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Abstract: Acute neuroinflammation occurring immediately after cerebral
ischemia lasts for a few days. Cytokines and chemokines promote the migration
of neutrophils and macrophages to the site of inflammation in the brain.
Neuroinflammation lasting 2-6 weeks is known as subacute neuroinflamma-
tion, while chronic post-ischemic inflammation lasts for months or years.
Macrophages, lymphocytes, and plasma cells predominate in chronic
neuroinflammation, in contrast to neutrophils that predominate in acute
neuroinflammation. In addition to their harmful impact on the ischemic brain,
inflammatory mediators may also exert beneficial effects in stroke recovery. The
role of secondary inflammatory cells in the pathophysiology of brain ischemia
are still less understood. Late post-ischemic neuroinflammation leads to second-
ary damage of neuronal cells. In this chapter, the role of leukocytes, T cells, T
regs, B cells, neutrophils, macrophages, microglia, astrocytes, cytokines, and
transcription factors in the post-ischemic brain are discussed. Post-ischemic
thrombo-inflammation and the role of platelets, recently considered as a part
of the innate immune system, are also addressed. The current pharmacotherapy
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and future strategies for the treatment of neuroinflammation in post-ischemic
brain as well as the limitations of translation between preclinical and clinical
studies are presented.

Keywords: cerebral ischemia; immunomodulators; neuroinflammation; post-
ischemic brain; transcription factors

INTRODUCTION

Stroke is the second leading cause of death and long-term disability. It is associ-
ated with significant clinical and socio-economic implications, emphasizing the
need for elucidation of the pathophysiological mechanisms, and effective thera-
pies (1, 2). Cerebrovascular illness, especially stroke, causes a large percentage
(47-67 %) of disability-adjusted life years and deaths worldwide (3). Cerebral
ischemia can be caused by an obstructed or significantly reduced blood flow to
the brain that can have destructive effects on motor, behavioral, and cognitive
functions as a result of molecular and cellular processes that lead to neurode-
generation (4). Following cerebral ischemia, neurons are deprived of oxygen
and energy, leading to destructive effects on energy-dependent processes in
neuronal cells (5). Immediately after cerebral ischemia, neurons are unable to
preserve normal transmembrane ionic gradient and homoeostasis which leads
to excitotoxicity, oxidative and nitrative stress, neuroinflammation, and apopto-
sis. These pathophysiological processes are harmful to neurons, glia, and endo-
thelial cells (6-9), and as they are interlinked, trigger each other in a positive
feedback loop that culminates in neuronal destruction (10). Additionally, isch-
emic stroke is accompanied by an increase in inflammatory events in the brain
and periphery that contribute to further apoptosis and subsequent neurological
damage (11).

Neuroinflammation is part of the complex biological response of the brain
tissues to harmful stimuli, such as cerebral ischemia, and is a protective
response involving immune cells, blood vessels, and molecular mediators.
Neuroinflammation is defined as the activation of the brain’s innate immune
system in response to an inflammatory challenge and is characterized by a host
of cellular and molecular changes within the brain (12). Research on neuroin-
flammation is challenging not only because it is difficult to study in humans, but
also because neuroinflammation in animal models appears very different from
the human disease. The function of neuroinflammation is to eliminate the initial
cause of cell injury, clear out necrotic cells damaged from the cerebral ischemia
and the inflammatory process, and initiate brain tissue repair. Acute neuroin-
flammation occurs immediately upon brain ischemic injury, lasting a few days.
Cytokines and chemokines promote the migration of neutrophils and macro-
phages to the site of inflammation. Neuroinflammation lasting 2-6 weeks is
designated subacute neuroinflammation, while chronic neuroinflammation
lasts for months or years. Macrophages, lymphocytes, and plasma cells pre-
dominate in chronic neuroinflammation, in contrast to the neutrophils that
predominate in acute neuroinflammation (12). Late post-ischemic neuroinflam-
mation leads to secondary damage of neuronal cells. Once the cascade of events
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is initiated, the process of neuroinflammation can become overactivated, result-
ing in further cellular damage and loss of neuronal functions.

In the post-stroke brain, due to differential reductions of blood flow in differ-
ent brain zones, a spectrum of severity is evident in the afflicted regions.
Consequently, part of the brain tissue (the core) undergoes irreversible neuronal
damage due to necrotic cell death, whereas the surrounding tissues contain recov-
erable and metabolically active cells (penumbra), in which cell death occurs less
rapidly. The majority of developed therapeutic methods have focused on safe-
guarding neurons from the main pathophysiological processes, such as neuroin-
flammation and apoptosis, that might otherwise occur in the penumbra, and this
area is the target for therapeutic agents (13-15). Changes due to loss of glucose
and oxygen, including the triggering of a series of oxidative, biochemical, and
hormonal reactions, culminating in microvasculature injury and blood-brain bar-
rier (BBB) disruption, are well established. On the other hand, the role of second-
ary inflammatory cells in the pathophysiology of brain ischemia is still less
understood. The inflammatory cascade is characterized by an immediate phase,
which is initiated a few hours after stroke, but it can persist for days, weeks and
years as a delayed tissue reaction to injury (16-18). In addition to their harmful
impact to ischemic tissue damage, inflammatory mediators may also exert benefi-
cial effects on stroke recovery (19). This chapter is intended to give an overview
of the pathophysiological mechanisms and models of neuroinflammation in the
post-ischemic brain, as well as to give an insight into the current therapeutic
achievements.

LEUKOCYTES, LYMPHOCYTES AND MACROPHAGES
IN POST-ISCHEMIC BRAIN

In post-ischemic neuroinflammation and subsequent neurovascular damage in
the brain, leukocytes have been demonstrated to play an important role (20).
Circulating leukocytes attach to vessel walls within hours after cerebral ischemia
onset, causing migration and accumulation in ischemic brain tissue and transmi-
gration across the BBB. This is followed by the production of pro-inflammatory
mediators, causing secondary damage hampering tissue restoration inside the
penumbra around the infarct core (21).

