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Abstract
Neutrophil extracellular traps (NETs) play a major role in intrinsic immunity by limiting and killing pathogens. Recently, 
a series of studies have confirmed that NETs are closely associated with vascular injury and microthrombosis. Further-
more, NETs play an important role in neuroinflammation after ischemic and hemorrhagic stroke. Neuroinflammation and 
microthrombosis after subarachnoid hemorrhage are key pathophysiological processes associated with poor prognosis, but 
their crucial formation mechanisms and interventions remain to be elucidated. Could NETs, as an emerging and important 
pathogenesis, be a new therapeutic target after subarachnoid hemorrhage?
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Neutrophil extracellular traps (NETs) are reticulated DNA 
structures attached to histones and multiple granulocyte 
granule proteins released by activated neutrophils that can 
limit and eliminate pathogens through a range of immune 
responses [1]. Since their discovery as an intrinsic immune 
response in 2004, NETs have demonstrated an emerging 
therapeutic role in infectious and non-immune diseases, 
many of which are associated with a risk of thrombosis. 
NETs were found in 2010 to directly activate the coagulation 
cascade and limit the fibrinolytic effect of tissue-plasmino-
gen activator (tPA), and the cell-free DNA of NETs can act 
as a reaction platform for fibrin polymerization and blood 
cell adhesion [2]. In recent years, numerous studies have 
identified neutrophils and NETs present in the perivascu-
lar space of infarcted lesions in specimens from ischemic 
stroke patients and corresponding animal models. Follow-
ing ischemic stroke, NETs are involved in the impairment 
of neurological function by promoting thrombosis and 

disrupting the blood–brain barrier structure. Furthermore, 
Middleton et al. reported that NETs contribute to COVID-
19-associated lung injury and microthrombosis, and lung 
autopsy confirmed microthrombi containing NETs with 
neutrophil-platelet infiltration [3]. We reported that in a 
rat model of intracerebral hemorrhage and intraventricular 
hemorrhage, where large numbers of NETs are formed in 
and around the hematoma, the use of tPA in combination 
with recombinant deoxyribonuclease1 (DNase1) to break 
down NETs accelerates hematoma clearance and reduces 
hydrocephalus, whereas cell-free DNA, the main skeletal 
structure of NETs, caused delayed hematoma clearance and 
aggravated brain damage [4, 5]. In neuroinflammation after 
subarachnoid hemorrhage (SAH), neutrophils play an impor-
tant and complex role [6]. Therefore, it is worth exploring 
whether NETs, a key pathological link in emerging inflam-
mation and microthrombosis, also play an important role 
after subarachnoid hemorrhage.

The focus of SAH treatment is to find appropriate 
neuroprotective approaches in the early stages to pre-
vent secondary brain injury in the later stages of the 
disease [7]. As treatment of vasospasm has not yielded 
a good prognosis, molecular models of neuroinflamma-
tion and early microthrombosis prevention are emerging 
as research foci and treatments [8]. Microcirculation is 
affected early in SAH, including ultra-early recruitment 
of peripheral inflammatory cells, neuroinflammatory 
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activation, endothelial damage, platelet aggregation, and 
microthrombosis. Microthrombosis of the parenchymal 
vessels in the hyperacute phase of SAH has been observed 
by T2* magnetic resonance imaging and is highly sus-
pected to be the cause of delayed cerebral ischemia [9, 
10]. Zeng et al. have reported significant NET formation 
in peripheral blood and intracranially in SAH mice, which 
exacerbates neuroinflammation and neuronal injury after 
SAH, and that inhibition of NET formation attenuates the 
neuroinflammatory response after SAH [11]. Recently, 
we also observed that early microthrombosis and NETs 
are well co-localized in mice after SAH, and that clear-
ance of NETs by neutrophil depletion as well as DNase1 
can reduce cortical microthrombosis and brain injury, 
reducing brain edema, and improving neurological func-
tion (unpublished data). Taken together, NETs may play 
an important role in neuroinflammation and microthrom-
bosis after SAH, providing a new perspective for under-
standing microcirculatory disorders after SAH. While 
non-specific anti-inflammatory drugs such as cortisol 
have shown a good prognosis in animal studies, they have 
performed disappointingly in clinical trials for the preven-
tion of DCI and poor prognosis. This suggests that sup-
pression of neuroinflammation requires the development 
of targeted anti-inflammatory therapies and that the selec-
tion of specific therapeutic time windows and specific 
molecular patterns of neuroinflammation are necessary. 
The key challenge for clinical trials in the prevention of 
microthrombosis is how to manage the conflict between 
the use of anti-platelet or anti-coagulant agents and the 
risk of rebleeding. The important role of NETs provides 
us with ideas for treating neuroinflammation and micro-
thrombosis through fine modulation of cellular immunity, 
which holds exciting research promise and may become 
a therapeutic target.

Methods of preventing or inhibiting the formation 
of NETs depend on the structure of the NETs and the 
mechanism of their formation. The dissolution of the 
NETs skeleton using DNase I is the most classical inter-
vention, but the limitation is that it does not effectively 
remove the released histones and multiple proteases. The 
neonatal NET-inhibitory factor (nNIF) is an endogenous 
regulator of NETs found in the umbilical cord blood, 
which not only effectively inhibits the formation of 
NETs but also does not affect the recruitment of neutro-
phils after stroke and has shown good therapeutic effects 
in animal models. Since the release process of NETs 
involves several key reactions, there are a wide range 
of compounds that could theoretically intervene in the 
formation of NETs. These therapeutic modalities require 
more research and clinical trials to enable the protection 
of the anti-inflammatory function of neutrophils while 
regulating and NETs.

