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Abstract: Stroke is currently one of the most common causes of death and disability in the

world, and its pathophysiology is a complex process, involving the oxidative stress and

inflammatory reaction. Unfortunately, no biochemical factors useful in the diagnostics and

treatment of stroke have been clearly established to date. Therefore, researchers are increas-

ingly interested in the inflammatory response triggered by cerebral ischemia and its role in

the development of cerebral infarction. This article gives an overview of the available

literature data concerning the role of pro-inflammatory cytokines in acute stroke. Detailed

analysis of their role in cerebral circulation disturbances can also suggest certain immune

response regulatory mechanisms aimed to reduce damage to the nervous tissue in the course

of stroke.
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Introduction
Ischemic stroke is the most common cause of disability in elderly people (over 65

years of age) and the third most common cause of death in the world. The World

Health Organization estimates that one in six people globally will suffer from stroke

in their lifetime.1 The annual incidence of stroke in the general population is

approximately 0.2%, while the mean value for Poland is estimated at an average

of 150 per 100,000 residents.2,3 Ischemic stroke is the most frequent kind of stroke

affecting approximately 85–90% of patients, most commonly caused by cardiogenic

embolism, cerebral microcirculatory impairment (cerebral microangiopathy), ather-

osclerosis of extra- and intracranial arteries, as well as blood clotting disorders.4–6

The pathophysiology of stroke is a complex process and it is suggested that

oxidative stress and inflammatory reaction constitute the key mechanisms involved

in neuronal damage. During ischemia and asphyxia, brain and immune cells

produce reactive oxygen species (ROS), which stimulate endothelial cells and

cause oxidative stress. The activity of ROS during ischemic strokes not only causes

primary vascular damage, but also triggers the development of the inflammatory

response connected with the acute immune response. Glial cells (microglia, astro-

cytes) activated in ischemia, along with blood cells (leukocytes) and endothelial

cells, synthesize a number of biochemical mediators and markers of inflammation,

ie, cytokines, chemokines and pro-inflammatory enzymes.7–9 The development of

inflammation in stroke is also affected by many factors, among which a significant

role is played by genetic factors responsible for inflammatory reactions.10–12 It has

also been demonstrated that many genes can contribute to both the etiology of
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stroke and the size of the ischemic area, and consequently

the patient’s late outcome.13,14 In turn, chronic activation

of inflammation is a factor which can significantly influ-

ence the advancement and impact of stroke risk factors,

thereby also modifying the course of the acute phase of

stroke.

Despite the broad range of molecular diagnostic meth-

ods, biochemical factors with a proven benefit for the

prevention, diagnostics and treatment of stroke have not

yet been clearly identified. A particular object of contro-

versy is the impact of inflammatory factors on prognosis in

re-perfusion therapies of ischemic stroke (ICA) involving

intravenous thrombolytic therapy using recombinant tissue

plasminogen activator (rtPA) and endovascular therapy

(mechanical thrombectomy).15,16 Therefore, numerous stu-

dies of the diagnostic and prognostic value of pro-

inflammatory factors of neuronal, glial and neuroendocrine

origin, as well as inflammatory markers in ischemic stroke,

are currently ongoing. Cytokines, as regulatory proteins

produced by different types of cells, are an object of

particular interest to researchers. They are recognized

and bound by specific receptors located on cell

membranes17,18 and by binding to the receptor, they trans-

duce signal to the cell nucleus in which expression of

genes encoding acute phase proteins (APPs). They can

be triggered by the transcription factor (NF-κB) or regard-

less of the factor. Several groups of pro-inflammatory

cytokines are known: chemokines, interleukins, interfer-

ons, as well as cell differentiation and growth factors.

Moreover, the inflammatory response in the brain

changes over time. This is why the knowledge concerning

if and when the level of cytokine increases or decreases in

the course of the acute phase of cerebral stroke may help

to determine a possible role of pro-inflammatory cytokines

as early biomarkers and the object of a prospective ther-

apeutic intervention in the acute phase of cerebral stroke.

This is why this paper consists of current theories

concerning the role of pro-inflammatory cytokines as

early inflammatory factors, which can be detected and

determined both in serum and cerebrospinal fluid during

the acute phase of cerebral stroke. Cytokines may also

induce further phases of inflammatory markers and as

a result, influence the final prognosis. Authors have

methodically undertaken and checked the literature

from latest years regarding pro-inflammatory cytokines

in acute phase of stroke and assessed its potential clin-

ical relevance.

Pathomechanism of Ischemic Brain Damage
The biochemical ground of pathophysiological processes in

ischemic stroke of the brain is a complex cycle of inter-

connected molecular and cellular mechanisms (Figure 1).

At the time of getting sick, there is a severe focal hyper-

perfusion (a decrease in regional blood flow in the zone of

irreversible ischemia <22 mL/100 g/min) and consequently -

a decrease in pO2, increase in pCO2, development of tissue

acidosis, bioenergetic insufficiency, excitotoxicity, occur-

rence of oxidative stress causing further microvascular

damages and activation of neural and glial cells and second-

ary migration of leukocytes through a damaged blood-brain

barrier (BBB).8,19 This cascading reaction ultimately leads to

global death of neurons, glial cells and endothelium in necro-

sis or apoptosis mechanism.19

An inflammatory condition plays a vital role at all stages

of the ischemic cascade, starting from the cessation of flow

to the late regenerative processes associated with the repair

of ischemic tissues. The energy deficit caused by the loss of

neurons ability to synthesize ATP (adenosine triphosphate)

is the main mechanism of cell death in the area of the

cerebral infarction. The activity of Na+/K+ - ATPase

decreases and there is an increased extracellular concentra-

tion of K+ ions and the uncontrolled influx of Na+, Ca2+, Cl−

ions. Gradual depolarization of the cell membrane and loss

of membrane potential are observed, which in turn increases

the flow of sodium and allows for an osmotic transport of

water to cells leading to the development of cytotoxic

edema. As a consequence, the accumulation of Na+ and

Ca2+ ions leads to organelle degeneration, loss of membrane

integrity and cell death.20,21 The impairment of ATP synth-

esis also causes a reduction in the reuptake of glutamate,

and its excessive extracellular accumulation leads to the

ischemic death of neurons in the penumbra area.

