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ABSTRACT

Background. Immune responses and inflammation play an important role in the pathogenesis of ischemic stroke.

Aim. To analyze the involvement of neutrophils in the pathogenesis of ischemic stroke.  

Results. Data on the contribution of neutrophil granulocytes to the development of local sterile inflammation 
and secondary brain injury in acute ischemic stroke were summarized. Mechanisms of neutrophil influence on 
thrombosis, neutrophil extracellular trap formation (NETosis), protease release, and direct interaction with 
platelets with subsequent formation of platelet-leukocyte aggregates were discussed. Available information on 
the effectiveness of reperfusion therapy and an association of changes in neutrophil activity with development of 
infectious complications of stroke were presented. In addition, research data were presented on the contribution of 
neutrophils to atherogenesis, which is one of the most important etiological factors in ischemic stroke. The review 
showed that the contribution of neutrophils to the pathogenesis of ischemic stroke is associated with implementation 
of their secretory, regulatory, and phagocytic functions, as well as with NETosis.

Conclusion. It was shown that neutrophils are involved in the pathogenesis of ischemic stroke and modulate a 
response to treatment.

Key words: neutrophils, neutrophil extracellular traps, NETosis, ischemic stroke, post-stroke infections, 
thrombolysis.
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РЕЗЮМЕ

Актуальность. Иммунные реакции и воспалительный процесс играют важную роль в патогенезе ишеми-
ческого инсульта. 

Цель. На основании научных публикаций проанализировать вовлеченность нейтрофилов в патогенез ише-
мического инсульта.

Результаты. Обобщены данные о вкладе нейтрофильных гранулоцитов в развитие локального асептиче-
ского воспаления и вторичного повреждения мозга при остром инсульте. Обсуждены механизмы влияния 
нейтрофилов на процесс тромбообразования, образование нейтрофильных внеклеточных ловушек (нетоз), 
высвобождение протеаз и прямое взаимодействие с тромбоцитами с образованием лейкоцитарно-тром-
боцитарных агрегатов.  Приведены имеющиеся сведения об эффективности реперфузионной терапии, а 
также ассоциации изменений активности нейтрофилов с развитием инфекционных осложнений инсульта. 
Представлены данные исследований о вкладе нейтрофилов в атерогенез, являющийся одним из важней-
ших этиологических факторов ишемического инсульта. Показано, что участие нейтрофилов в патогенезе 
ишемического инсульта связано с реализацией их секреторных, регуляторных, фагоцитарных функций и 
с нетозом.

Заключение. Установлено, что нейтрофилы принимают активное участие в патогенезе ишемического ин-
сульта и модулируют ответ на лечение. 

Ключевые слова: нейтрофилы, нейтрофильные внеклеточные ловушки, нетоз, ишемический инсульт, ин-
фекционные осложнения инсульта, тромболитическая терапия.  
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INTRODUCTION

Stroke is one of the leading causes of mortality 
and persistent disability among the population both 
in the Russian Federation and in the world. About 
450,000 stroke cases per year are registered in the 
Russian Federation [1]. The average rate of death 
during the first 30 days after stroke, according to dif-
ferent authors, ranges from 17 to 34%. Only half of 
patients who have experienced the first stroke live 
for 3 years or more, and 35% of the patients live 10 
years or more [2]. In addition to mortality directly 
from stroke, a large number of deaths are caused by 
its infectious and inflammatory complications, pri-
marily pneumonia [3, 4]. In more than 80% of pa-
tients, stroke leads to disability with persistent neu-
rological deficiency [5].

Immune responses and inflammation initiat-
ed by ischemia are important pathogenetic pheno- 
mena causing destruction of the brain tissue [6]. 
It is assumed that features of the inflammatory re-
sponse closely associated with depletion of antio- 

xidant mechanisms and impaired microcirculation 
and blood – brain barrier (BBB) largely determine 
a course of the disease at all its stages [7]. At the 
same time, a dual role of immune system activation 
in acute stroke is noted. 

On the one hand, the immune response is sano-
genetic and aimed at removing necrotic tissue. On 
the other hand, it is able to aggravate the course of 
ischemic stroke, increasing the area of infarction [8]. 
During neuronal death, under the influence of gene 
expression, synthesis of proinflammatory cytokines 
(interleukin (IL)-1 α and IL-1β, tumor necrosis fac-
torα (TNFα)), cell – cell interaction molecules, and 
cyclooxygenase-2 is activated [9, 10]. The cascade 
of reactions initiated by ischemia inevitably involves 
factors of innate immunity, including the largest 
population of leukocytes – neutrophils.

From the moment I.I. Mechnikov discovered 
phagocytosis of microorganisms by neutrophil gra- 
nulocytes in the 19th century, views on their role in 
immunological processes have changed significant-
ly [11–14]. To date, basic research has convincingly 



154 Bulletin of Siberian Medicine. 2021; 20 (3): 152–160

Dolgushin I.I., Zaripova Z.Z., Karpova M.I. The role of neutrophils in the pathogenesis of ischemic stroke

proved that the role of neutrophils is not limited to 
elimination of extracellular pathogens [13, 14]. They 
also perform a regulatory function by activating and 
modulating adaptive immunity, contributing to its 
full implementation [15]. Neutrophils, in the light 
of modern perceptions, are a pluripotent population 
of cells of the immune system related to innate im-
munity and playing an important role in maintaining 
immune homeostasis in the body [16].

