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Abstract

Inflammation plays an important role in the pathogenesis of ischemic stroke and other forms of
ischemic brain injury. Increasing evidence suggests that inflammatory response is a double-edged
sword, as it not only exacerbates secondary brain injury in the acute stage of stroke but also
beneficially contributes to brain recovery after stroke. In this article, we provide an overview on
the role of inflammation and its mediators in acute ischemic stroke. We discuss various pro-
inflammatory and anti-inflammatory responses in different phases after ischemic stroke and the
possible reasons for their failures in clinical trials. Undoubtedly, there is still much to be done in
order to translate promising pre-clinical findings into clinical practice. A better understanding of
the dynamic balance between pro- and anti-inflammatory responses and identifying the
discrepancies between pre-clinical studies and clinical trials may serve as a basis for designing
effective therapies.
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Introduction

Stroke is the leading cause of death and permanent disability worldwide [X1. Inflammation
acts importantly in the progression of ischemic stroke, although the underlying mechanisms
are largely unclear [2: 3. 41, Cerebral ischemia could break the dynamic balance between the
pro-inflammatory and anti-inflammatory responses. Pre-clinical stroke studies indicate that
inhibition of inflammatory responses could decrease brain injury and improve neurological
outcome [®I. Clinical studies indicate that systemic inflammation could influence the
susceptibility of the patients to stroke and the subsequent prognosis [®: 71. However,
inhibition of inflammatory responses could worsen brain repair and long-term functional
recovery after ischemic stoke. A comprehensive understanding of the dynamic balance
between pro-inflammatory and anti-inflammatory responses is a prerequisite for developing
effective therapies to treat ischemic stroke. In current review, we provide an overview on the
role of inflammation and its mediators in acute ischemic stroke. We discuss the role of
blood-borne and brain resident inflammatory cells, pro- and anti-inflammatory mediators,
and related pathways in ischemic brain injury.
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1. Blood-borne inflammatory cells in ischemic stroke

Of the various types of leukocytes, neutrophils are among the first to infiltrate ischemic
brain (30 min to a few hours of focal cerebral ischemia), peak earlier (Days 1-3), and then
disappear or decrease rapidly with time [€l. Infiltrating neutrophils contribute to brain
inflammation and injury by releasing a number of pro-inflammatory mediators, such as
inducible nitric oxide synthase (iNOS) and matrix metalloproteinases (MMPs) [°1, which are
stored in granules and vesicles of neutrophils. Neutrophils may act as a deleterious role in
the stroke 191, because immuno-depletion of neutrophils or antibody inhibition of neutrophil

infiltration could significantly decrease ischemic brain injury and improve neurological
outcome [11. 12, 13, 14, 15]

Monocytes and macrophages play dual functions after stroke due to their expressions of
anti- and pro-inflammatory mediators. Blood monocytes are divided into at least two
subtypes, namely “anti-inflammatory” (Ly-6CM9"/CCR2*) and “pro-inflammatory”
(Ly-6C!oW/CCR2™) subpopulations [°]. The Ly-6C!°%/CCR2~ monocytes exhibit anti-
inflammatory property by the expression of anti-inflammatory cytokines, such as interleukin
10 (I1L-10). In contrast, the Ly-6CN9"/CCR2* monocytes exhibit pro-inflammatory property
by the expression of pro-inflammatory cytokines, such as IL-1 and tumor necrosis factor
(TNF-a) [9 16,171 During cerebral ischemia, peripheral blood monocytes migrate into the
ischemic brain tissues where they mature into different types of microglia- and macrophage-
like cells or dendritic cells [18 191 However, the exact roles of infiltrating monocytes in
acute ischemic brain injury and stroke recovery remain to be elucidated. Macrophages are
also divided into two subtypes: inflammatory M1 and anti-inflammatory M2 macrophages.
M1 macrophages exbibite inflammatory property by producing inflammatory mediators,
such as IL-1B, TNF-a and chemokines (e.g. MCP-1, MIP-1a), whereas M2 macrophages
exhibit anti-inflammatory property by producing anti-inflammatory cytokines, such as IL-10
and transforming growth factor beta (TGF-B) [20].