Overactivation of glutamate receptors causes excitotoxicity

and accumulation of Ca2+ ions, leading to mitochondrial

failure and apoptosis.22,23 The influx of Ca2+ ions activates

catabolic enzymes by producing arachidonic acid and

increasing the production of ROS mainly in neurons.20,24

An increased production of ROS enables the passage

through the membrane not only of ions, but also of low-

molecular-weight substances causing necrosis and, depend-

ing on the degree of neurons damage, a programmed death

of the nerve cell. The excitotoxicity and growth of ROS

activates microglia and astrocytes that secrete cytokines,

chemokine and matrix metalloproteinases (MMP).16,25

These inflammatory mediators induce the expression of
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cell adhesion molecules on the endothelial surface

(P-selectin, E-selectin, endothelial-leukocyte adhesion

molecule (ELAM-1) and intercellular cell adhesion

molecules-1 (ICAM-1)), which enable the neutrophils to

infiltrate ischemic areas of the brain.8,25 In addition,

endothelial cells increase the expression of chemokines in

Figure 1 Pathomechanism of ischemic brain damage.
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order to bring the leukocytes to the site of damage.9

Infiltrating immune cells, regardless of their beneficial

role, can also damage the ischemic brain by producing

various destructive immune cytotoxic mediators (including

NO, ROS and prostanoids16,26), which prolong the inflam-

matory response, increasing the brain damage. They can

also lead to secondary complications such as swelling and

hemorrhagic transformation.8,27 The constant influx of leu-

kocytes leads to lymphocytopenia, contributing to signifi-

cant immunodepression which increases the risk of

infection after stroke. In addition, the disproportionate con-

centration of pro-inflammatory mediators activates the

autonomic nervous system, which leads to the inhibition

of pro-inflammatory pathways and stimulation of anti–

inflammatory mechanisms by the release of interleukins

and growth factors.25,27 Furthermore, necrotic neurons

release “hazard signals” that activate the immune system

and secrete molecular patterns (DAMP).19,27 DAMP

induces the Toll-like receptors (TLRs) on microglia,

which in turn stimulates the NF-κB to synthesize most of

the pro-inflammatory cytokines. NLRP3 inflammasome

activates caspase-1 which eventually leads to the matura-

tion and secretion of IL-1β and IL-18 cytokine .28 M1

microglia produce pro-inflammatory cytokines (IL-1β,

interleukin 6 (IL-6), IL-18 and tumor necrosis factor

(TNF-α)) and chemokines, while M2 microglia produce

anti-inflammatory cytokines (interleukin 10 (IL-10), inter-

leukin 4 (IL-4) and transforming growth factor-beta (TGF-

β)),25 which are released a few days after acute brain

damage leading to inhibition of inflammation.9,25

MMP, secreted by microglia, astrocytes and neurons,

mediates in the destruction of the base plate, increasing

BBB permeability and facilitating the entrance of addi-

tional peripheral immune cells into the brain area affected

by stroke. This is because acute ischemia of the brain not

only causes a local inflammatory reaction, but also triggers

a systemic immune response.25,27

During the stroke, both congenital and adaptive

immunity are involved, which do not affect the acute

phase of damage. Nevertheless, modulation of adaptive

immunity has an unusual protective effect on the

ischemic brain and creates prospects for new stroke

therapies.8,28 Immunomodulation is not devoid of harm-

ful side effects, and a better understanding of the inter-

action between the immune system and the ischemic

brain is necessary to exploit the full therapeutic poten-

tial of stroke immunology.

The Role of NLRP3 Inflammasome
Intracellular multiprotein complexes called inflamma-

somes play an important role in the innate immune

response.

The best-known inflammasome is NLRP3 made of

NLRP3 protein, ASC adaptor protein (apoptosis-associated

speck-like protein containing a carboxy-terminal CARD)

and procaspase-1.29–31

Activation of the NLRP3 inflammasome takes place in

two stages: stage one (starting state) – preparation (sig-

nal 1) and stage two – activation stage (signal 2).

In the first stage, there is a release of molecular pat-

terns (DAMP) which activate transmembrane TLRs, on

immune cells, as a result of the activity of the signal

from the damaged cells.27 TLR activation induces the

expression of inactive protein NLRP3 and pro-IL-1β via

NF-κB (signal 1).28,29 The NLRP3 resting form is placed

at the endoplasmic reticulum (ER), and after activation, it

is transferred to the cell nucleus region. There, together

with other components of inflammasome, it contacts with

ER and mitochondria.