Neutrophil population is heterogeneous and in-
cludes different subpopulations of cells [17]. Depen- 
ding on mediators, receptors, and markers produced, 
they are divided into proinflammatory, inflammato-
ry with antimicrobial potential, inflammatory with 
negative cytotoxic potential (“aggressive”), anti-in-
flammatory – regulating inflammation regression, 
anti-tumor, and hybrid, combining the properties of 
neutrophils and dendritic cells [13, 14]. A study of 
neutrophil subpopulations in inflammatory diseases 
revealed their predictive significance as markers of 
the severe course of acute infection and its adverse 
outcome [11].

In recent years, a large amount of new informa-
tion has appeared that neutrophils are involved in 
the pathogenetic mechanisms of many noncommu-
nicable diseases, including vascular ones [4, 13]. In 
this regard, it is of great interest to study the role of 
neutrophils in the development of ischemic stroke, 
which is one of the least studied aspects in the immu-
nology of cerebrovascular disorders.

The aim of this review was to analyze currently 
available data on the role of neutrophils in the patho-
genesis of ischemic stroke.

THE ROLE OF NEUTROPHILS IN STERILE 
INFLAMMATION IN CEREBRAL ISCHEMIA

Neutrophils are some of the most fast-reacting 
cells in the immune system. They migrate to the 
brain within minutes from the onset of stroke. The 
mechanism of intrathecal neutrophil entry in isch-
emic injury was studied in experimental models with 
lifetime imaging. Neutrophils migrate along the ves-
sels  even against the blood flow in order to exit the 
vascular bed and enter the infarct zone [18]. Neutro-
phils are capable of expressing various endothelial 
adhesion molecules during the first 15 minutes after 
ischemia [19]. 

Afterwards, 6–8 hours after stroke, neutrophils 
surround cerebral vessels and initiate infiltration of 

surrounding tissue [20, 21]. In experimental models 
of ischemic stroke, it was shown that infiltration with 
neutrophils occurs already on the first day, reaching 
a peak on day 3, and then begins to decrease, but is 
present both 7 and 15 days after the development of 
cerebral ischemia.

M. Gelderblom et al. (2012) demonstrated that 
neutrophils are predominant immune cells in the 
ischemized hemisphere 3 days after middle cerebral 
artery occlusion in the experiment [22]. R.M.Weston 
et al. (2007) reported that neutrophil infiltration of 
ischemized tissues persists for up to 32 days, but the 
presence of neutrophils is disguised by the concen-
tration of activated macrophages / microglia [19].

Penetrating into the ischemic area, neutrophils 
cause secondary damage to the brain tissue due to 
the release of proinflammatory factors, reactive oxy-
gen species, proteases, and matrix peroxidases [23]. 
These factors damage the endothelial cell membrane 
and basal plate, leading to increased BBB permeabi- 
lity and post-ischemic brain edema [24].

NEUTROPHILS AND THROMBOSIS
The ability of neutrophils to participate in throm-

bosis through various mechanisms, such as formation 
of neutrophil extracellular traps (NETosis), release 
of proteases, and direct interaction with platelets to 
form leukocyte – platelet aggregates, deserves par-
ticular attention. An increase in the number of such 
aggregates was detected in the blood of patients with 
symptomatic carotid artery stenosis [25]. A decrease 
in the intensity of platelet – neutrophil aggregate 
formation occurs with inhibition of receptors to gly-
coprotein Iib / IIIa and selectins. The formation of 
leukocyte – platelet aggregates in acute ischemic 
stroke and reperfusion therapy can become a useful 
biomarker and target for treatment, since these ag-
gregates increase intravascular thrombosis [26].

Due to great mobility, neutrophils, ahead of plate-
lets, bind to the activated endothelium of damaged 
vessels using ICAM-1 receptors. This leads to acti-
vation and accumulation of platelets in the damaged 
vessel and an increase in thrombosis. There are a 
number of studies aimed at exploring possible ways 
to prevent this process [27, 28].

Proteases and cathepsin G, released by neutro-
phils, interact with coagulation factors, accelerating 
thrombus formation. Inhibition of cathepsin G in an 
experimental mouse model demonstrated improve-
ment in the outcome of ischemic stroke. On the other 
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hand, protease ADAMTS13 released by neutrophils 
cleaves highly active von Willebrand factor and 
thereby reduces the activity of inflammation in the 
acute phase of ischemic stroke [29].

The prothrombotic activity of neutrophils is also 
explained by their ability to release molecules in-
volved in the formation of a neutrophil extracellular 
trap (NET), release proteases, and directly interact 
with platelets. These processes can lead to increased 
brain ischemia in stroke [30].

NETs are formed in response to various stimuli, 
the key mechanism for their formation is activation 
of peptidylarginine deiminase 4 (PAD4). This en-
zyme is necessary for histone citrullination, which 
leads to chromatin decondensation, as a result of 
which separate strands of DNA are formed. Apart 
from DNA strands, the structure of NETs includes 
histones and specific protein granules, such as elas-
tase and myeloperoxidase of neutrophils. This makes 
it possible to create a locally high concentration of 
cytotoxic substances in the DNA area. Initially, for-
mation of NETs was known to be associated with 
their bactericidal effect [31], but lately, they have 
been increasingly referred to as the key participants 
in thrombosis [32].