Neutrophils are the earliest leukocyte subtype to infiltrate the post-ischemic
brain, causing an exacerbation of the ischemic injury by releasing additional
inflammatory factors which are prominent effectors of the BBB disruption in isch-
emic stroke (20). The study by Gidday et al. (22) indicated that the neutrophil-
derived metalloproteinase MMP-9 contributes significantly to cerebral infarction.
During reperfusion, MMP-9 released from degranulating neutrophils and
recruited to the post-ischemic brain, promotes further neutrophil recruitment to
the same sites in a positive feedback manner and causes BBB breakdown (22).
Additionally, Stowe et al. (23) measured an increased number of extravascular
neutrophil elastase-positive cells, as well as increased levels of tissue elastase pro-
tein and its activity, following transient middle cerebral artery occlusion (tMCAO).
Both pharmacologic inhibition of neutrophil elastase and its genetic deletion
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significantly reduced infarct volume, BBB disruption, vasogenic edema, and leu-
kocyte—endothelial adherence 24 h after tMCAO (23). In the permanent MCAO
model (pMCAO), neutrophils reached peak at 12 h after insult onset (23). When
neutrophil infiltration was inhibited in temporary cerebral ischemia, the infarct
volume was significantly decreased (24, 25). Treatment with Hu23F2G (human-
ized monoclonal antibody that recognizes CD11/CD18 integrins) resulted in
marked reduction of neutrophil infiltration, implicating that antagonism of neu-
trophil migration at the level of the CD11/CD18 integrin reduces cerebral isch-
emic injury (25). The study by Conolly et al. (24) confirmed that focal cerebral
ischemia is followed by neutrophil influx and demonstrated that both neutro-
phil-deficient and transgenic ICAM-1 null mice are significantly resistant to cere-
bral infarction following ischemia and reperfusion (I/R), indicating that ICAM-1
plays a role in aggravating stroke pathogenesis.

On another note, the number of infiltrating leukocytes, T cells, was shown to
be increased in the ischemic brain parenchyma of Tenascin-C (TnC)-deficient
mice compared with wild type mice, while the ischemic injury and neurological
deficits were not affected. A mechanism was proposed in which the reduced
microglia surveillance in TnC-deficient mice favors leukocyte accumulation in the
ischemic brain (26). Infiltration of T cells was observed in both MCAO models at
24 h, but pMCAO resulted in much more infiltrating T cells at 5 days, which is in
accordance with the fact that T lymphocytes get recruited in the later stages of
ischemic brain injury (27). In mice subjected to tMCAO or photothrombotic
stroke, Feng et al. (28) found that lymphocyte infiltration persists in the ischemic
brain until at least 14 days after the insult, during which brain infarct volume
significantly diminished. However, Yilmaz et al. (29) demonstrated that T cells
accumulate within the first 24 h in the ischemic brain, which might play a major
role in influencing tissue inflammation and injury prior to the appearance of these
cells in the extravascular space. Mice with CD4+ and CD87~ T cells exhibited
comparable significant reductions in ischemia/reperfusion-induced leukocyte and
platelet adhesions compared with wild type mice. These findings indicate that
CD4+ and CD8+ T lymphocytes contribute to the inflammatory and thrombo-
genic responses, brain injury, and neurological deficit associated with stroke (29).
Moreover, in our study, we confirmed T cell presence in ischemic brain paren-
chyma of the hippocampus and striatum, one year after the insult. We pointed out
that persistent dysfunction of BBB may, in the long-term, lead to the infiltration of
T cells that are predominantly of helper type (CD4+) and that such inflammatory
processes are backed by microglial activity (30).

Modulation of regulatory T cells (Treg) cells is the target of various studies due
to their neuroprotective properties. Liesz et al. (31) investigated the potential of
histone deacetylase inhibition to enhance Treg potency for experimental stroke in
mice. The number of Tregs was increased, and their immunosuppressive capacity
and interleukin (IL)-10 expression were boosted. This resulted in reduced infarct
volume and behavioral deficit after brain ischemia and attenuated cerebral pro-
inflammatory cytokine expression (31). Xie et al. (32) injected rapamycin, an
mTOR inhibitor, via the intracerebroventricular route 6 h after focal ischemic
stroke in rats which resulted in an enhanced anti-inflammation activity of Tregs
and decreased the production of pro-inflammatory cytokines and chemokines by
macrophages and microglia. However, depletion of Tregs partially elevated mac-
rophage/microglia-induced neuroinflammation after stroke. This data suggest that
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rapamycin can attenuate secondary injury and motor deficits after focal ischemia
by enhancing the anti-inflammatory activity of Tregs acting to restrain post-stroke
neuroinflammation (32). Recent studies have demonstrated that ischemia differ-
entially regulates monocyte subsets, which directly affect ischemic stroke patho-
biology and may have direct implications in ischemic stroke therapies (33).