In the second stage, the activation stage (signal 2), the

NLRP3 central domain induces the oligomerization of an

effector domain (PYD) that is a girder for the ASC adaptor

protein, which is combined with procaspase-1 to form

a protein complex – inflammasome NLRP3. Active inflam-

masome NLRP3 transforms (using the CARD domain)

procaspase-1 into its active form, which triggers a pro-

inflammatory cellular response by splitting the precursors

IL-1β and IL-18 into their mature forms.29,31,32 This leads

to a specific type of cell death called pyroptosis. In this way,

inflammasomes contribute to the activation and promotion

of congenital immunity, but also to the deterioration of

tissue damage.19

The Role of Innate and Adaptive Immune

Cells in the Production of

Pro-Inflammatory Cytokines
There are ongoing clinical and experimental studies which

highlight the complex role of the immune system in patho-

physiological changes that occur after acute ischemic

stroke of the brain. Molecular signals, which are generated

by cerebral ischemia, activate components of the congeni-

tal immune system, leading to amplification of inflamma-

tory cascades and tissue damage. At the same time, these

processes stimulate a potentially harmful and cytoprotec-

tive immune adaptive response.20,28,33
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Cells involved in the production of cytokines are repre-

sentatives of the congenital and adaptive immune response:

● Microglia are a type of resident marrow cells of

central nervous system (CNS). Their original role

comes down to removing debris, repairing damaged

cells and acting as CNS homeostasis regulator. They

produce pro-inflammatory mediators such as TNF-α,
IL-1β, IL-6 and ROS, NO after a stroke. It is also

believed that they contribute to the inhibition of

inflammation and tissue repair.28,34,35

● Perivascular macrophages occur between the vascular

primary membrane and the brain surface. M1 macro-

phages produce pro-inflammatory cytokines (IL-1β,
interleukin 12 (IL-12), interleukin 23 (IL-23) and

TNF-α), chemokine, ROS and NO, thereby promoting

the immune response of helper T cells type 1 (Th1).28

● Mast cells, mastocytes (MC) are found in meninges

and cerebral vessels. MC granules store vasoactive

substances (histamine), anticoagulants (heparin), pro-

tease (MMP2, MMP9) and cytokines (TNF-α). They
are capable of phagocytosis, antigen presentation and

can modulate the adaptive immune response.28,36

● Blood monocytes are direct precursors of tissue

macrophages. We distinguish two different popula-

tions: classical and pro-inflammatory monocytes that

participate in the production of TNF-α.28 After ische-
mia of the brain, inflammatory monocytes are

quickly recruited to the site of damage where they

activate macrophages.37

● Dendritic cells (DC) are cells that are a combination of

congenital and adaptive immunity. Antigen-presenting

cells (APC), mainly DC, are cells presenting antigen,

containing a MHC class II antigen complex. They play

a fundamental role in stimulating lymphocytes, espe-

cially virgin ones. After the presentation of the T-cells

antigen CD4+, they undergo a clonal expansion in

lymphatic organs, which is a process promoted by

autocrine interleukin 2 (IL-2) production.28,34

● T cells cause ischemic damage after entering the

brain parenchyma by releasing pro-inflammatory

agents and cytokines such as reactive oxygen species,

interferon γ (IFN-γ), TNF-α, IL-1β, interleukin 17

(IL-17) and interleukin 21 (IL-21), which can cause

cell destruction of neurovascular unit (NVU) or

directly damage neurons.35

● Auxiliary T cells (Th) are responsible for coordinat-

ing and modulating immune responses. These include

effector and regulator cells. Depending on molecular

signals, there may be a development of different

subpopulations of Th-cell effectors producing cyto-

kines. IFN-γ and TNF are secreted by type 1 (Th1)

cells, and their development is supported by IL-12.

These cells lead to cytotoxicity.28,38

● Cells T γδ, activated by IL-23 are released from

microglia/macrophages. They produce cytotoxic

cytokine IL-17 and contribute to acute ischemic

brain damage.39

● Natural killer T (NKT) cells cause cytotoxic effects

by releasing IL-2, TNF.28

Interleukins
The main pro-inflammatory cytokines responsible for

inducing the synthesis of APPs are: IL-6, IL-1 and tumor

necrosis factor (TNF-alpha and TNF-beta).

IL-6 is released by different cells, including microglial

cells, astrocytes, leukocytes and endothelial cells as part of

a response to brain damage. It stimulates hepatocytes to

synthesize APPs, mainly CRP (C-reactive protein) and

fibrinogen.25,40,41 IL-6 activates APPs and affects the phos-

phorylation of the NF-IL-6 transcription factor responsible

for enhancing the transcription of many genes. The synth-

esis of IL-6 requires IL-1 and TNF which stimulate fibro-

blasts, endothelial cells and keratinocytes, and increase the

expression of IL-6.42 It is believed that IL-6 is a pleiotropic

pro-inflammatory cytokine which increases the migration

of leukocytes and regulates the production of chemokines

and expression of adhesion molecules. It has also been

shown that IL-6 is an important mediator of neurovascular

dysfunction, neurodegeneration and neuritis.41,43 A number

of reports also indicate that IL-6 inhibits the reciprocal

release of TNF-α7,40,44 and IL-1, and stimulates the synth-

esis of their antagonists.

In recent years, a number of studies have been con-

ducted to clarify the role of interleukins in the etiology

and development of stroke. Although IL-6 is a pro-

inflammatory cytokine, it has been suggested that it

plays an important role in cerebral ischemia not only as

a mediator of inflammatory process in the acute phase of

stroke, but also as a neurotrophic factor in the late phase

of the development of cerebral ischemia.45 It has been

proven that IL-6 is actually a key inflammatory marker in

stroke; numerous studies proved a significant increase in

the concentration of IL-6 in serum, which occurred within

a few hours after the onset of ischemia, and lasted for up

to 90 days after the stroke.43,46-53 It has also been
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observed that the mean concentration of IL-6 in serum in

patients with a symptomatic ICA stenosis is significantly

higher than in healthy individuals in the period between

15th and 154th day after the onset of cerebral ischemia

symptoms.54 Another study showed a similar phenom-

enon for up to 3 months after the onset of symptoms.55

There have been reports indicating that IL-6 is char-

acterized by a high heterogeneity in humans. There is also

little conclusive data on the role of this cytokine in the

early (<4 to 6 hrs) post-stroke phase.