Lymphocytes play complex roles in pathogenesis of ischemic stroke. There are many
subtypes of lymphocytes, and several subtypes of T cells have been implicated in the
pathogenesis of ischemic stroke [21: 221 In recent years, increasing research efforts have
been devoted to the roles of specific T cell subtypes in ischemic stroke. However, the time
course of the recruitment of different subtypes of T cells into the ischemic brain remains
largely undetermined. Recent studies suggest the importance of CD4*, and CD8* T cells and
yOT cellsin the pathogenesis of ischemic stroke [23]. These subtypes of T cells act
deleterious roles in stroke by producing pro-inflammatory cytokines (e.g. IFN-y and IL-17),
whereas Treg cells (CD4*CD25*Foxp3* Treg cells) seem to act beneficial role by producing
anti-inflammatory cytokines (e.g. IL-10).

2. Brain resident cells in ischemic stroke

Microglia are the main resident immunological macrophage-like cells in the central nervous
system (CNS) [24] and served as scavenger cells in the event of inflammation, ischemia, and
neurodegeneration [25 261 Microglia could be activated rapidly (within minutes) in response
to cerebral ischemia [27- 28], |ts activation and expansion peaked at 2—3 days after ischemic
stroke and lasted for weeks after initial injury [25 261 The exact roles of microglia in
ischemic stroke are largely unclear. It seems that microglia play dual functions in ischemia
stroke. On activated, microglia can produce inflammatory mediators leading to cell damage
and death. Meanwhile, microglia can also produce TGF-B1, which acts as a neuroprotective
role [27], These dual functions may be related to the time of microgial activation since data
suggested that early activation is detrimental and later activation is beneficial [25].
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Furthermore, different subsets of microglia act different roles in cerebral ischemia and could
increase or decrease the brain injury [28].

Astrocytes play important roles in the function of normal CNS and also in stroke
pathology [2°]. They may proliferate and differentiate (astrogliosis) following ischemic
stroke with increased expression of glial fibrillary acidic protein (GFAP). Most of the
astroglial response starts within 4 h in the core area of trauma and last more than 28 days
after the photo-thrombosis stroke onset [30]. However, other data showed that the response
could be activated only after 24 h and with a peak expansion at 4 days after the insult 311,
Astrocytes may produce a number of inflammatory mediators 3233 and develop
neuroinflammation by secreting major histocompatibility complex and costimulatory
molecules, which can activate anti-inflammatory responses (e.g. Th2) [34]. Like microglia,
astrocytes also act dual functions, some beneficial and some detrimental. For example,
inhibition of astrocyte proliferation improve functional recovery [3%1 however,
administration of TGF-a, a mitogen of astrocytes [3¢] decreases infarct size and increases
functional recovery after focal cerebral ischemia [37],

3. Inflammatory mediators in ischemic stroke

After an ischemic insult, inflammatory mediators in the ischemic brain are upregulated from
resident brain cells and infiltrating immune cells, which play a complex role in the
pathophysiology of cerebral ischemia [Figure 1]. A number of major pro- and anti-
inflammatory mediators are summarized in Table 1.

3.1. Pro-inflammatory mediators

Cytokines

TNF-a: TNF-a, a potent pro-inflammatory cytokine, is upregulated in the brain after both
permanent [38] and transient MCAO [39]. Its expression is initially increased at 1— 3 h after
the ischemic onset and then has a second peak at 24-36 h [40. 411, TNF-a orchestrates
pleiotropic functions in ischemic brain injury [42]. Increasing brain TNF-a before stroke
worsens brain damage while blocking TNF-a reduces ischemic brain injury [43. 441,
However, TNF-a is also implicated in neuroprotective mechanisms of ischemic brain
injury [45. 461 pre-exposure of cultured neurons to TNF-a caused a protection against
hypoxic injury, and inhibition of TNF-a in hypoxia-preconditioned cell abolished the
tolerant state [47]. The dual functions of TNF-a may be related to different TNF-a receptors:
tumor necrosis factor receptor (TNF-R) p55 and TNF-R p75. TNF-R p55 seems to mediate
TNF-a-induced apoptosis by activating sequential caspases [48], whereas TNF-R p75
appears to involve in cell survival via mediating the transcription factor nuclear factor-
kappaB (NF-kB) [49] [Figure 2].