Platelets can bind to released NETs and be acti-
vated due to their association with histones [33, 34]. 
Interaction with neutrophils occurs through the asso-
ciation of platelet P-selectin with neutrophil P-selec-
tin glycoprotein ligand [35]. When activated, plate-
lets are able to release HMGB-1 protein and present 
it on their surface, increasing neutrophil release of 
new DNA networks [36]. Histones associated with 
NETs also increase thrombin generation by platelets 
[35] and provoke the release of von Willebrand fac-
tor from Weibel – Palade bodies in endothelial cells, 
leading to leukocyte – platelet adhesion [37]. This 
process potentiates itself by activating the extrinsic 
coagulation pathway and leads to further thrombosis 
and inflammatory response in stroke [38].

The prothrombotic activity of NETs is also de-
termined by their polyanionic surface, which acti-
vates the coagulation factor XII, participating in the 
activation of the intrinsic coagulation pathway [39]. 
The strategy of controlling the deoxyribonuclease 
activity in experimental models of stroke in mice re-
sulted in dissolution of NETs and a protective effect 
in vivo [40].

Based on the accumulated data, it is assumed that 
the prothrombotic activity of neutrophils can both 

increase the risk of ischemic stroke and contribute to 
further thrombosis in the acute phase of cerebrovas-
cular disorder.

NEUTROPHILS AND SYSTEMIC 
THROMBOLYTIC THERAPY FOR STROKE

Currently, intravenous systemic thrombolysis 
using the recombinant tissue plasminogen activator 
(p-TAP) is a recognized and recommended method 
for treating patients with ischemic stroke, but its use 
is associated with an increased risk of intracranial 
hemorrhage [41], an inflammatory response in the 
brain tissues [42], and infiltration of the brain tissues 
with neutrophils [43]. These factors influence clini-
cal effectiveness of thrombolytic therapy in ischemic 
stroke [44].

A number of studies investigated the role of 
neutrophils in the therapy using p-TAP [45]. It was 
shown that p-TAP therapy can affect the dynamics of 
changes in the neutrophil count in the brain tissues in 
stroke [44, 46]. There is evidence that an increase in 
the neutrophil count in peripheral blood in the first 24 
hours after thrombolytic therapy is associated with 
an unfavorable prognosis [46]. This pattern may be 
explained by the formation of NETs. Thus, in acute 
myocardial infarction, an increase in the number of 
NETs in thrombolytic therapy was associated with a 
worse functional outcome and identified NETs as a 
promising therapeutic target for improving the effec-
tiveness of p-TAP therapy [47].

Some studies note that when p-TAP and recombi-
nant deoxyribonuclease I (DNAse I) are used together 
to inhibit NETs, the outcome of thrombolytic thera-
py is improved; the duration and number of attempts 
during further endovascular reperfusion therapy are 
reduced compared with the use of p-TAP alone [46]. 
Similar conclusions were made in a number of studies 
which examined the possibility of potentiating p-TAP 
with DNAase I in thrombolytic therapy of acute myo-
cardial infarction and ischemic stroke [48, 49]. In ad-
dition, the ability of extracellular DNA and histones 
to modify fibrin structure, making it more resistant to 
mechanical and enzymatic effects, can be a possible 
reason for correlating the increase in the number of 
NETs with worse results of thrombolytic therapy [50].

Therefore, the study of neutrophil activity in 
thrombosis is of interest for further optimization of 
reperfusion therapy for acute ischemic stroke and 
development of new methods for treatment and 
prognosis in this disease.
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NEUTROPHILS AND INFLAMMATORY 
COMPLICATIONS OF STROKE

Infectious inflammatory diseases are some of 
the most common and dangerous complications of 
stroke, which significantly affect the survival and re-
covery of patients [51]. In order to ensure optimal 
homeostasis in the body, nervous and immune sys-
tems are closely connected by multiple pathways, 
and serious damage to the brain tissue in stroke leads 
to multiple changes in these neuroimmune interac-
tions [52].

Ischemized brain tissue affects peripheral im-
mune cells, suppressing their activity, which is fur-
ther manifested through lymphopenia, a decrease in 
proinflammatory cytokine production, and reduced 
monocyte activity [53]. This mechanism is proba-
bly adaptive and aimed at reducing the intensity of 
the inflammatory response in the ischemic area and 
lowering a risk of autoimmune diseases in response 
to neuroantigens under conditions of increased BBB 
permeability [54]. On the other hand, this leads to 
development of secondary immunodeficiency and 
can contribute to development of infectious com-
plications [55]. The size of the ischemic area is an 
independent risk factor for immunosuppression and 
inflammatory complications after stroke [56].

In addition, development of secondary immuno-
deficiency in acute stroke is mediated by changes in  
the autonomic nervous system activity and hypotha-
lamic – pituitary – adrenal (HPA) axis [57]. Media-
tors in this process are noradrenaline, acetylcholine, 
and glucocorticoids receptors to which are widely 
presented on cells of the immune system [58]. It is 
known that increased production of glucocorticoids 
upon activation of the HPA axis induces apoptosis in 
immune cells [59].

It should be noted that clinical studies on the 
role of neutrophils in the development of infectious 
complications of stroke are few. In one of them, con-
ducted at the Hannover Medical School (Germany, 
2015–2017), an attempt was made to determine an 
association between decreased neutrophil granulo-
cyte function and the emergence of inflammatory 
complications in the acute phase of stroke. 

The examination of 95 patients, no significant 
changes in the phagocytic activity of neutrophils 
were detected. However, peripheral blood neu-
trophils in the group of patients with early (first 7 
days) infectious complications decreased their abil-

ity to release reactive oxygen species in response to 
N-formyl-methionyl-leucyl-phenylalanine (FMLP) 
stimulation, while maintaining the ability to release 
reactive oxygen species when stimulated by more 
active inducers, for example, E. coli.