The presence of the IL-6-174 GC genotype and

a higher concentration of IL-6 receptors increase the like-

lihood of a stroke12,56 as is the case in an acute myocardial

infarction and other vascular diseases.56–58

The relationship between the level of IL-6 in serum,

the severity of neurological deficit as well as prognosis

concerning patients with an acute ischemic stroke and the

volume of an ischemic stroke is an object of interest of

many researchers. Many authors indicate that the increase

in the concentration of IL-6 in serum within the first 24 hrs

following a stroke is associated with a deterioration of

patients’ functional state43,55,59,60 and greater spectrum

covered by the lesion volume61,62 and they consider the

level of IL-6 to be a reliable prognostic factor in the acute

phase of ischemic stroke. It has been shown that the

increase in the concentration of IL-6 in serum on the 1st

and 6th day after the ischemic stroke is associated with

long-term post-stroke prognosis post-stroke disability

degree and mortality at 3 months and/or 1 year following

a stroke.43 Based on a group of patients suffering from an

ischemic stroke, Shenhar-Tsarfaty et al52,55 demonstrated

that an increase IL-6 in serum within the first 24 hrs after

the hospital admission is a highly sensitive stroke biomar-

ker and also is an important prognostic factor for the

survival of stroke patients within first year.55 Moreover,

the authors demonstrated that the IL-6 level of 6.47 pg/mL

is a threshold above which the chance of survival concern-

ing patients with an acute stroke is reduced.52 The baseline

level of IL-6 can impact the severity of stroke and should

be considered as a prognostic biomarker for the develop-

ment of clinical complications arising from acute

ischemia.

On the other hand, Nakase et al63 proved that the

assessment of IL-6 concentration on admission and in 28

days acute cerebral ischemia to establish a prognosis

within 1 year from the stroke onset. What is more,

Fahmi and Elsaid64 demonstrated a synergistic effect of

the level of IL-6 in serum and the size of an ischemic

focus as assessed in CT and MRI on a prognosis in stroke

patients. Rodríguez-Yáñez and Castillo65 also observed

that an increase in the levels of IL-6 and TNF-α in

serum is associated with the degree of neurological deficit

and the increase in the ischemic volume. A similar rela-

tionship has been established for IL-6 in the cerebrospinal

fluid of stroke patients. Beridze et al66 demonstrated that

the increased concentration of IL-6 in cerebrospinal fluid

in hour 6 after the onset of stroke correlates with the

degree of neurological deficit, as assessed on days 1 and

7 after the stroke using the National Institute of Health

Stroke Scale (NIHSS), and with the functional deficit

measured using the Barthel Index (BI) scale. Recent

reports also indicate a relationship between a stroke etiol-

ogy and the levels of pro-inflammatory cytokines in

serum. The highest concentration of IL-6 in plasma and

other immune-inflammatory and thromboembolic/fibrino-

lytic agents (PAI-1, TPA) was found in patients with

cardiogenic stroke caused by a cardiac embolism.48,67

This group of patients was observed with not only an

increased immune-inflammatory activity but also with

a greater degree of neurological deficit as assessed accord-

ing to the Scandinavian Stroke Scale (SSS).48 In a lacunar

stroke, which is caused by cerebral microangiopathy,

lower levels of pro-inflammatory cytokines (IL-6 and

TNF-α) in plasma and lower P-selectin and ICAM-1

(intercellular adhesion molecule-1) were observed.49

Not all available literature reports confirm the relation-

ship between the increase in the concentration of IL-6 and

prognosis in stroke patients. For example, Worthmann et -

al51 based on their assessment of the level of inflammatory

markers in 69 patients with a transient ischemic attack

(TIA) or an ischemic stroke conducted 6, 12 and 24 hrs,

and 3 and 7 days after the onset of symptoms, proved that

a gradual increase in the levels of IL-6, MPC-1 and S100

protein (marker of damage to the BBB) is not associated

with the degree of neurological and functional deficit

assessed 90 days after the stroke. Similarly, Oto et al68

and Ormstad et al44 observed that IL-1, IL-6, IL-10 and

TNF-α are not significant prognostic factors in neurologi-

cal assessments conducted more than 1 month after

a stroke, despite the observed high concentrations of IL-6

in serum in the early phase of hemorrhagic strokes.

Whiteley et al also reported that the levels of IL-6 and

N-terminal pro-brain natriuretic peptide (NT-pro-BNP) are

not prognostic factors in the clinical assessment of stroke

patients.69,70
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Other conclusions were presented by Sotgiu et al47 who

noticed a negative correlation between the level of IL-6 and

the size of cerebral infarction. The authors concluded that in

the context of the complex activity of pro-inflammatory

network in an ischemic stroke, IL-6 is a neuroprotective

and not a neurotoxic factor. In the literature, there have also

been data from experimental models of a stroke that indi-

cate a neuroprotective function of IL-6. Studies conducted

using the pMCAo and tMCAo stroke models in mice have

shown, eg, that although administration of IL-6 immedi-

ately after the reperfusion does not decrease the ischemic

volume, it improves the functional status,71 which also

confirms the neuroprotective effect of IL-6. Grønhøj et al72

demonstrated that intravenous administration of IL-6

reduces the stroke volume in mice and improves functional

status. It has also been shown that IL-6 produced by

damaged brain cells furthers angiogenesis after a stroke.73

IL-6 can not only be an interesting and important prognostic

biomarker for the outcome after cerebral ischemia, but also

can be used as a neuroprotective biomolecule as part of

a therapy.

Several regulatory molecules are involved in inflam-

mation, but the most known inflammatory mediator for

acute brain injury is cytokine - interleukin-1. After stroke,

IL-1β stimulates the expression of other inflammatory

mediators such as cytokines and adhesion molecules.

