closely associated with cognitive dysfunc-
tion and motor dysfunction. Therefore, the repair of second-
ary WMI after ICH is particularly important. We need to pay 
attention not only to the repair of GM damage but also to the 
repair of WMI so that real and lasting neural repair can be 
achieved. NLRP3 inflammasome-mediated neuroinflamma-
tion plays a vital role in secondary WMI after ICH. It is not 

difficult to understand that the damage to WM proximal to 
the primary lesion caused by NLRP3 inflammasome activa-
tion in the peri-hematoma tissue after ICH, but the mecha-
nism of axonal damage distal to the primary lesion has not 
been reported. We speculate that NLRP3 itself may be a 
"transmitter" or can be activated by other stimuli such as 
high-mobility group box 1 (HMGB1) [154], ROS [155], and 
damage-associated molecular patterns (DAMPs) [156], and 
then delivered trans-synaptically, resulting in anterograde 
neurodegeneration. However, there is no research evidence 
to support this conjecture. The cellular and molecular mech-
anisms of axonal injury away from the primary lesion need 
further study to determine reasonable drug targets for treat-
ing ICH. Given the above theories, the treatment of ICH 
should not only be limited to the hematoma evacuation and 
the suppression of the inflammation around the hematoma 
but also include the early protection of the relevant distal 
nervous tissues. Therefore, it is imperative to seek effective 
treatment methods to meet this clinical need. 
 It is well known that neuroinflammation is a double-
edged sword, and reasonable regulation of neuroinflamma-
tion can achieve the purpose of treating the disease. Both 
microglia and astrocytes play a critical role in the demye-
lination process [136]; NLRP3 inflammasome can be ex-
pressed in microglia and astrocytes. Suppression of NLRP3 
inflammasome can attenuate CST injury, and inhibition of 
NLRP3 inflammasome activation in astrocytes and microglia 
combined with hOPCs can protect against ischemia and hy-
poxia caused neonatal WMI [14, 136]. It is, therefore, rea-
sonable to assume that NLRP3 inflammasome may be an 
important target of action in reducing secondary WMI. Fur-
thermore, M1 phenotype microglia and A1 astrocytes are 
thought to be one of the factors that may aggravate WMI, 
while M2 phenotype microglia and A2 astrocytes may have a 
protective effect on WMI. NLRP3 inflammasome may serve 
as leveraged regulatory fulcrums regulating the interconver-
sion between these cell phenotypes. 
 In addition, a study showed that preconditioning ische-
mia is a classic example of hormesis, and cells exposed to 
moderate transient stress can protect them from more severe 
stress [157, 158]. Different intensities of exercise precondi-
tioning can modulate the TXNIP/Trx/NF- Bp65/NLRP3 in-
flammatory signal pathway [159], which indicates that pre-
conditioning signal plays an important role in inflammation 
and is one of the research directions in the future. Also, other 
studies have shown that the changes in the plasma membrane 
redox system (PMRS) in stress response may also make cells 
adapt to potentially destructive conditions [157, 158]. The 
study revealed that the mitochondria of cells are dysfunc-
tional, and cells can survive because of the compensatory 
upregulation of PMRS activity [157, 158]. Neuroinflamma-
tory injury plays an important role, so mitochondrial target-
ing therapy may also become one of the most promising re-
search directions in treating secondary WMI after ICH. 
 Moreover, vitagene also shows great research potential. 
Some studies have shown that curcumin can mediate its anti-
inflammatory activity by down-regulating a variety of in-
flammatory transcription factors and up-regulating cyprotec-
tive vitagenes, and it also can interact with members of the 
vitagenes family [157, 160-162]. As mentioned earlier, cur-
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cumin can reduce WMI after stroke by inhibiting NLRP3 
inflammasome, but whether curcumin participates in the 
regulation of NLRP3 inflammasome through vitagene has 
not been reported, which may become one of the promising 
research directions in the future. 
 In conclusion, whether it is regulating the balance of dif-
ferent phenotypes of microglia or modulating the balance of 
different phenotypes of astrocytes to attenuate secondary 
WMI proximal to the primary lesion or distal to the primary 
lesion after ICH, NLRP3 inflammasome can be a suitable 
entry point. Early suppression of NLRP3 inflammasome may 
be a potential therapeutic strategy to protect secondary WMI 
and promote WM repair following ICH. 

LIST OF ABBREVIATIONS 

AD = Alzheimer's Disease 
ALS = Amyotrophic Lateral Sclerosis 
APNp = Adiponectin Peptide 
ASC = Apoptosis-Associated Speck Like Protein 
BBB = Blood-Brain Barrier 
BDNF = Brain-Derived Neurotrophic Factor 
CeNP = Ceria Nanoparticle 
CNS = Central Nervous System 
CST = Corticospinal Tracts 
DAI = Diffuse Axonal Injury 
DAMPs = Damage-Associated Molecular Patterns 
Drp1 = Dynamin-Related Protein 1 
EAE = Experimental Autoimmune Encephalomyelitis 
GM = Gray Matter 
GSK-3β  = Glycogen Synthase Kinase 3β 
H2S = Hydrogen Sulphide 
HDAC = Histone Deacetylase 
HMGB1 = High-Mobility Group Box 1 
hOPCs = Human Neural Stem Cells 
ICH = Intracerebral Hemorrhage 
IL = Interleukin 
ITON = Indirect Traumatic Optic Neuropathy 
MitoQ = Mitoquinone 
MLT = Melatonin 
MMP-9 = Matrix Metalloproteinase-9 
NLRP3 = The NOD-Like Receptor Family, Pyrin Do-

main-Containing 3 
OGD-R = Oxygen-Glucose Deprivation and Reintro-

duction 
OLs = Oligodendrocytes 
ONC = Optic Nerve Crush 
OPC = Oligodendrocyte Precursor Cell 

P2X7R = Purinergic 2X7 Receptor 
PD = Parkinson's Disease 
PHBV/Col = Poly(3-hydroxybutyrate-co-3-

hydroxyvalerate)/collagen  
PHBV/PLA/ 
Col = Poly(hydroxybutyrate-co-hydroxyvalerate)/ 

polylactic acid/collagen 
PMRS = Plasma Membrane Redox System 
ROS = Reactive Oxygen Species 
SAH = Subarachnoid Hemorrhage 
SCI = Spinal Cord Injury 
SD = Sleep Deprivation 
TBI = Traumatic Brain Injury 
TNF = Tumor Necrosis Factor 
TRPM2 = Transient Receptor Potential Melastatin 2 
TXNIP = Thioredoxin-Interaction Protein 
UCP2 = Uncoupling Protein 2 
WMI = White Matter Injury 
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