Author Contribution  All the authors have contributed to the selection 
and conception of this work. Material preparation and literature col-
lection were done by P. G. and X. H. The first draft of the manuscript 
was written by J. Z., X. S., H. F., and Z. C. All the authors read and 
approved the present version of the manuscript to be published.

Funding  This work was supported by the National Natural Science 
Foundation of China (grant NO. 81771241 to Z. C.).

Data Availability  Not applicable.

Declarations 

Ethical Approval  This is a commentary article which describes ethi-
cally compliant articles and clinical trials. No primary, animal, or 
human data was utilized in this study.

Human and Animal Ethics  Not applicable.

Consent for Publication  Not applicable.

Competing Interests  The authors declare no competing interests.

References

	 1.	 Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann 
Y, Weiss DS, et al. Neutrophil extracellular traps kill bacteria. 
Science. 2004;303(5663):1532–5. https://​doi.​org/​10.​1126/​scien​
ce.​10923​85.

	 2.	 Fuchs TA, Brill A, Duerschmied D, Schatzberg D, Monestier M, 
Myers DD Jr, et al. Extracellular DNA traps promote thrombosis. 
Proc Natl Acad Sci USA. 2010;107(36):15880–5. https://​doi.​org/​
10.​1073/​pnas.​10057​43107.

	 3.	 Middleton EA, He XY, Denorme F, Campbell RA, Ng D, Salva-
tore SP, et al. Neutrophil extracellular traps contribute to immu-
nothrombosis in COVID-19 acute respiratory distress syndrome. 
Blood. 2020;136(10):1169–79. https://​doi.​org/​10.​1182/​blood.​
20200​07008.

	 4.	 Xie F, Tan Q, Yu A, Guo P, Wang L, Zeng Z, et al. The role of 
cell-free DNA in fibrinolysis for intraventricular hemorrhage. J 
Neurosurg. 2021:1–8. https://​doi.​org/​10.​3171/​2020.7.​JNS20​1429.

	 5.	 Tan Q, Guo P, Zhou J, Zhang J, Zhang B, Lan C, et al. Targeting 
neutrophil extracellular traps enhanced tPA fibrinolysis for experi-
mental intracerebral hemorrhage. Transl Res. 2019;211:139–46. 
https://​doi.​org/​10.​1016/j.​trsl.​2019.​04.​009.

	 6.	 Coulibaly AP, Pezuk P, Varghese P, Gartman W, Triebwasser D, 
Kulas JA, et al. Neutrophil enzyme myeloperoxidase modulates 
neuronal response in a model of subarachnoid hemorrhage by 
venous injury. Stroke. 2021;52(10):3374–84. https://​doi.​org/​10.​
1161/​STROK​EAHA.​120.​033513.

	 7.	 Lapchak PA, Zhang JH. The high cost of stroke and stroke cyto-
protection research. Transl Stroke Res. 2017;8(4):307–17. https://​
doi.​org/​10.​1007/​s12975-​016-​0518-y.

	 8.	 Ye F, Keep RF, Hua Y, Garton HJ, Xi G. Acute micro-thrombosis 
after subarachnoid hemorrhage: a new therapeutic target? J Cereb 
Blood Flow Metab. 2021;41(9):2470–2. https://​doi.​org/​10.​1177/​
02716​78X21​10135​95.

	 9.	 Zhang J, Peng K, Ye F, Koduri S, Hua Y, Keep RF, et al. Acute 
T2*-weighted magnetic resonance imaging detectable cer-
ebral thrombosis in a rat model of subarachnoid hemorrhage. 
Transl Stroke Res. 2022;13(1):188–96. https://​doi.​org/​10.​1007/​
s12975-​021-​00918-0.

https://doi.org/10.1126/science.1092385
https://doi.org/10.1126/science.1092385
https://doi.org/10.1073/pnas.1005743107
https://doi.org/10.1073/pnas.1005743107
https://doi.org/10.1182/blood.2020007008
https://doi.org/10.1182/blood.2020007008
https://doi.org/10.3171/2020.7.JNS201429
https://doi.org/10.1016/j.trsl.2019.04.009
https://doi.org/10.1161/STROKEAHA.120.033513
https://doi.org/10.1161/STROKEAHA.120.033513
https://doi.org/10.1007/s12975-016-0518-y
https://doi.org/10.1007/s12975-016-0518-y
https://doi.org/10.1177/0271678X211013595
https://doi.org/10.1177/0271678X211013595
https://doi.org/10.1007/s12975-021-00918-0
https://doi.org/10.1007/s12975-021-00918-0


Translational Stroke Research	

1 3

	10.	 Vergouwen MD, Vermeulen M, Coert BA, Stroes ES, Roos YB. 
Microthrombosis after aneurysmal subarachnoid hemorrhage: 
an additional explanation for delayed cerebral ischemia. J Cereb 
Blood Flow Metab. 2008;28(11):1761–70. https://​doi.​org/​10.​
1038/​jcbfm.​2008.​74.

	11.	 Zeng H, Fu X, Cai J, Sun C, Yu M, Peng Y, et al. Neutrophil 
extracellular traps may be a potential target for treating early 

brain injury in subarachnoid hemorrhage. Transl Stroke Res. 
2022;13(1):112–31. https://​doi.​org/​10.​1007/​s12975-​021-​00909-1.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1038/jcbfm.2008.74
https://doi.org/10.1038/jcbfm.2008.74
https://doi.org/10.1007/s12975-021-00909-1

	Neutrophil Extracellular Traps (NETs): A New Therapeutic Target for Neuroinflammation and Microthrombosis After Subarachnoid Hemorrhage?
	Abstract
	References