In a clinical trial with anti-ICAM-1 monoclo-
nal antibodies (Enlimomab) inhibiting neutrophil 
function and reducing the cerebral infarct volume 
in an experimental model, an increased incidence 
of infections, especially pneumonia, was observed. 
These inflammatory processes were associated with 
worsening of a stroke outcome, indicating a negative 
effect of neutrophil dysfunction in the development 
of infectious complications [61].

NEUTROPHILS AND ATHEROGENESIS
Apart from the direct impact on all stages of the 

ischemic cascade and the risk of developing infec-
tious complications, neutrophils are actively in-
volved in the processes that lead to stroke. Recently, 
more attention has been paid to the study of the role 
of neutrophils in the processes of atherogenesis [62, 
63].

There is evidence that neutrophils synthesize and 
release cholesterol-binding peptides and proteins un-
der conditions of close cell – cell interaction and / 
or stimulation with proinflammatory cytokines [64]. 
The ability of venous blood neutrophils to release  
protein – lipid complexes when cultured under con-
ditions of close cell – cell interaction was called the 
lipid-releasing capacity of leukocytes (LRCL) [63, 
64]. The following studies proved the clinical role of 
an increase in lipid-releasing capacity of leukocytes 
and its association with the course of coronary artery 
disease (CAD) [65].

The role of neutrophils in the development of 
atherosclerotic lesions is impelemted in several di-
rections. On the one hand, they are involved in early 
stages of atherogenesis, namely, in the development 
of endothelial dysfunction. On the other hand, neu-
trophils affect the emergence of complications in 
atherosclerosis: destabilization of the atherosclerotic 
plaque and formation of blood clots [66, 67].

When the vascular endothelium is damaged, frag-
ments of the extracellular matrix, such as hyaluronan, 
fibronectin, etc., are released into the intercellular 
space and act as endogenous danger-associated mo-
lecular patterns (DAMPs). They are recognized by 
neutrophil pattern recognition receptors (TLR2/4) in 
the bloodstream and contribute to their attraction to 
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the focus of inflammation. In addition, chemotaxis 
and migration of neutrophils and other white blood 
cells are enhanced by production of proinflammatory 
cytokines, such as IL-1, IL-18, IL-8, chemokines, and 
cell adhesion molecules, by endothelial cells [68–70].

In the focus of inflammation, neutrophils syn-
thesize cholesterol-binding proteins to form protein 
– lipid complexes accumulating in the vessel wall. 
In patients with CAD, neutrophil production of the 
following molecules was increased: C-reactive pro-
tein, von Willebrand factor, lipoprotein, and a brain 
natriuretic peptide precursor. Moreover, neutrophils 
in the endothelial lesion cause peroxidation of mem-
brane lipids, DNA strand breaks, and endothelial cell 
damage [71].

The role of neutrophils in the atherogenesis may 
be also related to their ability to form NETs: ex-
tracellular network-like structures and released en-
zymes lead to endothelial damage [66, 71].

CONCLUSION
Therefore, neutrophils, being a pluripotent het-

erogeneous cell population, take an active part in 
the pathogenesis of ischemic stroke and are also 
able to modulate the response to treatment. Their 
further study may open up additional prospects for 
personalization of therapy and prediction of disease 
outcomes.

REFERENCES

1.	 Vilenskiy B.S. Stroke – current state of affairs. Journal of Neu-
rology. 2008; 13 (2): 1–11 (in Russ.).   

2.	 Wolf P.A., D’Agostino R.B., O’Neal M.A., Sytkowski P.,  
Kase C.S., Belanger A., Kannel W.B. Secular trends in stroke 
incidence and mortality the Framingham Study. Stroke. 1992; 
23 (11): 1551–1555. DOI: 10.1161/01.str.23.11.1551. 

 3.	Katzan I.L., Cebul R.D., Husak S.H., Dawson N.V., Baker D.W.  
The effect of pneumonia on mortality among patients hospital-
ized for acute stroke. Neurology. 2003; 60 (4): 620–625. DOI: 
10.1212/01.wnl.0000046586.38284.60.

 4.	Heuschmann P.U., Kolominsky-Rabas P.L.,Misselwitz B., 
Hermanek P., Leffmann C., Janzen R.W., Rother J., Buecker- 
Nott H.J., Berger K. Predictors of in-hospital mortality and 
attributable risks of death after ischemic stroke. Arch. In-
tern. Med. 2004; 164 (16): 1761–1768. DOI: 10.1001/
archinte.164.16.1761.  

5.	 Stakhovskaya L.V., Klyuchikhina O.A., Bogatyreva M.D., 
Kovalenko V.V. Epidemoilogy of stroke in the Russian Fed-
eration: results of territorial population registry (2009–2019). 
Korsakov’s Journal of Neurology and Psychiatry. 2013; 113 
(5): 4–10 (in Russ.).

6.	 Gusev E.I., Skvortsova V.I., Stakhovskaya L.V. Stroke in the 
Russian Federation: time for combined efforts. Korsakov’s 

Journal of Neurology and Psychiatry, 2007; 107 (8): 1–11 (in 
Russ.). 

7.	 Skvortsova V.I., Stakhovskaya L.V.,. Sherstnev V.V., Gru- 
den M.A., Myasoedov N.F., Efremova N.M et. al. The role of 
autoimmune diseases in the damaging effects of cerebral isch-
emia. Korsakov’s Journal of Neurology and Psychiatry, Stroke. 
Appendix to the Journal. 2001; 101 (1): 46–54 (in Russ.). 