IL-la and IL-1B: IL-1a and IL-1B, two pro-inflammatory isoforms of I1L-1 family, have
been implicated in the pathogenesis of many human diseases, including stroke [501. Both
IL-1a and IL-1p are precursor proteins with a small molecular mass of approximately 33
kDa. The precursor form of IL-1a is biologically active P11, whereas the precursor form of
IL-1B is minimal biological activity and needs cleavage to mature IL-10 by proteases such as
IL- 1B converting enzyme, leukocyte elastase, granzyme A and MMPs [52.53.541 || 10 and
IL-1B orchestrate similar functions, although these may vary among different cell types and
organ systems [5% 561 They are key contributors to ischemic brain injury. IL-1a/p double
knockout mice have markedly reduced brain damage induced by middle cerebral occlusion
(MCAO) 571 and increased brain damage also occurred when IL-1B was administered to
rats 58], IL-1a and IL-1B act mainly via two receptors (IL-1R1 and IL-1R2) [39. |L-1R1,
which binds to both IL-1a and IL-10, can be detected in a variety of cell types, whereas the
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IL-1R2 is found on the cell surface of type B lymphocytes, neutrophils and macrophage, and
binds with IL-1p with higher affinity [60]. Inactivating or knocking out the IL-1R1 decreased
the extent of brain damage caused by a hypoxic—ischemic (H/I) insult and preserved
neurological functions [62].

IL-6: IL-6 is a pro-inflammatory cytokine with several potentially important functions in the
pathogenesis of stroke. Previous studies suggested that IL-6 is increased during the ischemic
stroke [62] and seems to be a robust early marker for outcome in acute ischemic stroke [63],
Some data show that IL-6 leads to an excessive inflammatory response, which might
increase injury due to stroke. However, paradoxical pre-clinical data suggested that IL-6
might be as a beneficial role. Administration of recombinant human IL-6 significantly
reduces ischemic injury in rat model of stroke [64]. In fact, IL-6 also acts as an anti-
inflammatory cytokine [65], although it is largely thought of a pro-inflammatory cytokine.

Selectins—Selectins are a family of three types of cell-surface proteins specialized in
vascular endothelium (E-selectin and P-selectin), leukocytes (L-selectin) and platelets (P-
selectin) [66.67.68] E_selectin and P-selectin are mainly implicated in leukocyte rolling and
recruitment during the early stage of activation, whereas L-selectin acts key roles in
unstimulated leukocytes (691, Although with distinct functions, all selectins are closely
related to injury due to stroke and their effects have been documented by both pre-clinical
and clinical studies. In animal studies, blocking or knocking out the P-selectin or E-selectin
decreased brain injury and improved neurological function [7%1, whereas upregulation of P-
selectin or E-selectin promoted ischemic inflammation and brain injury [71. 72, 73],
Interestingly, blocking P-selectin also reduced survival [74]. The reasons for these
paradoxical outcomes may be implicated to differences between focal and global ischemic
models. In clinical studies, P-selectin level is positively correlated with NIHSS scores [73],
E-selectin is associated with increased risk for the development of ischemic stroke [76]. The
association between L-selectin and stroke is less clear. Early studies suggested that it does
not significantly influence stroke outcome. Blocking L-selecin in MCAO rabbits did not
reduce brain injury. However, recent study showed attenuation of ischemia/reperfusion (I/R)
injury may be related to the nearly complete removal of L-selectin from the neutrophil
surface [77]. These paradoxical functions might be related to different models.

Immunoglobulin superfamily—The immunoglobulin superfamily contains five
members, namely intercellular adhesion molecule-1 (ICAM-1), ICAM-2, vascular adhesion
molecule- 1 (VCAM-1), platelet—endothelial cell adhesion molecule-1 (PECAM-1), and the
mucosal vascular addressing cell adhesion molecule 1 (MAdCAM-1). ICAM-1 is found on
the surface of endothelial cells, leukocytes and epithelial cells, and can be upregulated by
various pro-inflammatory cytokines [78 791, ICAM-2 is expressed on endothelial cells,
leukocytes, and platelets [89] and not upregulated after stimulation, whereas VCAM-1 can be
increased by IL-1f8 and TNF-a. PECAM-1 is implicated in leukocyte adhesion to endothelial
cells and transmigration across the endothelium. MAdCAM-1, a ligand of L-selectin and
04p7 integrin, is involved in the selective homing of lymphocytes.