IL-1 is a pro-inflammatory cytokine that acts as

a messenger molecule. It occurs as two forms: IL-1α
(intracellular) and IL-1β (secreted). In reference to the

plausible role of the IL-1 family as stroke biomarkers,

there is some controversy. In addition to the neurotoxic

effect, it can also activate astrocytes for the production of

survival-promoting factors.27 Distinct studies have

revealed that ischemic stroke patients have higher circulat-

ing levels of IL-1β within 24 hrs after the ischemic event

when compared with controls.44 However, two other stu-

dies have reported that IL-1β levels in serum or plasma are

not higher in stroke patients when compared with healthy

controls, at 12, 24 and 72 hrs intervals after the onset of

symptoms.74

The clinical potential of the recombinant human IL-1

receptor antagonist (IL-1Ra - anakinra) in ischemic stroke

was tested in clinical studies.

Patients receiving anakinra (100 mg loading dose over

60 s, followed by a 2 mg/kg/hr infusion over 72 hrs) had

a reduced inflammatory response, with lower levels of

leukocytes, CRP and IL-6 in the blood. The obtained

clinical results were better than in the placebo group, this

fact may be caused by the reversal of peripheral immuno-

suppression, because in patients treated with anakinra the

concentration of pro-inflammatory mediators: TNFα, IL-6
and IL-10 are reduced.75

Similarly, subcutaneous administration of IL-1Ra sig-

nificantly reduced the inflammatory response, but no

improvement in clinical outcomes was seen compared to

the placebo group.76 Further experimental studies are

needed to assess the effectiveness of anakinra in reducing

infarction volume to better understand the role of IL-1 in

stroke pathophysiology.25,26

TNF-α in Strokes
TNF-α, previously called cachectin or differentiation fac-

tor, is one of the main protein involved in an inflammatory

and immune response. This pro-inflammatory cytokine is

produced by monocytes, T cells, mast cells, macrophages,

neutrophils, keratinocytes and fibroblasts.77–79 It has been

demonstrated that TNF-α stimulates brain pericytes (stem

cells covering the surface of capillary blood vessels) to

increase the synthesis of IL-6 by activating NF-κB.25,41

TNF-α has two forms: a transmembrane form (tmTNF-α),
which regulates inflammation locally via cell–cell interac-

tions, and a soluble, biologically active form (sTNF-α)80

generated by the tumor necrosis factor-alpha converting

enzyme (TACE). The soluble form acts systemically by

increasing the phagocytic and cytotoxic activity of macro-

phages and upregulating the expression of other cytokines,

such as IL-6 and IL-1. TNF does not only act systemically,

it also acts locally in the brain. TNF-α acts via receptors

(TNFR-1 and TNFR-2) that differ in their affinity for

TNF-α and the degree of glycosylation. sTNF-α is

mediated by TNFR1, while tmTNF-α is mediated by

TNFR-2 and TNFR-1.

It is believed that TNF-α plays an important role in the

pathophysiology of stroke. With regard to the experimen-

tal models of strokes, TNF-α is probably one of the most

widely studied cytokines.25 The results of these studies

indicate both a neurotoxic and a neuroprotective effect of

TNF-α in strokes.81,82

The process of binding and inhibiting TNF-α and its

receptors in mice, using intravenous or intraperitoneal

TNFbp (TNFR-1 linked with polyethylene glycol) has

resulted in a more extensive ischemic area in the experi-

mental MCAo model cerebral ischemia, which formed

a basis to assume a neuroprotective role of TNF-α. It has
also been demonstrated that the pathway involving TNF-α,
its receptor (TNFR-1) and NF-κB is linked with
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intracerebral neuroprotection.81 While Khaksar et al83

show that cannabidiol administration to rats is neuropro-

tective in part by inhibiting TNFR-1 signaling.

On the other hand, Arango-Dávila et al84 observed

a reduction in brain ischemia volume in rats after injection

of protein binding TNF-α. The suggested neurotoxic effect

of TNF-α depends on TNFR-1 which triggers processes

leading to the release of cytochrome c from mitochondria

into cytosol and, consequently, to the loss of nerve cells.85

The results of studies looking at concentration of TNF-

α in serum are also ambiguous. A number of studies have

shown that the level of TNF-α does not change both within

the first 24 and 72 hrs, and during the first week following

the onset of ischemia.44,86 Moreover, Puz et al54 did not

observe any significant differences in the TNF-α concen-

tration in case of a presence or absence of a carotid artery

stenosis, or by comparing patient groups with

a symptomatic and asymptomatic stenosis. A peripheral

inflammatory response to acute cerebral ischemia should

not be expected to occur only within the first few hours

following a sudden failure in cerebral circulation; there-

fore, no relationship between TNF-α and the majority of

the analyzed inflammatory parameters (S100, fibrinogen,

leukocytes) has been observed in stroke patients.86

In the literature, there have also been reports indicat-

ing that TNF-α is one of the first cytokine to appear as

part of an inflammatory response to ischemic brain

damage47–49,87 and contributes to triggering the cascade

of other inflammatory components in both blood serum

and the cerebrospinal fluid.88 The authors claim that

TNF-α is a sensitive parameter determining the onset

of an inflammatory response and a useful indicator for

the assessment of prognosis.65,89 An increase in the

concentration of TNF-α is observed in stroke patients

as soon as 6–12 hrs after the onset of symptoms.47 An

increase in TNF-α concentration within 24 and 48 hrs

after a stroke has also been shown, and the observed

slow decrease occurring within 72 and 144 hrs after

a stroke correlates with a clinical improvement in

patients in the acute phase of ischemic stroke.53 Similar

correlations have been observed for long-term prognosis

in a group of 286 patients who were followed up on

admission to the hospital, as well as after 2 weeks and up

to 1 year after the stroke. With regards to these patients,

higher TNF-α concentrations and the presence of the

−850 and −308 AT alleles were associated with a poor

prognosis concerning the patient’s status after 1 year

from the stroke.90 TNF-alpha is an immunomodulating

cytokine involved in neuroinflammation and neuronal

damage in response to ischemia. Therefore, the use of

its inhibitors in the treatment of ischemic stroke should

be considered.