8.	 Chamorro A., Hallenbeck J. The harms and benefits of inflam-
matory and  immune responses in vascular disease. Stroke. 2006; 
37 (1): 291–293. DOI: 10.1161/01.STR.0000200561.69611.f8. 

9.	 Gusev E.I., Skvortsova V.I. Cerebral ischemia. M.: Medicine, 
2001: 328 (in Russ.).

10.	Kryzhanovskij G.N., Magaeva S.V., Makarov S.V., Sepiash-
vili R.I. Neuroimmunopathology. Guidelines.  М., 2003: 282 
(in Russ.). 

11.	Paltsev M.A., Kvetnoj M.I. Neuroimmunoendocrinology 
guidelines.  M.: Medicine, 2008: 497–499 (in Russ.). 

12.	Dolgushn I.I., Savochkina A. Yu., Kurnosehko I.V., Dolgush-
ina V.F., Savel’eva A.A., Samuseva I.V., Majakova V.B. The 
role of extracellular DNA traps in protective and pathological 
reactions of the body. Russian Journal of Immunology. 2015: 
9 (18) 2: 164–170 (in Russ.).

13.	Dolgushn I.I., Mesentseva E.A., Savochkina A.Yu., Kuznetso-
va E.K. Neutrophil as a multifunctional relay in the immune 
system. Infection and Immunity. 2019; 9 (1): 9–38 (in Russ.). 
DOI: 10.15789/2220-7619-2019-1-9-38.  

14.	Nesterova I.V., Kolesnikova N.V., Chudilova G.A. et al. The 
new look at neutrophilic granulocytes: rethinking old dogmas. 
Part 1. Russian Journal of Infection and Immunity. 2017; 7 (3): 
219–230. DOI: 10.15789/2220-7619-2017-3-219-230. 

 15.	Nesterova I.V., Kolesnikova N.V., Chudilova G.A. et al. The 
new look at neutrophilic granulocytes: rethinking old dogmas. 
Part 2. Russian Journal of Infection and Immunity. 2018; 8 (1): 
7–18. DOI: 10.15789/2220-7619-2018-1-7-18.

16.	Nesterova I.V., Shvydchenko I.N., Romenskaya V.A., Fomi-
cheva E.V., Bykovskaya E.Yu. Neutrophil granulocytes – the 
key cells of the immune system. Allergy and Immunology. 
2008; 9 (4): 432–435 (in Russ.). 

17.	Berezhnaja N.M. Neutrophils and immunological homeosta-
sis. Kiev: Naukova Dumka, 1988: 205 (in Russ.). 

18.	Neumann J., Riek-Burchardt M., Herz J. et al. Very-lateanti-
gen- 4 (VLA-4)-mediated brain invasion by neutrophils leads to 
interactions with microglia, increased ischemic injury and im-
paired behavior in experimental stroke. Acta Neuropathologica. 
2015; 129 (2): 259–277. DOI: 10.1007/s00401-014-1355-2.

19.	Weston R.M., Jones N.M., Jarrott B., Callaway J.K. Inflam-
matory cell infiltration after endothelin-1-induced cerebral 
ischemia: histochemical and myeloperoxidase correlation 
with temporal changes in brain injury. J. Cerebral. Blood 
Flow and Metab. 2007; 27 (1): 100–114. DOI: 10.1038/sj.jcb-
fm.9600324.

20.	Watcharotayangul J., Mao L., Xu H., Vetri F., Baughman V.L.,  
Paisansathan C. et al. Post-ischemic vascular adhesion protein-1 
inhibition provides  neuroprotection in a rat temporary mid-
dle cerebral artery occlusion model. J. Neurochem. 2012; 123 
(Suppl. 2): 116–124. DOI: 10.1111/j.1471-4159.2012.07950.x.

21.	Perez-de-Puig I., Mirу-Mur F., Ferrer-Ferrer M., Gelpi E., Pe-
dragosa J., Justicia C. et al. Neutrophil recruitment to the brain 



158 Bulletin of Siberian Medicine. 2021; 20 (3): 152–160

in mouse and human ischemic  stroke. Acta Neuropathol. 
2015; 129 (2): 239–257. DOI: 10.1007/s00401-014-1381-0.

22.	Gelderblom M., Leypoldt F., Steinbach K., Behrens D.,  
Choe C.-U., Siler D.A. et al. Temporal and spatial dynamics of 
cerebral immune cell accumulation in stroke. Stroke. 2009; 40 
(5): 1849–1857. DOI: 10.1161/STROKEAHA.108.534503. 

23.	Martynov M.Y., Gusev E.I. Current knowledge on the neu-
roprotective and neuroregenerative properties of citicoline in 
acute ischemic stroke. J. Exp. Pharmacol. 2015; 7: 17–28. 
DOI: 10.2147/JEP.S63544.

24.	Jickling G.C., Liu D., Ander B.P., Stamova B., Zhan X.,  
Sharp F.R. Targeting neutrophils in ischemic stroke: trans-
lational insights from experimental  studies. J. Cereb. Blood 
Flow and  Metab. 2015; 35 (6): 888–901. DOI: 10.1038/jcb-
fm.2015.45. 

25. McCabe D.J.H., Harrison P., Mackie I.J.,  Sidhu P.S.,  Purdy G.,  
Lawrie A.S. et al. Increased platelet count and leucocyte-plate-
let complex formation in acute symptomatic compared with 
asymptomatic severe carotid stenosis. Journal of Neurology, 
Neurosurgery and Psychiatry, 2005; 76 (9): 1249–1254. DOI: 
10.1136/jnnp.2004.051003.