B cells play a crucial role in humoral immunity, and after being activated, pro-
duce antibodies that identify particular antigens (34). The role of B cells in post-
ischemia brain is indistinctive (35, 36). Several studies demonstrated the potential
protective role of B cells in post-ischemic brain (37, 38). Bodhankar et al. (39)
provided evidence that IL-10-secreting B cells limit central nervous system (CNS)
neuroinflammation and damage from ischemic stroke. In addition, B cell defi-
ciency in mice caused larger infarct volumes, functional deficits, and higher
mortality, while the adoptive transfer of highly purified wild type B cells into these
mice decreased ischemic infarct size and enhanced neurological function, point-
ing out that the activity of IL-10-secreting wild type B cells mediated neuroprotec-
tion (37, 38). Those findings are supported in the study of Chen et al. (40), which
showed that intrastriatal injection of B cells significantly limited infarct size after
MCAO in B cell-deficient mice. However, these results are not in agreement with
a study on the mouse stroke model where, due to increased BBB permeability,
B cells take part in the post-ischemic brain injury, infiltrating into the brain paren-
chyma, and mediating neuroinflammation, finally resulting in a delayed post-
stroke cognitive impairment (41). According to Schuhmann et al. (42) B cells are
probably less involved in early stroke evolution. Suggesting B cells involvement in
later inflammatory processes following stroke, Doyle et al. (41) reported that these
cells were undetectable for one week in post-stroke lesion, while extensive infil-
tration was detected seven weeks later and lasted up to 12 weeks following stroke,
causing delayed deficits in long-term potentiation and cognition in mice. Due to
those controversial outcomes, further studies are required to clarify B cell-related
short- and long-term role in post-ischemic brain (35).

Macrophages are cells which are involved in later stages of neuroinflammatory
reaction in brain ischemia. In a transient focal ischemia mouse model, Schilling
etal. (43) demonstrated that resident microglia activation predates and dominates
blood-derived macrophages and that their number peaked at day 7 and declined
thenceforth. It has been shown that both blood-derived and brain-resident
macrophages are distributed throughout the ischemic brain between 24 and 48 h
after ischemia and may be detected for up to a week in mice following ischemic
damage (33). Significant reduction in infarct volume and improved sensor-motor
function one week after stroke was associated with decreased M1 CD40+ macro-
phages and increased alternatively activated, anti-inflammatory M2 microglia/
macrophage cells as well as reduced pro-inflammatory cytokine and chemokine
levels in the post-ischemic brain (44).

MICROGLIA IN POST-ISCHEMIC BRAIN

Microglial cells are endogenous brain immune cells that represent 5-20% of the
neuroglial population. Upon brain ischemia, they undergo morphological and phe-
notypic changes, continuously changing and responding to local stimuli (17, 19).
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Microglia in the post-ischemic parenchyma move towards the ischemic lesion and
remain in close proximity to the neurons in a process known as “capping,” which
aids in early identification and quick phagocytic clearance of dead neurons after
neuronal death (2, 19).

In the post-ischemic brain, activated microglia become amoeboid and have a
functional macrophage role releasing cytokines and secreting extracellular matrix
metalloproteinases (MMPs) that could increase the permeability of the BBB, wors-
ening post-ischemic injury (2). Depending on the signals encountered, activated
microglia produce cytotoxic factors like reactive oxygen species, NO, glutamate
and histamine, pro-inflammatory cytokines such as IL-1, TNF-«, IL-6 and IFN-y,
in addition to neurotrophic and anti-inflammatory cytokines like I1L-4, 1L-10,
BDNE neurotrophin-3, -4 and -5, and NGF (45). Moreover, other CNS cells such
as astrocytes, neurons, oligodendrocytes, CNS-derived macrophages and mast
cells contribute to the pro-inflammatory cytokine post-ischemic injury (17).

The activation of microglia in the post-ischemic brain in spontaneously hyper-
tensive stroke-prone rats showed that the severity of ischemic injury may be cor-
related with the state of microglial activation (46). Also, in rats with transient focal
cerebral ischemia, Sun et al. (47) confirmed that inhibition of the microglial acti-
vation via toll like receptor 4 (TLR4), alleviated neuroinflammation and reduced
infarct volume. In the ischemic brain, ligustilid, a plant extract, decreased microg-
lia/macrophage activation via inhibition of TLR4 expression, and extracellular
signal-regulated kinase phosphorylation. These results demonstrated an early and
direct neuroprotection by inhibiting TLR4/Prx6 signaling and subsequent immu-
noreactivity and neuroinflammation after cerebral ischemia (48). Zhou et al. (27)
have found that activated microglia in the infarct brain region express CD14
receptors, suggesting a microglial activation mechanism. On the other hand, Jin
et al. (49) showed that depletion of microglia via their inhibitor PLX3397
dramatically promoted the production of inflammatory mediators, leukocyte
infiltration, and cell death during brain ischemia.

In our long-term survival post-ischemic study, we revealed a chronic effect of
global cerebral ischemia on the neuroinflammatory reaction sustained by microg-
lia and astrocytes in the rat brain even two years after the insult (18). Microglial
activation was found in CA1 and CA3 areas, and the motor cortex, while signifi-
cant activation of astrocytes was revealed in hippocampal CA1 and CA3 areas and
dentate gyrus, motor and somatosensory cortex, striatum and thalamus. In the
latter, specifically in sensitive brain areas, microglia and astrocytes showed signifi-
cant activation, while in the resistant brain areas only astrocytes were activated,
suggesting that less intensive neuroinflammation is present in brain areas resistant
to ischemia (18).

ASTROCYTES IN POST-ISCHEMIC BRAIN

Together with microglia, astrocytes represent the major immunocompetent cells
of the CNS containing a number of receptors involved in innate immunity, such
as toll-like receptors (TLR), nucleotide binding oligomerization domains, double-
stranded RNA-dependent protein kinase, scavenger receptors, mannose receptor,
and components of the complement system (50). They are involved in the
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maintenance of the CNS (19). Immune response could be modulated via astro-
cytes by inhibiting T cells and monocyte activation. Some reactive astrocytes
change into nonprofessional phagocytes after an ischemic stroke and “clean up”
the infarct region (50). In physiological conditions, astrocytes consume excessive
glutamate from extracellular space and convert it to glutamine for neural reuse,
and upon brain injury their capability for uptake may be impaired (2). The role of
astrocytes in preventing excitotoxic glutamate elevation was confirmed in tMCAO
rat model (51). The findings suggest that the modulation of glutamate-induced
astrocyte death early after reperfusion may be a novel mechanism of FK506-
mediated neuroprotection in ischemia.