Chemokines
Chemokines, ie, chemotactic cytokines, are one of the

major groups of biologically active pro-inflammatory

molecules. Their main function is stimulation of leukocyte

chemotaxis and control of leukocyte migration from blood

into tissues, which is of particular importance in the devel-

opment of inflammation and suggests participation of

these proteins in the etiology of many diseases.91–93

Chemokines are a family of over 50 proteins with

a molecular weight of 8–12 kDa. Their structure, consists

of at least 3 subunits: N-terminal domain, β-sheet subunit
and C-terminal α-helix. Despite differences in the amino-

acid sequence, these proteins present a similar tertiary

structure that is stabilized by disulfide bonds.94

Chemokines contain 2–4 cysteine residues. Depending

on the number and location of these residues, they are

divided into the following groups:95

● CC – two cysteine residues, immediately adjacent,
● CXC – two cysteine residues separated by one amino

acid,
● CX3C – two cysteine residues separated by three

amino acids.

Chemokines bind their target cells via specific chemokine

receptors and activate cellular response. Approximately 20

chemokine receptors have been identified.96 Their structure

consists of 7 transmembrane domains coupled with G protein

(G protein-coupled receptors, GPCRs).91,97,98

Based on their ability to bind ligand, chemokine recep-

tors can be divided into the following classes: CRCCR,

CXC-R, CX3C-R. It has been demonstrated that one recep-

tor can bind many chemokines, and every ligand can show

affinity for more than one receptor.99

Selected Chemokines in Strokes
BBB plays a key role in the central nervous system in

which it maintains homeostasis and constitutes a system of

protection by providing a selective connection between the

circulatory system, nervous tissues and cerebrospinal fluid

(blood–cerebrospinal fluid barrier). Ischemic strokes are

caused by blood clot for example and result in the disrup-

tion of the BBB, which leads to a massive migration of not
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only morphotic blood elements, but also mediators of

inflammatory response, including chemotactic cytokines,

between the nervous tissue and blood vessels.100–102

In recent years, more attention has been paid to these

markers, confirming their significant contribution to the

occurrence of cerebral ischemic lesions.103–105

Chemokines and their receptors act as both trophic and

protective modules in the nervous system, thus increasing

the survival of neurons. What is important, they not only

regulate neuronal metabolism, but also affect their synaptic

transmission. Chemokines can be released by neurons,

astrocytes, microglial cells, oligodendrocytes and the

endothelial cells of brain blood vessels.106,107 An increased

expression of mRNA for the CCL5 (RANTES) protein was

recently noted in the neurons producing dopamine.108

Chemokines show specificity for different types of

leukocytes, which is particularly important in pathological

conditions. Their contribution has been found in, eg, car-

diovascular diseases, strokes and many inflammatory and

autoimmune diseases, as well as in brain damage.103,109-114

Increased expressions of chemokine genes in the brain

can be caused not only by ischemia, but also by, eg, axonal

damage or neurotoxins.115

Although the contribution of chemokines to the patho-

genesis of stroke has been demonstrated in both animal

and human models, this issue still remains controversial.

Mirabelli-Badenier et al104 suggest that CC- and CXC-

type chemokines direct the inflammatory response during

a stroke and modulate the migration of stem cells into

tissues, which furthers tissue repair and could be used in

the future treatment of stroke patients. In experimental

in vivo studies in rats in which an ischemic stroke was

induced by occluding the middle cerebral artery (MCAo),

Jiang et al observed that after 24 hrs from the MCAo, an

increase in expression of CCL2 and CCL3 occurred in the

ischemic region of the brain, as well as did an increase in

infiltration of the damaged part by HUCBCs (human

umbilical cord blood cells).116

Knocking out the CCR2 receptor of chemokine MCP-1

(CCL2) in animal models results in the abolishment of cell

migration and the reduction of size of the ischemic area. An

increased expression of mRNA for the chemokines CCL2

and CCL3 was observed after 2 hrs of ischemia, there was

an increase in the concentration of these chemokines in the

brain during the following 48 hrs. Similar conclusions were

drawn for CCR2 (-/-) knockout mice, in which transient

focal ischemia was induced and reduced inflammatory

response resulting in a decreased size of an ischemic lesion,

decreased brain edema and significantly lower permeability

of the blood-brain barrier was observed.117

A decreased stroke volume and attenuated cellular

response have been observed in rats with mutated form

of MCP-1 via adenovirus in the lateral ventricle after

induction of ischemic stroke, which clearly indicates that

the anti-MCP-1 gene therapy can be a promising approach

to the treatment of ischemic stroke.118

Another chemokine with a potentially significant role

in strokes is CX3CL1 (fractalkine), along with its receptor

CX3CR1. In an earlier study, Tarozzo et al119 demon-

strated a transient increase in the CX3CL concentration

in the infarct (necrotic) focus 12 hrs after the ischemia,

and an increase in the CX3CL1 concentration in the

penumbra region within 48 hrs of the hypoperfusion in

rats in which strokes were induced with the use of the

MCAo model. In the further follow-up, ie within 7 days of

the MCAo, a decrease in the CX3CL concentration to the

baseline value was observed. An increase in the CX3CL

concentration was also detected in vascular endothelial

cells in the period between the 2nd and 7th day of ische-

mia, and the presence of CX3CR1 was found in microglial

cells 24 hrs, 48 hrs and 7 days after the stroke.