26.	Ritter L.S., Stempel K.M., Coull B.M., McDonagh P.F. Leu-
kocyte-platelet aggregates in rat peripheral blood after isch-
emic stroke and reperfusion. Biological Research for Nursing. 
2005; 6 (4): 281–288. DOI: 10.1177/1099800405274579.

27.	Kim J.Y., Park J., Chang J.Y., Kim S.H., Lee J.E. Inflam-
mation after ischemic stroke: the role of leukocytes and glial 
cells. Exp. Neurobiol 2016; 25 (5): 241–251. DOI: 10.5607/
en.2016.25.5.241.

28.	Hallevi H., Hazan-Halevy I., Paran Е. Modification of neutro-
phil adhesion to human endothelial cell line in acute ischemic 
stroke by dipyridamole and candesartan. European Journal of 
Neurology. 2007; 14 (9): 1002–1007. DOI: 10.1111/J.1468-
1331.2007.01847.X.

29.	Khan М.М., Motto D.G., Lentz S.R., Chauhan A.K. 
ADAMTS13 reduces VWF-mediated acute inflammation 
following focal cerebral ischemia in mice. Journal of Throm-
bosis and Haemostasis. 2012; 10 (8): 1665–1671. DOI: 
10.1111/j.1538-7836.2012.04822.x.

30.	Brinkmann V., Zychlinsky A. Beneficial suicide: why neutro-
phils die to make NETs. Nature Reviews Microbiology. 2007; 
5 (8):  577–582. DOI: 10.1038/NRMICRO1710.

31.	Martinod K., Wagner D.D. Thrombosis: tangled up in NETs. 
Blood. 2014; 123 (18): 2768–2776. DOI: 10.1182/blood- 
2013-10-463646.

32.	Fuchs T.A., Brill A., Duerschmied D. Extracellular DNA traps 
promote thrombosis. Proceedings of the National Academy 
of Sciences of the United States of America. 2010; 107 (36): 
1580–1588. DOI: 10.1073/pnas.1005743107.

33.	Semeraro F., Ammollo C.T., Morrissey J.H., Dale G.L., Friese P.,  
Esmon N.L., Esmon C.T. Extracellular histones promote 
thrombin generation through platelet-dependent mechanisms: 
involvement of platelet TLR2 and TLR4. Blood. 2011; 118 
(7): 1952–1961. DOI: 10.1182/blood-2011-03-343061.

34.	Sreeramkumar V., Adrover J.M., Ballesteros I. et al. Neu-
trophils scan for activated platelets to initiate inflammation. 
Science. 2014; 346 (6214): 1234–1238. DOI: 10.1126/sci-
ence.1256478.

35.	Maugeri N., Campana L., Gavina M. et al. Activated platelets 
present high mobility group box 1 to neutrophils, inducing au-
tophagy and promoting the extrusion of neutrophil extracellu-
lar traps, Journal of Thrombosis and Haemostasis. 2014; 12 
(12): 2074–2088. DOI: 10.1111/jth.12710.

36. Brill A., Fuchs T.A., Savchenko A.S., Thomas G.M., Mar-
tinod K., De Meyer S.F., Bhandari A.A., Wagner D.D. Neu-
trophil extracellular traps promote deep vein thrombosis 
in mice. J. Thromb. Haemost. 2012; 10 (1): 136–144. DOI: 
10.1111/j.1538-7836.2011.04544.x.

37.	De Meyer S.F.,  Denorme F.,  Langhauser F.,  Geuss E.,  Flu-
ri F., Kleinschnitz C. Thromboinflammation in stroke brain 
damage. Stroke. 2016; 47 (4): 1165–1172. DOI: 10.1161/
STROKEAHA.115.011238.

38.	Von Bruhl M.L., Stark K., Steinhart A., Chandraratne S., 
Konrad I., Lorenz M., Khandoga A., Tirniceriu A., Coletti R., 
Kollnberger M., Byrne R.A., Laitinen I., Walch A., Brill A., 
Pfeiler S., Manukyan D., Braun S., Lange P., Riegger J., Ware 
J. et al. Monocytes, neutrophils, and platelets cooperate to ini-
tiate and propagate venous thrombosis in mice in vivo. The 
Journal of Experimental Medicine. 2012; 209 (4): 819–835. 
DOI: 10.1084/jem.20112322Ю.

39.	De Meyer S.F., Suidan G.L.,  Fuchs T.A.,  Monestier M.,  
Wagner D.D. Extracellular chromatin is an important medi-
ator of ischemic stroke in mice. Arteriosclerosis, Thrombo-
sis, and Vascular Biology. 2012; 32 (8):1884–1891. DOI: 
10.1161/ATVBAHA.112.250993.

40.	Yaghi S., Boehme A.K., Dibu J. et al. Treatment and Outcome 
of Thrombolysis-Related Hemorrhage: A Multicenter Ret-
rospective Study. JAMA Neurol. 2015; 72 (12): 1451–1457. 
DOI: 10.1001/jamaneurol.2015.2371.

41.	Gill D., Sivakumaran P., Wilding P., Love M., Veltkamp R., 
Kar А. Trends in C-reactive protein levels are associated with 
neurological change twenty-four hours after thrombolysis for 
acute ischemic stroke. J. Stroke Cerebrovasc. Dis. 2016; 25 
(8): 1966–1999. DOI: 10.1016/J.JSTROKECEREBROVAS-
DIS.2016.05.003.