Brain ischemia is followed by specific structural and functional changes, the
so-called “reactive gliosis,” characterized by activated brain astrocytes resulting
in increased glial fibrillary acidic protein (GFAP) expression (20). In the photo-
thrombotic rat ischemic model, a substantial astroglial response was developed
after ischemia (52). This increment was detectable up to 60 days after the
infarct. In the hippocampus, GFAP elevation was also found, 1 day after photo-
thrombosis, while in amygdala it was demonstrated 4 days after the lesion.
Moreover, in our study which included post-ischemic rats, significant activation
of astrocytes was revealed in hippocampal CAl and CA3 areas and dentate
gyrus, motor and somatosensory cortex, and striatum and thalamus, even 2
years after the insult (18).

Additionally, astrocytic activation after stroke may provide factors promoting
the recovery processes in the whole brain (52). Inflammatory substances, includ-
ing cytokines, chemokines, and inducible nitric oxide synthase (iNOS), can also
be secreted by astrocytes (20). iNOS expression was found in reactive astrocytes
of the hippocampus 10 min after temporary global ischemia, but not in unaffected
hippocampal astrocytes (53). Having in mind that astrocytes are believed to bridge
interactions between infiltrating lymphocytes and neurons during brain ischemia
and that IL-15 has been found dramatically up-regulated in astrocytes of a mice
model of transient focal brain ischemia, Li et al. (54) generated a GFAP promoter-
controlled IL-15-expressing transgenic mouse (GFAP-IL-15tg) line. This animal
model showed enlarged brain infarcts, and exacerbated impairments after cerebral
ischemia, indicating that astrocytic IL-15 may aggravate post-ischemic brain
injury by propagating CD8+ T and NK cell-mediated responses.

CYTOKINES IN POST-ISCHEMIC BRAIN

Cytokines are small pleiotropic polypeptides that regulate both adaptive and
innate immune responses, normally expressed at very low levels (21). As already
mentioned, after ischemic stroke, pro- and anti-inflammatory cytokines’ release
rapidly increases throughout the brain (20, 55). Interleukin-1p (IL-1p), tumor
necrosis factor-ae (TNF-a), 1L-6, 1L-10, interferon-B (IFN-B), and transforming
growth factor-p (TGF-P) are key mediators of BBB influence in post-ischemic
brain. Whereas IL-1p and TNF-a appear to exacerbate cerebral injury, IL-10,
IFN-B, and TGF-B may have neuroprotective role (56, 57). In post-ischemic brain,
activated microglia and macrophages mainly produce TGF-B1, while astrocytes
and neurons primarily generate TGF-32 (21).
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As suggested by Denes et al. (58), both central and peripheral IL-1f signifi-
cantly contributes to ischemic injury as well as to BBB breakdown. In addition,
IL-1p and TNF-a mRNA are increased 3 h after ischemia, while TNF-a protein
levels rise dramatically from 6 h to 5 days following ischemia onset (21). In cor-
relation with this, the results of TNF-a inhibition via a monoclonal antibody
showed significant reduction of ischemic brain damage (21). IL-10 could have a
potential protective role in ischemic injury since the infarct volume and neuro-
logical deficits were slightly increased in IL-10-deficient mice after pMCAO (59).
In addition, noticeable reduction of infarct volume, and leukocyte and macro-
phage infiltration were found after injection of adenoviral vectors encoding the
human IL-10 gene into the lateral ventricle in post-ischemic brain (60). IFN-f
also showed reduction of infarct volume after ischemic stroke in rats by suppress-
ing the infiltration of inflammatory cells into the parenchyma (61). Moreover, in
the mice ischemia model, administration of TGF-B1 reduced infarct volume,
improved functional recovery, and promoted neurogenesis (62). Finally, a signifi-
cant reduction in infarct volume as well as a decreased level of inflammatory
chemokines were achieved by TGF-f1 overexpression (63).

TRANSCRIPTION FACTORS IN POST-ISCHEMIC BRAIN

Transcription factors play a crucial role in controlling inflammatory gene expres-
sion in post-ischemic brain (64-71). Activation of hypoxia inducible factor-1, the
cAMP-response element binding protein (CREB), c-fos, peroxisome proliferator-
activated receptor (PPAR) PPARa, PPARY, and p53 protein is known to prevent
ischemic neuronal damage and/or promote ischemic tolerance. However, the
inductions of interferon regulatory factor 1 (IRF-1), as well as the activation of the
transcription factor-2, signal transducer and activator of transcription 3 (STAT3),
NF-kB, early growth response-1 (Egrl), and C/EBPP promotes neuroinflamma-
tion and neuronal death after cerebral ischemia (71). Moreover, IRF-1 gene
expression was markedly upregulated within 12 h of MCAO in mice. The expres-
sion reached a peak 4 days after ischemia and was restricted to the ischemic
regions of the brain (64).