Among of the five members, ICAM-1 and VCAM-1 are the main pro-inflammatory
mediators and have been mostly investigated in stroke. In animal studies, increased ICAM-1
expression was involved in the pathogenesis of focal ischemia [81] and blocking or knocking
out the ICAM-1 decreased brain damage and improved outcome of experimental

stroke [82. 83,84, 85] | clinical studies, ICAM-1 was also closely related to stroke. Soluble
ICAM-1 was upregulated and reached a peak within 24 h onset of acute ischemic stroke [86].
Furthermore, ICAM-1 is significantly upregulated in the brain tissue after cerebral

ischemia [87]. Taken together, it seems that the ICAM-1 might be a therapeutic target in
acute stroke. But, unfortunately, a phase Il clinical trial of anti-ICAM therapy failed to
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show a beneficial effect on ischemic stroke. Oppositely, this kind of treatment significantly
worsened clinical outcome [88]. The interpretation of the adverse effects may be related that
the anti-ICAM-1 antibody activates neutrophilic granulocytes in a complement-dependent
manner [89]. The functions of VCAM-1 in stroke are controversial. One study suggested that
blocking VCAM-1 improved neurological deficits and decreased neuronal death 201,
However, other data showed blocking VCAM-1 with anti-VCAM-1 antibodies did not
protect against ischemic damage either in rats or in mice [92].

Chemokines—Chemokines are a class of small cytokines with important functions in cell
communication and inflammatory cell recruitment, such as recruiting neutrophils to the site
of infection and controlling the migration of leukocytes. According to the positions of
cysteine residues, chemokines are usually classified into four groups: C, CC, CXC, and
CX3C, with which chemokines act by both specific and shared receptors belonging to the
superfamily of G-protein-coupled receptors [92].

Monocyte chemoattractant protein-1 (MCP-1), macrophage inflammatory protein-1a
(MIP-1a) and fractalkine (CX3CL1) are three well known pro-inflammation chemokines
and can be up-regulated in animal models of cerebral ischemia [93]. Upregulation of
chemokines after focal ischemia is thought to act as deleterious role [94]. Studies showed that
MCP-1, MIP-1a and CX3CL1 can contribute to stroke pathology. Their inhibition or
deficiency can decrease ischemic brain injury [95 %I |n addition to their chemotactic
properties, studies also suggested that chemokines can directly affect the permeability of
blood-brain barrier (BBB). MCP-1 can enhance 17-fold BBB’s permeability and cause
alterations of BBB tight junction proteins, suggesting that MCP-1 may play an important
role in regulating the BBB [97]. Furthermore, chemokines may also play an important role in
homing stem cells to injured regions and be implicated in migration of bone marrow derived
stromal cells into ischemic brain [98. 991,

MMPs—MMPs, a family of zinc-dependent proteolytic enzymes, are normally as a pro- or
inactivated forms and can be activated by the removal of amino-terminal propeptides. Their
constitutive expression is low, but can be upregulated by many pathogenic events, including
stroke. MMPs play important roles in brain injury after stroke. Previous studies showed that
MMPs were implicated in neurogenic migration since a broad spectrum MMP inhibitor can
significantly decrease the migration of doublecortin-positive cells in transient focal cerebral
ischemia in mice [100]. Inhibiting the activation of MMPs may decrease ischemic injury.
However, MMPs may be beneficial in the later stage of cerebral ischemia. Treatment with
the MMP inhibitor 7 d post MCAO inhibited neurovascular remodeling and increased brain
injury after stroke [101],

Among various MMPs, MMP-9 is most closely implicated in cerebral ischemia [102],
MMP-9 was upregulated in brain tissue and also in serum of patients with acute ischemic
stroke [103] 1t was associated with BBB disruption, edema development, and hemorrhagic
transformation of ischemic stroke [104. 1051 At the early stage, MMP-9 gene knock-out
decreased the brain injury [106] whereas inhibiting the activation of MMP-9 released by
neutrophils may be as a viable therapeutic method to decrease brain injury. At the later
stage, MMP-9 is beneficial due to its association with several growth factors [e.g. vascular
endothelial growth factor (VEGF)] which are involved in angiogenesis after stroke.

3.2. Anti-inflammatory mediators

IL-10—IL-10, an anti-inflammatory cytokine, is produced mainly by Th2-lymphocytes and
also by other cells such as monocytes/macrophages. It can inhibit IL-1 and TNF-a and
decrease both cytokine receptor expression and receptor activation. 1L-10 is increased in
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brain tissue after stroke [107. 108, 109] and acts importantly in pathogenesis of stroke. Pre-
clinical data suggested that IL-10 deficient mice have a larger lesion size after MCAO [110]
and administration (1111 and gene transfer of I1L- 10 [112] in animal models appear to
decrease brain injury after stroke [113]. Clinical data showed that low IL-10 levels predict an
increased risk of stroke [114]. Taken data together, IL-10 may be a predictable therapeutic
target for the treatment of ischemic stroke in future.