42.	Uhl B., Zuchtriegel G., Puhr-Westerheide D. et al. Tissue plas-
minogen activator promotes postischemic neutrophil recruit-
ment via its proteolytic and nonproteolytic properties. Arte-
rioscler. Thromb. Vasc. Biol. 2014; 34 (7): 1495–1504. DOI: 
10.1161/ATVBAHA.114.303721.

43.	Dong Q., Dong  Y.,   Liu   L.,    Xu A.,  Zhang Y.,  Zheng 
H., Wang Y. The Chinese Stroke Association scientific state-
ment: intravenous thrombolysis in acute ischaemic stroke. 
Stroke and Vascular Neurology. 2017; 2 (3): 147–159. DOI: 
10.1136/svn-2017-000074.

44.	Guo Z., Yu S., Xiao L. et al. Dynamic change of neutrophil 
to lymphocyte ratio and hemorrhagic transformation after 
thrombolysis in stroke. J. Neuroinflammation. 2016; 13 (1): 
199. DOI: 10.1186/S12974-016-0680-X.

45.	Shi J., Peng H., You S., Liu Y., Xu J., Xu Y., Liu H., Shi 
R., Cao Y., Liu C.F. Increase in neutrophils after recombinant 
tissue plasminogen activator thrombolysis predicts poor func-
tional outcome of ischaemic stroke: a longitudinal study. Eur. 
J. Neurol. 2018; 25 (4): 687–745. DOI: 10.1111/ene.13575.

46.	Mangold A., Alias S., Scherz T., Hofbauer T., Jakowitsch J., 
Panzenbцck A. et al. Coronary neutrophil extracellular trap 

Dolgushin I.I., Zaripova Z.Z., Karpova M.I. The role of neutrophils in the pathogenesis of ischemic stroke



159

Reviews and lectures

Бюллетень сибирской медицины. 2021; 20 (3): 152–160

burden and deoxyribonuclease activity in ST-elevation acute 
coronary syndrome are predictors of ST-segment resolution 
and infarct size. Circ. Res. 2015; 116 (7): 1182–1192. DOI: 
10.1161/CIRCRESAHA.116.304944.

47.	Ducroux C., Di Meglio L., Loyau S., Delbosc S., Boisseau W.,  
Deschildre C., Maacha M.B., Blanc R. et. al. Thrombus neu-
trophil extracellular traps content impair tpa-induced throm-
bolysis in acute ischemic stroke. Stroke. 2018; 49 (3): 754–
757. DOI: 10.1161/STROKEAHA.117.019896.

48.	Laridan E., Denorme F., Desender L., Franзois O., Anders-
son T., Deckmyn H. et al. Neutrophil extracellular traps in 
ischemic stroke thrombi. Ann. Neurol. 2017; 82 (2): 223–232. 
DOI: 10.1002/ana.24993.

49.	Longstaff C.,  Varjú I., Sуtonyi P., Szabу L., Krumrey M., 
Hoell A. et al. Mechanical stability and fibrinolytic resistance 
of clots containing fibrin, DNA, and histones. J. Biol. Chem. 
2013; 288 (10): 6946–6956. DOI: 10.1074/ jbc.M112.404301.

50.	Westendorp W.F., Nederkoorn P.J., Vermeij J.-D., Dijkgraaf 
M.G.,  van de Beek D. Post-stroke infection: A systematic 
review and metaanalysis. BMC Neurol. 2011; 11: 110. DOI: 
10.1186/1471-2377-11-110.

51.	Chavan S.S., Pavlov V.A., Tracey K.J. Mechanisms and 
therapeuticиrelevance of neuro-immune communication. 
Immunity. 2017; 46 (6): 927–942. DOI: 10.1016/J.IMMU-
NI.2017.06.008.

52.	Meisel C., Schwab J.M., Prass K. et al. Central nervous sys-
tem injury-induced immune deficiency syndrome. Nat. Rev. 
Neurosci, 2005; 6 (10): 775–786. DOI: 10.1038/NRN1765.

53.	Rumer C., Engel O., Winek K. et al. Blocking stroke-induced 
immunodeficiency increases CNS antigen-specific autoreac-
tivity but does not worsen functional outcome after experi-
mental stroke. J. Neurosci. 2015; 35 (20): 7777–7794. DOI: 
10.1523/JNEUROSCI.1532-14.2015.

54.	Dirnagl U., Klehmet J., Braun J.S. et al. Stroke-induced immu-
nodepression: experimental evidence and clinical relevance. 
Stroke. 2007; 38 (2 Suppl.): 770–783. DOI: 10.1161/01.
STR.0000251441.89665.BC.

55.	Hug A., Dalpke A., Wieczorek N. et al. Infarct volume is a 
major determiner of post-stroke immune cell function and 
susceptibility to infection. Stroke. 2009; 40 (10): 3226–3232. 
DOI: 10.1161/STROKEAHA.109.557967.

56.	Chamorro A., Meisel A., Planas A.M., Urra X., van de Beek 
D., Veltkamp R. The immunology of acute stroke. Nat. 
Rev. Neurol. 2012; 8 (7): 401–410. DOI: 10.1038/NRNEU-
ROL.2012.98.

57.	Szabу C., Thiemermann C., Wu C.C. et al. Attenuation of 
the induction of nitric oxide synthase by endogenous glu-
cocorticoids accounts for endotoxin tolerance in vivo. Proc. 
Natl. Acad. Sci. USA. 1994; 91 (1): 271–275. DOI: 10.1073/
PNAS.91.1.271.