Activation of NF-xB occurs after MCAO in mice, and the inhibition of NF-kB
activity resulted in smaller infarct volume (65). Furthermore, following focal isch-
emia, mice deficient in NF-kB subunit p50 were shown to develop smaller infarct
volume, suggesting detrimental consequence of NF-kB activation. In addition,
reduced infarct volume, enhanced neurological function, and reduced activation
of many inflammatory genes in Egrl null mice confirm that Egrl is a significant
contributor of neuroinflammation and neuronal damage in post-ischemic brain
(65). Satriotomo et al. (68) showed that following transient focal ischemia, JAK2
and STAT3 phosphorylation were increased in the microglia/macrophages. Thus,
treating ischemic rats with either a JAK2 phosphorylation inhibitor (AG490) or a
STAT3 siRNA prevented neuroinflammation, and secondary brain damage.
Moreover, in the post-ischemic brain JAK-STAT activation leads to increased
expression of cytokine signaling-3 suppressor, which is a negative feedback regu-
lator of IL-6 signaling (68). Kapadia et al. (67) observed curtailed inflammatory
responses characterized by decreased ICAM-1 immunopositive vessels, and
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smaller number of extravasated neutrophils and macrophages in C/EBPB null
mice following tMCAO. It was found that many inflammatory and neuronal dam-
age inducing-genes were less pronounced in C/EBPb null mice brains, suggesting
a significant role of C/EBPP in post-ischemic neuroinflammation and brain dam-
age (67). In contrast, PPARa showed beneficial effects, where treating rats with the
PPARa antagonist WY14643 increased oxidative stress, iNOS, and ICAM-1
expression following transient ischemia (66). Interestingly, neuroprotection via
PPARY agonists was observed in hypertensive as well as diabetic rodents subjected
to focal ischemia. PPARy agonists prevented post-ischemic inflammatory gene
expression, induced antioxidant gene expression, and decreased infarction and
neurologic dysfunction (70). The overview of animal models for the study of neu-
roinflammation in the post-ischemic brain is presented in Table 1.

TABLE 1 Overview of animal models for the study of
neuroinflammation in the post-ischemic brain
Animal  Type of ischemia Studied mechanism Reference
Rat TFCI Microglial activation (46)
Rat TFCI Microglial activation “7
Mouse TECI Microglial activation Q7N
Rat TECI Microglia/macrophage activation, leukocytes infiltration (48)
Rat GCI Astrocytes and microglia activation (18)
Mouse TECIL Microglial depletion-induced exacerbation (49)
Mouse TECI IL-1P expression (58)
Mouse TECI TNF-a expression (56)
Rat G/FCI IL-10 gene effect (60)
Mouse PECI IL-10 deficiency (59)
Rat PECI IFN-B anti-inflammatory properties (61)
Mouse TECI TGF-B1 administration (62)
Mouse TECI TGFB1 overexpression (63)
Rat Photothrombotic ~ Microglial/astroglial response (52)
ischemic insult
Rat TGCI Expression of iNOS, NADPH diaphorase by reactive (53)
astrocytes
Rat TECI Modulation of glutamate-induced astrocyte death 61
Mouse TECI Astrocyte-derived IL-15 influence (54)
Mouse TFCI MMP-9 promotes further neutrophil recruitment and (22)
causes BBB damage

Mouse T&PFCI Influence of neutrophil elastase 23)
Mouse TECI Impact of blocking neutrophil infiltration 24)

Table continued on following page



m Zivanéevié K et al.

TABLE 1 Overview of animal models for the study of
neuroinflammation in the post-ischemic brain
(Continued)

Animal Type of ischemia Studied mechanism Reference
Rabbit TECI Impact of blocking neutrophil infiltration 25)
Mouse TECI The effects of TnC deficiency on ischemic injury and (26)
leukocyte infiltration
Mouse TECI Lymphocyte infiltration 28)
Rat GCl T cell infiltration 30)
Mouse TECI T cells accumulation 29)
Mouse FCI Histone deacetylase inhibition enhance Treg potency (€3]
Rat TFCI Treg activity (32)
Mouse TECIL Macrophages (43)
Rat TFCI Pro-inflammatory cytokine and chemokine levels, M1 44)

CD40+ macrophages and anti-inflammatory M2
microglia/macrophage cells’ response

Mouse TECIL Pro-inflammatory role of IRF1 (64)
Mouse PFCI Pro-inflammatory role of NF-kB (65)
Rat TFCI Pro-inflammatory role of STAT3 (68)
Mouse TECI Pro-inflammatory role of C/EBP( (67)
Rat TFCI PPAR« anti-inflammatory role (66)
Rat TECI PPARP/S anti-inflammatory role (69)
Rat/ TECI Anti-inflammatory role of PPARy (70)
Mouse
Mouse TFCI Protective role of B cells (IL-10) (38)
Mouse TFCI Protective role of B cells (IL-10) 37)
Mouse TECI Protective role of B cells (IL-10) (40)
Mouse TECIL Protective role of B cells (IL-10) 39)
Mouse PFCI Long-term potentiation and cognition impairment 41
Mouse TFCI Leukocyte adhesion responses attenuated 29)
Mouse TECI Depletion of B cells (42)

GCl-global cerebral ischemia; PFCI-permanent focal cerebral ischemia; TFCI-transient focal cerebral ischemia.

THERAPY FOR NEUROINFLAMMATION IN
POST-ISCHEMIC BRAIN
Guidelines of good clinical practice for stroke management provide direction for

medical and pharmacological interventions, with regards to the cause of stroke
and maintaining vital functions and physiological parameters in the acute and
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subacute phases, while for the chronic phase, they provide preventive measures to
control comorbidities (such as high blood pressure, elevated cholesterol and
blood sugar levels, atrial fibrillation, coagulopathies, etc.). These guidelines con-
sider, but do not recommend, neuroprotective agents in the acute, subacute, or
chronic phases of cerebral ischemia, because there is currently insufficient evi-
dence in clinical studies to support such recommendations. In particular, there
are no guidelines suggesting the treatment of neuroinflammation as a separate
entity that contributes to neurodegeneration in cerebral ischemia (72-74). For
now, the potential use of neuroprotective and anti-neuroinflammatory agents are
based on the results of preclinical studies in cerebral ischemia animal models, as
well as on scarce data from clinical studies. Different therapeutic approaches and
pharmacological candidates for the treatment of neuroinflammation in post-isch-
emic brain are presented in Figure 1.