TGF-B—TGF-B is highly conserved and contains three isoforms that bind to the same
receptors, namely TGF-B1, TGF-f2 and TGF-$3. It can be upregulated by focal cerebral
ischemia [115] and TGF-Bp mRNA was increased in 1-6 h and remained up to 15 days after
stroke [116. 1171 TGF-p plays both neuroprotective and anti-inflammatory roles in stroke and
may be an effective therapeutic agent for stroke. When overexpressed, TGF-f can reduce the
ischemic injury and decrease the accompanying inflammation [118]. TGF-p blockade
exacerbated ischemic brain damage [119]. However, other data have reported its insignificant
role when TGF-f is administered after stroke. This may be related to the TGF-f3
administration area, as TGF-f3 was shown to have a neuroprotective role when it was

injected into the penumbra area, but no beneficial effect when injected into the core
area [120],

TIPE-2—TIPE2 (TNF-0-inducible protein 8-like 2, or TNFAIP8L2), a recently identified
anti-inflammatory protein, is important in maintaining immune homeostasis [121, 122],
Deleting TIPE2 in mice can induce multiorgan inflammation and splenomegaly. TIPE2
regulates immune homeostasis mainly through negatively regulating signaling by T cell
receptors and Toll-like receptors (TLRs). Recently data suggested TIPE2 was highly
expressed in microglia/macrophages in the ischemic brain and contributed to pathogenesis
of stroke [123]. Blocking TIPE2 can increase the infarct size, neurological dysfunction,
inflammatory cytokine expression and infiltration of inflammatory cells after MCAOQ in
mice [123]. Targeting TIPE2 may be a new therapeutic strategy in the future.

IGF-1—The insulin-like growth factor 1 (IGF-1) is a multifunctional hormone similar in
molecular structure to insulin. Most circulating IGF-1 is in a complex consisting insulin-like
binding protein 3, IGF-1, and an acid-labile subunit, which transports IGF-1 in the
circulation and prolongs its half-life [1241, |GF-1, among its many functions, is also closely
related to neuronal maintenance. In animal models, IGF-1 has neuroprotective effect after
stroke and can reduce the infarct volume, increase cell survival, and improve functional
outcome [125.126,127] '|GF-1 is available for clinical use for treatment of growth disorders.
However, there is still few of clinical trails in its neuroprotective roles in stroke patients. A
small study in elderly stroke patients showed an inverse relation between circulating IGF-1
levels and outcome [128]. Another study suggested that high serum IGF-1 levels just after
ischemic stroke onset are associated with neurological recovery and a better functional
outcome 1291, More clinical trails are needed and enhancing IGF-1 levels may be an
interesting therapeutic target for stroke in future.

4. Activation of inflammation-related signaling pathways in ischemic stroke
4.1. TLRs pathway

TLRs are transmembrane proteins expressed by a variety of immune cells and brain resident
cells, such as B cells, dendritic cells, microglia, cerebral endothelium, astrocytes,
oligodendrocytes, and neurons [130. 131,132, 133] They are divided into 14 types according to
their different roles in recognizing pathogen-associated molecular patterns, such as those
found in the bacterial cell wall components peptidoglycan (TLR2), lipopolysac-charide
(LPS) receptor (TLR4) and nonmethylated cytosine-guanine (CpG) DNA (TLR9) [134],
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TLRs are critical components in the innate immune system. Activation of TLRs signaling
can induce inflammatory responses by regulating cytokine and chemokine production.

TLRs signaling include two manners, named a MyD88-dependent and a MyD88-
independent manner [135 1361 Al TLRs, except TLR3, initiate the signaling in a MyD88-
dependent manner. When enlisted to plasma membrane-associated TLRs, either directly
(e.g. TLR2) or by the Toll/IL-1 receptor (TIR) domain-containing adaptor protein (TIRAP)
(e.g. TLR4), MyD88 members of the IL-1 receptor-associated kinases (IRAKs) family (e.g.
IRAK1 and IRAKA4) begin a process of auto- and cross-phosphorylation. After
phosphorylated, IRAKSs disconnect from MyD88 and bind to TNF receptor associated factor
6 (TRAF6). TRAF6 in turn activates activated kinase 1 (TAK1) which can activate the IkB
kinase (IKK) complex and mitogen-activated protein kinase kinase kinase (MAPKKKS).
Activation of IKK complex leads to the degradation of IkBa and the subsequent nuclear
translocation of the transcription factor NF-kB and finally induces inflammatory mediators
(e.g. TNF-a, IL-1p). Activation of MAPKKSs increases the transcription factor activator
protein 1 (AP-1) and induces other inflammatory mediators (e.g. MMPSs). When enlisted to
endosomal TLRs, MyD88 is recruited almost as it does in the plasma membrane-associated
TLRs. Due to the endosomal location of the complex, phosphorylated IRAKSs can also bind
TRAF3 in addition to TRAF6. Activation of TRAF3 induces phosphorylation, dimerization,
and nuclear localization of the transcription factors [e.g. Interferon regulatory factor 3
(IRF3), IRF7 and interferon] [Figure 3].