The role of fractalkine in the pathogenesis of ischemic

stroke is not fully understood, but experimental studies

suggest that it can be both a pro-inflammatory mediator

and a neuroprotective agent.120 Based on their study,

Dénes et al demonstrated that animals with a CX3CR1

deficiency (±) present a significantly lower risk of

ischemic stroke (56%) and risk of damage to the blood-

brain barrier comparing to wild-type mice and CX3CR1

(±) heterozygous mice.121

These results indicate a possible role of fractalkine in the

increase of ischemic injuries and mortality after transient

focal cerebral ischemia. Cipriani et al122 conducted

a similar study in CX3CL1 (-/-) and CX3CR1 (-/-) mice.

They observed a reduction in the degree of stroke lesion

volume after MCAo in both CX3CL1 (-/-) and CX3CR1

(-/-) mice. The same authors also showed a neuroprotective

effect of exogenous fractalkine, which was administered

into wild-type mice in a narrow range of concentrations,

shortly before MCAo. This resulted in a reduction of the

next infarct volume. In the case of CX3CR1 (-/-) mice,

fractalkine did not affect the size of infarction, while in

CX3CL1 (-/-) mice, an increased size of infarction was

observed. The neuroprotective activity of CX3CL1 depends

on its effect on microglia which, under in vitro conditions,

requires activation of adenosine A1 receptor (A1R). The
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neuroprotective effect of CX3CL1 in MCAo was abolished

based on the presence of the A1R antagonist 1,3-dipropyl-

8-cyclopentyl xanthine and in A1R (-/-) mice.122 Based on

the presented results, it can be stated that a disrupted com-

munication system between neurons and microglia can have

an impact on the function of fractalkine in ischemic

damage, which suggests that fractalkine CX3CR1 signaling

in microglia is important for the proper function of these

cells.

On the other hand, Terao et al123 revealed a decreased

volume of the ischemic focus and a significantly limited BBB

permeability, along with a reduced leukocyte and platelet

adhesion, 60 mins after the MCAo in CCL5-knockout mice

in comparison with wild-type mice. It has also been found

that the protein encoded by the CCL5 gene increases brain

damage by reactivating other strong pro-inflammatory

cytokines123 and induces proliferation of oligodendrocyte

precursor-like cells (Oli-neu).124 The expression of CCL5

mRNA and protein along with its receptors, in selected

populations of brain cells also suggests the participation of

this chemokine in the communication between neurons and

glial cells.56 A neuroprotective effect of CCL5 has also been

hypothesized.125–127

Molecular studies in animals (mouse) have shown that

CCL5 affects neurons via the CCR3 and CCR5 receptors

and can have a direct or indirect protective effect on

neurons by inducing the release of neurotrophic factors

in the pericerebral area.128 It has been demonstrated that

removal of the CCR5 receptor gene has a protective effect

against cerebral ischemia and reperfusion injury.129

Administration of a synthetic cyclic peptide based on

CCL5 (MKEY), which is an inhibitor of the CXCL4–

CCL5 heterodimer formation and enhances of the activity

of CCL5 in the signal transduction, adhesion, and migra-

tion of monocytes during an inflammatory process in mice,

reduces the volume of ischemic tissue by decreasing the

intensity and strength of the inflammatory process.130

Reports from recent years revealed that CCR5 is important

when it comes to regulatory T cell (Treg)-dependent pro-

tection of the BBB, which is an important factor in opti-

mizing the therapy for the acute-phase of cerebral

stroke.130 Tregs up-regulate PDL1 at the cell surface,

which allow them to interact with PD1, expressed at the

surface of neutrophils, thereby inhibiting MMP9 expres-

sion, and protecting the BBB.131

In a study in stroke patients, Montecucco et al132

observed an increase in the serum concentration of CCL5

in the first month after an ischemic stroke. However, they

did not find a correlation between the concentration of

CCL5 and the degree of neurological deficit. Zaremba

et al133 in a study in 27 patients did not observe an

increase in the concentration of CCL5 and CCL2, but

observed an increase in CCL3 within the first 3 days

following the occurrence of a stroke. The levels of CCL2

and CCL3 determined in blood serum on the 1st, 2nd, and

3rd day of the stroke correlated negatively with the degree

of functional deficit, which was measured on the 28th day

with the use of the BI. The levels of CCL2 assessed on the

2nd and 3rd day of the stroke also correlated with the BI

score on 14th day. Interestingly, a negative correlation

between the serum CCL5 level determined on the

2nd day of the stroke and the BI score on the 28th day

was also found. No similar correlation was observed for

this and other chemokines in relation to the degree of

neurological deficit evaluated using the SSS. Other

researchers Canoui-Poitrine et al134 also demonstrated

Table 1 Inflammatory Mediators and Outcomes in Human Stroke

Mediator Role Type Involvement of Cytokines in Human Clinical Trials

IL-6 Pro-inflammatory Cytokine Volume of ischemic focus61,62,64,65

poor functional outcome43,48,52,55,59,60,63,65,66

not associated with functional outcome44,51,68-70

neuroprotective factor47

IL-1 Pro-inflammatory Cytokine Poor functional outcome48,49

TNF-α Pro-inflammatory Cytokine Prognostic factor53,65,89,90

CCL2

CCL3

CCL5

Induced,

pro-inflammatory

Chemokine Poor functional outcome103,133,134

not associated with functional outcome132,133/SSS scale

Abbreviations: IL, interleukin; TNF, tumor necrosis factor; CCL, chemokine.
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Table 2 Some Values of Cytokine Concentrations at Different Times for Different Types of Strokes