As cerebral ischemia is characterized by a chain of reactions of several comple-
mentary processes which include excitotoxicity, oxidative stress, neuroinflamma-
tion, activation of proapoptotic factors, disruption of ionic homeostasis and
increased permeability of BBB, the logical approach for therapy would be an adju-
vant therapy that would include pharmacological candidates that act on all of
these phenomena. Choudhary et al. (75) suggested the use of a neuroprotective
cocktail consisting of different therapeutic approaches and pharmacological can-
didates that would target different phenomena of cerebral ischemia contributing
to neurodegeneration. Although individual drug candidates have given promising
results in preclinical studies, the effects of combined therapy should be examined

Anti-inflammatory
drugs

Immunomodulators Stem cells

COMBINED
THERAPY

Immunosupressants Other therapies

Phytotherapy

Figure 1. Different therapeutic approaches and pharmacological candidates for the treatment of
neuroinflammation in post-ischemic brain.
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in preclinical models that faithfully reflect the state of cerebral ischemia. It should
be noted that younger animals without co-morbidities were often used in pre-
clinical studies, their post-ischemic recovery being faster and more complete than
in the older animals, which makes translation questionable. Hence, the critical
factor for translation is the fact that cerebral ischemia mainly affects older people
who have other co-morbidities (76). Modulation of inflammatory pathways has
been postulated as a robust strategy in altering the secondary cell death of the
ischemic brain (77, 78). Inflammatory responses intrinsic to the brain or derived
from peripheral organ-specific infiltrating cells, including neutrophils, T cells,
and monocytes/macrophages, mediate the secondary neurodegeneration seen in
stroke (79). Studies examining therapeutic approaches for the treatment of neu-
roinflammation included pharmaceuticals targeting microglia, pro-inflammatory
and anti-inflammatory cytokines, pro-inflammatory transcription factor NF-«B,
high mobility group 1 proteins, the endocannabinoid system, and metallopro-
teinases (80).

Immunomodulators

As stated before, starting from the first minutes of the onset of cerebral ischemia,
until a few weeks later, various immune cells are activated, and their activation
is mediated by various cytokines, chemokines, and membrane receptors on
endothelial cells. Immunomodulatory therapeutics that have shown the most
significant effects in preclinical models and clinical trials act on these factors.
Such factors with the corresponding drugs (in brackets) are the complement
system (IVIG), TNF-a (Etanercept), IL-1p (Anakinra), chemokines JWH-133),
MMPs (minocycline), ICAM-1 (Enlimomab) (81). Neutrophils and microglia are
activated in the first minutes of brain ischemia and can be inhibited by recom-
binant neutrophil inhibitory factors UK-279 and UK-276. Microglia and macro-
phages that are activated after 2-3 days can be inhibited by minocycline and
edaravon (81). A few days after stroke, Th1l and Th17 (CD4* T cell subset that
produces I1L-1/IL-17) cell response occurs, and may be suppressed by fingoli-
mod or natalizumab, as well as by adoptive transfer of Treg cells. In the weeks
after stroke, B lymphocytes take over the predominant role in long-lasting neu-
roinflammation which can be reduced by rituximab or by adoptive transfer of
Breg cells (81).

Anti-inflammatory drugs

In transient and permanent MCAO animal models, as well as in global ischemia
models, it has been shown that non-selective cyclooxygenase inhibitors (acetyl-
salicylic acid, ibuprofen, piroxicam, indomethacin) and the so-called coxibs
(celecoxib, NS398, SC-58125, SC-58236) reduce the infracted area and improve
functional recovery after the insult (82). In addition to coxibs, the effects of
small molecules acting as agonists or antagonists of specific prostaglandin
receptors were investigated in these models. The most significant effects were
shown by agonists of DP1 receptor (BW245C), EP4 receptor (ONO-AE1-329),
IP receptor (beraprost), and antagonists of DP2 receptor (CAY10471), EP1
receptor (SC51089, ONO- 8713), EP2 receptor (benzoxazepine, TG6-10-1),
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EP3 receptor (ONO-AE3-240), FP receptor (AL-8810), and TP receptor (SQ-
29548) (82). However, the blockade of the cyclooxygenase-prostaglandin cas-
cade has both protective and harmful effects (82). Thus, it could be concluded
that COX-2 inhibitors may be suitable as an adjuvant in the treatment of acute
and subacute ischemic stroke, but not for the treatment of delayed cerebral
ischemia. Therefore, the future strategy for pharmacological therapy should go
in the direction of finding selective antagonists or agonists of appropriate pros-
taglandin receptors that will act on this cascade. It would be best to use a thera-
peutic cocktail consisting of different antagonists and agonists of these receptors
that have complementary action. For example, it has been observed that com-
bined antagonism of Gqg-coupled prostaglandin receptors (EP1, FP and TP)
significantly reduce the level of ischemia, albeit not so efficient when used sepa-
rately (82).