58.	Zhang J., Shi K., Li Z. et al. Organ- and cell-specific immune 
responses are associated with the outcomes of intracerebral 
hemorrhage. Faseb. J. 2018; 32 (1): 220–229. DOI: 10.1096/
fj.201700324R.  

59.	Van Gemmeren T., Schuppner R., Grosse G.M., Fering J., 
Gabriel M.M., Huber R.,  Worthmann H.,  Lichtinghagen R., 
Weissenborn R. early post-stroke infections are associated 
with an impaired function of neutrophil granulocytes. J. Clin. 
Med.  2020; 9 (3): 872.  DOI: 10.3390/jcm9030872 Ю.

60.	Krams M., Lees R.R., Hacke W., Grieve A.P., Orgogozo J.-M., 
Ford G.A. Acute stroke therapy by inhibition of neutrophils 
(ASTIN): an adaptive dose-response study of UK- 279,276 
in acute ischemic stroke. Stroke. 2003; 34 (11): 2543–2548. 
DOI: 10.1161/01.STR.0000092527.33910.89.

61.	Smedly L.A., Tonnesen M.G., Sandhaus R.A. et al. Neutro-
phil-mediated injury to endothelial cells. J. Clin. Invest. 1986; 
77 (4): 1233–1243. DOI: 10.1172/JCI112426.

62.	Mishlanov V.Yu., Tuyev A.V., Shutov A.A., Baidina T.V. 
Method for determining leukocyte lipid-releasing capacity in 
the diagnosis of mechanisms of atherogenesis in patients with 
coronary heart disease and ischemic stroke. Clinical Labora-
tory Diagnostics. 2006; 5: 9–12 (in Russ.).  

63.	Higazi A.A.,  Nassar T.,  Ganz T.,  Rader D.J., Udassin R., 
Bdeir K, Hiss E., Sachais B.S., Williams K.J., Leitersdorf  E.,  
Cines D.B. The alpha-defensins stimulate proteoglycan-de-
pendent catabolism of low-density lipoprotein by vascular 
cells: a new class of inflammatory apolipoprotein and a pos-
sible contributor to atherogenesis. Blood. 2000; 96 (4): 1393–
1398.

64.	Obukhova O.V. Lipid-releasing capacity of leukocytes in pa-
tients with coronary heart disease. Cardiovascular Therapy 
and Prevention. 2009; 8 (6S1): 259 (in Russ.). 

65.	Qi H., Yang S., Zhang L. Neutrophil extracellular traps 
and endothelial dysfunction in atherosclerosis and throm-
bosis. Front. Immunol. 2017; 8: 928. DOI: 10.3389/fim-
mu.2017.00928. 

66.	Chistiakov D.A., Bobryshev Y.V., Orekhov A.N. Neutro-
phil’s weapons in atherosclerosis (review). Experimental and 
Molecular Pathology. 2015; 99 (3): 663–671. DOI: 10.1016/j.
Yexmp.2015.11.011.

67.	Rahman A., Fazal F. Blocking NF-kappaB: an inflammato-
ry issue. Proc. Am. Thorac. Soc. 2011; 8 (6): 497–503. DOI: 
10.1513/pats. 201101-009MW.

68.	Xiao L., Liu Y., Wang N. New paradigms in inflammatory 
signaling in vascular endothelial cells. Am. J. Physiol. Heart 
Circ. Physiol. 2014; 306 (3): H317–325. DOI: 10.1152/
ajpheart. 00182.2013. 

69.	Chistiakov D.A., Grechko A.V., Myasoedova V.A. et al. The 
role of monocytosis and neutrophilia in atherosclerosis. J. 
Cell Molec. Med. 2018; 22 (3): 1366–1382. DOI: 10.1111/
jcmm.13462.

70.	Hattar K., Heygster D., Eul B. et al. Amplification of LPS and 
LTA induced cytokine synthesis in NSCLC/neutrophil cocul-
tures. J. Clin. Oncol. 2008; 26 (15): 22198. DOI: 10.1200/
jco.2008.26.15_suppl.22198. 

71.	Zychlinsky A. NETs: a new strategy for using old weap-
ons. Trends in Immunology. 2009; 30 (11): 513–521. DOI: 
10.1016/j.it.2009.07.011.



160 Bulletin of Siberian Medicine. 2021; 20 (3): 152–160

Authors information
Dolgushin Ilia I., Dr. Sci. (Med.), Professor, Academician of the Russian Academy of Sciences, Head of  Microbiology, Virology, 

Immunology, and Clinical Laboratory Diagnostics Department, South Ural State Medical University, Chelyabinsk, Russian Federation. 
ORCID 0000-0002-0901-8042.

Karpova Maria I., Dr. Sci. (Med.), Associate Professor, Academician of the Russian Academy of Sciences, Head of Neurology 
Department, South Ural State Medical University, Chelyabinsk, Russian Federation. ORCID 0000-0001-5848-7235.

Zaripova Zarina Z., Neurologist, Chelyabinsk Regional Clinical Hospital, Stroke Unit, Chelyabinsk, Russian Federation, ORCID 
0000-0001-8419-9026.

(*)  Karpova Maria I., e-mail: kmi_2008@mail.ru

Received 19.00.2020
Accepted 28.12.2020

Dolgushin I.I., Zaripova Z.Z., Karpova M.I. The role of neutrophils in the pathogenesis of ischemic stroke