Cytokine Biological Material Collection

Time

Average Concentration Value of Cytokines in Human

Stroke [pg/mL]

Control [pg/mL] Reference

IL-6 ≤4h 6 [46]

1 year 2

12h 10(6–28) 8(3.1–12) [48]

12h 11(6–30) 9(2.9–18) [49]

<24h 26.5(6.4–161.3) 3.9±1.5(2.3–5.9) [50]

<24h 6.47a [52]

86 days 13.6±4.48 5.88±3.04 [54]

7 days 12.80±21.18 1.04±1.12 [55]

1 month 6.18±14.21

3 months 2.27±2.54

6–12h 10.4±3.5 1–6 [61]

72h 14.1±9.2

<4 days 2.8–5.2(2.0–11) [62]

28 days 3.2±3.2 [63]

<24h 41.01±18.39 1.95±0.55 [64]

6h 58±4.6b; 21.8±4.4c 1.9±0.09 [66]

>24h 4.86–38.29d; 5.48–22.12e; 7.97–46.98f 1.05(1.00–3.18) [67]

25 days 2.39 [69]

75 days 7.22

IL-1 12h 8(5–10) 4(2–5) [48]

12h 9(4–11) 3(2–5) [49]

6h 34.14±4.7a; 30.40±7.3c 0.95±0.02 [66]

2 weeks 2.9i; 2.8j [90]

1 year 2.8i; 3.2j

TNF-α 12h 30.5(10.25–46) 5.1(1.1–4.3) [48]

12h 31.5(10.25–41) 3.7(1.1–4.3) [49]

86 days 14.32±8.8 11.78±5.45 [54]

6–12h 4.5±5.6 5–10 [61]

72h 5.6±7

28 days 1.7±1.4 [63]

6h 44±5.4b; 39.4±9.4c 14.0±2.3 [66]

>24h 2–3.39d; 2.0–5.27e; 2.0–5.03f 2.00(2.00–6.85) [67]

<24h 2.09(0.88–13.83)g; 2.61(0.22–9.30)h 2.67(1.78–13.01) [86]

2 weeks 63.3i; 68.7j [90]

1year 60.2i; 76.2j

CCL-2 >24h 443.7(361.9–605.2)k 486.1(416.6–604.4)l [103]

>24h 15.6(15.6–81.5) 15.6(15.6–66.9) [132]

1 Day 194.81±90.30 (66.13–508.31) 159.03±41.03

(93.88–195.62)

[133]

2 Days 204.39±109.10 (49.14–610.57)

3 Days 198.69±98.78 (73.88–586.63)

CCL-3 >24h 135.6(96.6–155.4)k185.5(137.6–282.1)l [103]

>24h 7.8(7.8–13.2) 7.8(7.8–11.0) [132]

1 Day 21.35±11.83 (13.60–79.64) 14.26±2.63 (10.69–19.91) [133]

2 Days 25.92±30.29 (13.60–185.38)

3 Days 24.37±29.12 (9.95–171.51)

CCL-5 >24h 76.3(39.9–128.0) 40.4(28.0–77.3) [132]

1 Day 658.80±306.70 (113.62–1420.07) 701.99±255.21

(455.30–988.75)

[133]

2 Days 665.99±308.66 (132.82–1464.59)

3 Days 740.20±386.18 (164.36–2022.80)

25–27 days 59.5(38.2–81.4) 56.8(38.0–77.0) [134]

Notes: aPrognostic factor; bGrup ≥15 NIHSS (National Institutes of Health Stroke Scale); cGroup<15 NIHSS; dLASS (Large Artery Atherosclerosis); eLAC (Lacunar Infarct);
fCEI (Cardio-Embolic Infarct); gThe average age: 72; hThe average age: 62; IGood outcome; jPoor outcome; kNeurological improvement; lNeurological no improvement.
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that the increase in the concentration of CCL5 in serum

constitutes an independent prognostic factor with regards

to an ischemic stroke. Similarly, a higher concentration of

CCL5 was observed in the acute-phase in a group of 171

patients suffering from ischemic strokes compared to

a control group of healthy individuals.128

The characteristics of inflammatory mediators and their

results are presented in Table 1.

It should be mentioned that cytokines are not para-

meters for which clinical norm ranges are determined.90

Table 2 presents some concentration values for IL-6, IL-1β
and TNF-α and chemokines. These markers of inflamma-

tion are determined at different time intervals, with differ-

ent methods and for different types of stroke.

Conclusions
The inflammatory response to stroke is extremely com-

plex, with multiphasic pro-inflammatory responses.

Determination of cytokine levels in the acute phase of

stroke can contribute to a thorough understanding of

their role in the immune response observed during

brain ischemia. It should also allow the identification of

interactions between the immune system and brain cells

during post-stroke recovery and regeneration. This

knowledge might permit the modification of immune

response in order to limit the damage to the nervous

tissue, which may affect outcome after stroke.

Therefore, they would serve as prognostic factor in

acute cerebral ischemia. Particularly, IL-6 potentially

appears as a good prognostic factor in stroke and poten-

tial biomarker of acute cerebral ischemia. However,

further research is necessary to assess the therapeutic

implications of IL-6. It has been shown in experimental

models that inhibition of TNF-α, CCL-2, CCL-3 and

CCL-5 could be a promising tool in the treatment of

acute stroke. Moreover, administration of the recombi-

nant human IL-1 receptor antagonist a significantly may

have important in reducing the inflammatory response. In

order to evaluate the therapeutic the cytokines potential

inhibition, clinical trials in patients with ischemic stroke

are necessary.
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