Studies on thrombo-inflammation were performed with drugs acting on plate-
let aggregation, coagulation factors (von Willebrand factor and its activating pro-
tease ADAMTS-13 and coagulation factor FXII), contact-kinin pathway, and
platelet receptors (80). Rawish et al. (83) provided a more detailed overview of the
influence of platelets on the occurrence of neuroinflammation through a com-
parative study of preclinical models of cerebral ischemia (MCAO model), neuro-
inflammation (EAE model), and neurodegeneration (animal models of Alzheimer’s
disease), as well as clinical studies. They emphasize the importance of platelet
interaction with blood vessel endothelium and the cells that make the neurovas-
cular unit (BBB) (84), as well as the interactions with the complement system and
cells of the innate and acquired immunity. The most important candidates for
translational and clinical studies are the antiplatelet drugs acetylsalicylic acid
(inhibits COX-1 and COX-2 and thromboxane A2) and clopidogrel (inhibits
P2Y12 receptors on platelets), revacept (blocks the activation and aggregation of
platelet progenitor - GPVI), caplacizumab (inhibits the interaction between von
Willerbrand factor multimer and glycoprotein Ib - GPIb on platelets), vorapaxar
(inhibits PAR-1), BMS-986141 (inhibits PAR-4), cilostazol (inhibits phosphodies-
terase), and ibulast (inhibits phosphodiesterase) (80). The mechanism of thrombo-
inflammation in cerebral ischemia definitely deserves attention, as do platelets,
which have recently been considered as a part of the innate immune system. Anti-
inflammatory drugs are logical step in the treatment of post-ischemic neuroin-
flammation. Indomethacin and minocycline have anti-inflammatory properties
that can potentiate the M2 anti-inflammatory phenotype of microglia and sup-
press the M1 pro-inflammatory phenotype which reduces neurodegeneration and
can induce neurogenesis, as shown in various in vitro and in vivo models of isch-
emia (85).

Glibenclamide

Glibenclamide is a sulfonylurea derivative used in the treatment of diabetes to
lower blood sugar levels. Rodent models of ischemic and hemorrhagic stroke have
been shown to benefit from the sulfonylurea receptor 1 conjugated with transient
receptor potential melastatin 4 (Surl-Trpm4 receptor) inhibition, which reduces
levels of cellular swelling, cell necrosis, microvascular dysfunction, ionic and
vasogenic edema formation, secondary hemorrhage, and neuroinflammation (86).
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The decrease in neuroinflammation is based on the effect of glibenclamide on Kygp
(Surl-Kir6.2), which leads to a reduced reactivity of microglial cells. Retrospective
clinical studies, as well as a prospective phase II pilot study, provide promising
results in the use of glibenclamide after cerebral ischemia (86). In a model of car-
diac arrest induced by asphyxia with concomitant cardiopulmonary resuscitation,
glibenclamide was shown to exert anti-neuroinflammatory effects by downregu-
lating the NLRP3 inflammatory pathway (87).

Statins

Statins are a group of drugs that are primarily used to lower blood cholesterol
levels in patients who have suffered a heart attack or stroke, primarily because
they reduce the process of atherosclerosis, but also because of other pleiotropic
effects. Based on these pleiotropic effects, such as decreased production of pro-
inflammatory cytokines and pro-inflammatory transcription factors, decreased
endothelial reactivity by lowering NO production, decreased blood coagulation
and decreased ROS production, it can be assumed that these drugs may reduce
neuroinflammation in cerebral ischemia (88). Statins, as proven safe drugs for
lifelong use, can certainly be recommended as a lifelong prevention measure in
the patients who have suffered a stroke.

Immunosuppressants

The use of immunosuppressants for the treatment of neuroinflammation after
cerebral ischemia is a logical therapeutic approach. Although in vitro and in vivo
models of cerebral ischemia have shown that corticosteroids, cyclosporin A, tacro-
limus, rapamycin, mycophenolate mofetil and minocycline may have neuropro-
tective effectsin cerebral ischemia (89), the benefits of systemic immunosuppression
in clinical trials are not provided in the treatment of ischemic stroke (90), nor in
the treatment of hemorrhagic stroke (91). Immunosuppressants, especially those
from the group of corticosteroids, have a wide range of immunosuppressive effects
as they inhibit regulatory T and B lymphocytes and other immune mechanisms in
post-ischemic neuroinflammation. Patients who have suffered a stroke often have
pathophysiological immunosuppression and are thus susceptible to infections,
hence the immunosuppression strategy should be directed towards the use of
immunomodulators that will more discreetly target immune mechanisms.

Ceftriaxone

Drug repurposing is one of the approaches by which therapy can be quickly
extended to new indications for which the drug was not originally intended. Such
is the case with the cephalosporin antibiotic ceftriaxone, which has shown several
neuroprotective effects in preclinical studies: up-regulation of GLT-1 receptor
expression that reduces glutamate excitotoxicity, increase of BDNF levels, regula-
tion of oxidative stress, and induction of anti-inflammatory effects (92). Ceftriaxone
has been shown in various cerebral ischemia animal models to reduce NO levels,
suppress microglial activation, and inhibit IL-1 production (92). It is often the
case that patients after stroke show signs of systemic immunosuppression, and are
more susceptible to respiratory, urinary and other infections. Ceftriaxone as a
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broad-spectrum antibiotic can thus be used as an adjunct to existing therapy due
to its neuroprotective action and antibiotic properties.

Melatonin

Melatonin is a hormone of the pineal gland that plays a role in the circadian
rhythm, but it has also been shown to have neuroprotective properties, primarily
due to its antioxidant, anti-inflammatory, and anti-apoptotic effects (93). In cere-
bral ischemia models and in a few clinical studies, melatonin has been shown to
exert neuroprotective effects via melatonin MT1 and MT2 receptors found in all
brain regions (94). Melatonin can be used in therapy alone, or in combination
with stem cells, because they also express MT1 and MT2 receptors that are impor-
tant for their activation (95). In addition, melatonin has anti-neuroinflammatory
effects, where in vitro and in vivo ischemia studies have shown that it reduces the
levels of IL-1B, IL-6, TNFa, and favors the M2 phenotype of microglia. Because of
all these effects, melatonin can be considered as a safe adjuvant in post-ischemic
neuroinflammation (95, 96).

Agmatine

Agmatine is an endogenous active polyamine, with multiple biological functions
such as promoting cell growth and proliferation, synthesis of proteins and nucleic
acids, differentiation of immune cells, and regulation of inflammatory reactions
(97, 98). In vitro and in vivo models have shown different neuroprotective effects
of agmantine in neurodegenerative and neuropsychiatric disorders, as well as in
cerebral ischemia due to its neuromodulation, reduction of neuroinflammation,
and apoptosis (99-101). Agmatine’s anti-inflammatory effects are fulfilled by
reducing the levels of NO, IL-1B, IL-6, TNF-a, and NF-kB (98, 102). Protective
effects in the post-ischemic brain are achieved by the reduction of cerebral edema
and by the inhibition of metalloproteinases that disrupt the BBB function (98, 103).
Due to a number of neuroprotective effects, agmatine has a very good translational
potential for clinical studies that could confirm its effectiveness in many neuro-
logical disorders.

Gasdermin D

Pyroptosis is an inflammatory form of programmed cell death, activated by
caspase 1, -4, -5, and -11, with Gasdermin D as the end product of this process.
This activation, in addition to apoptosis, also leads to the release of pro-
inflammatory cytokines that provoke further neuroinflammation. Thus,
Gasdermin D suppression is a potential new strategy for the treatment of
neuroinflammation after stroke (104).

Stem cells therapy

Cell-based and pharmacological anti-inflammatory therapies have been shown to
improve stroke outcome (105-109). Stem cells secrete various anti-inflammatory,
anti-oxidative, and anti-apoptotic factors that can be neuroprotective. Systemic
inflammatory response is known to be a key pathological component in
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exacerbating secondary post-stroke cell death (110), and stem cell transplantation
appears to be a promising therapy to attenuate this system-wide immune response
and ameliorate stroke outcomes. Numerous preclinical studies on cerebral isch-
emia animal models, and a few clinical studies, have shown anti-neuroinflamma-
tory effects of stem cells (111). The use of stem cells shows benefits in the acute,
subacute, and chronic phases of post-ischemia, depending on dose and the route
of administration (111). However, there are still questions about optimal cell type,
dosage, mechanism of action, route of administration, and long-term safety.
(112, 113). The efficacy of cell therapies is also related to the extent to which the
cells exhibit trophic factors, and other secreted therapeutic molecules (anti-
inflammatory chemokines and cytokines) (114). While substantial progress has
been made in neuroregenerative stem cell therapies, further investigation is
needed to optimize them for clinical use. Advances in induced pluripotent stem
cell technology have the potential for development of the so-called disease-in-a-
dish personalized models to study disease mechanisms and develop new thera-
peutic approaches (115). Different cell types can also be produced for therapeutic
use. A number of clinical trials investigating stem cell therapy for stroke are now
ongoing. Clinical challenges may include more complex situations with co-
morbidities which can affect cell therapy.

Phytotherapy

Many pharmacologically active substances derived from plants exhibit neuropro-
tective effects due to their antioxidant, anti-inflammatory and neuromodulatory
properties. Thus, active groups from lignans and neolignans, flavonoids, polyphe-
nols, triterpenoids, phytoestrogens and coumarins inhibited production of NO, a
significant pro-inflammatory factor in the development of neuroinflammation
(116). Mircetin, a polyphenol from flavonoids, acts as an anti-neuroinflammatory
by inhibiting pro-inflammatory cytokines (IL-1, TNF-a), NF-xB, COX-2, and
NLRP3 receptors which mediate microglial activation (117). Preclinical studies
with sulforaphane, an isothiocyanate from green vegetables, have shown neuro-
protective effects in Alzheimer’s disease, Parkinson’s disease, multiple sclerosis as
well as in cerebral ischemia (118). These neuroprotective effects are primarily due
to the antioxidant and anti-inflammatory properties of sulforaphane. In models of
focal cerebral ischemia, both transient and permanent MCAO, it has been shown
that sulforaphane can reduce neuroinflammation by lowering phosphorylation
and nuclear translocation of NF-xB, decreasing pro-inflammatory cytokines pro-
duction, and reducing NLRP3 inflammasomes production due to the induction of
nuclear factor erythroid 2-related factor 2 (Nrf2) and heme oxygenase 1 (HO-1)
(118). In numerous preclinical studies, lycopene, an aliphatic hydrocarbon from
carotenoids, demonstrated antioxidant, anti-inflammatory, and anti-proliferative
properties. In rodent models of cerebral ischemia, it reduced neuroinflammation
by increasing Nrf2 and HO-1, inhibiting mitogen-activated protein kinase and by
lowering NO, iNOS and IL-6 production. Curcumin is a polyphenolic ingredient
from the plant Curcuma longa. Its antioxidant and anti-inflammatory effects have
been shown in various CNS diseases (119, 120) and it was shown to easily pass
the BBB. It binds and disaggregates oligomers and fibrils of amyloid proteins and
increases amyloid clearance. In addition, it stimulates neurogenesis, and can be
taken in relatively high doses without side effects. Among the proven curcumin
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anti-inflammatory effects are the reduction of BBB permeability, glial activation,
the reduction of IL-6, TNF-a, and iNOS (121). Many active agents from plants
have shown great potential for translation, but their clinical application should be
approached with caution especially in terms of interactions with other drugs that
is often neglected.

CONCLUSION

For the treatment of post-ischemic neuroinflammation, the focus should be on
candidates that selectively act on immune mechanisms such as immunomodu-
lators and prostaglandin receptor inhibitors. Stem cells are also candidates with
great potential for translation because, in addition to anti-inflammatory effects,
they also exhibit neuroregenerative effects. Combined cellular and pharmaceu-
tical therapy approach should also be considered. For many pharmacological
candidates, there is strong evidence of efficacy both in vitro and in vivo, and
therefore, there is a basis for translation from bench to bedside. The best
approach for the pharmacotherapy of cerebral ischemia would be the use of a
combination of drugs that would act on excitotoxicity, oxidative stress, apopto-
sis, and neuroinflammation.
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