TLR3 is unique among the TLRs, because its signal is in a MyD88-independent manner,
which signals via recruitment of the TIR domain-containing adaptor inducing interferon
(TRIF). TRIF enlists the IKKs complex and Receptor interacting protein-1 (RIP-1), which
activates TRAF3 and TRAF6. Then activation of TRAF3 and TRAF6 induce the activation
of MAPK, IKKs and IRFs [figure 2]. Of all the TLRs, only TLR4 can recruit in both a
MyD88-dependent (via TIRAP) and a MyD88-independent manner (via TRAM) [Figure 3].

TLRs and cerebral ischemia—TLRs are closely implicated in cerebral ischemia. Mice
lacking either functional TLR2 or TLR4 were less susceptible to brain damage due to stroke
and also with smaller infarcts than wild type controls [137. 138, 1391 Fyrthermore, TLR4™/~
mice could decrease the damage due to global cerebral ischemia and permanent focal
ischemia [140. 141] TR endogenous ligands (e.g. HSP 60, HSP70 and HMGB1) were
detected in injury brain [142. 1431 These molecules could activate TLRs (e.g. TLR2 and
TLR4) in brain and induce inflammatory mediators (e.g. TNF-a, IL-1 and IL-6) which
contribute to stroke pathology.

In contrast to the detrimental role of TLRs, stimulation of TLRs prior to brain ischemia
could be neuroprotective. Pretreatment with TLR4 ligands (e.g. LPS) leads cells to switch
their transcriptional response to TLR4 stimulation by enhancing IFN expression and
suppressing the NF-kB-induced TNF-a expression. Inhibition of NF-kB would protect the
brain since mice lacking the p50 subunit of NF-kB decrease brain damage compared to the
wild type mice [244], Increasing of IRF signaling would also protect the brain, as IFN could
downregulate the IRF3 induction and act as an acute neuroprotectant [145. 1461 This
pretreatment can induce a finely controlled shift in the balance of pro-inflammatory and
anti-inflammatory cytokines.

4.2. Mitogen-activated protein kinases (MAPKs) pathway

MAPKSs can transduce cellular stress and mediate various intracellular activities via a three-
tiered kinase cascade (MAPKKK, MAPKK, MAPKs) [147. 148, 149] The MAPK family
consists of four major members, namely extracellular signal-regulated kinase 1/2 (ERK1/2),
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c-Jun N-terminal kinases (JNK), p38 MAPK, and extracellular signal-regulated kinase 5
(ERKS5) [150],

ERKZ1/2 regulates a board range of activity from metabolism, motility, inflammatory
responses to cell death and survival. ERK1/2 could be stimulated by both mitogens (e.g.
growth factors) and various stressors (e.g. cytokines, microtubule disorganization and
osmotic stress) [1511, On stress, the three-tiered RaffMEK/ERK cascade could be upregulated
by cell surface receptors (e.g. Ras and receptor tyrosine kinases) [152: 1531 Details are as
follows: Ras activates Raf, that can phosphorylate MEK1/MEK?2, which in turn activate
ERKZ1/2. The phospho-ERK1/2 could activate transcription factors Elk-1, that could
transcription of some immediately genes such as c-fos, which could exaggerate
inflammation by upregulating inflammatory mediators (e.g. 1L-1B) [134] [Figure 4].

p38 MAPK acts as a nexus for signal transduction and is closely implicated in numerous
biological processes. The p38 can be activated by various stressors and mitogens as well.
But p38’s three-tiered MEKK1-4/MEK/INK cascade is different from ERK1/2. Details are
as follows: stressors or mitogens activate MEKK1-4 which can phosphorylate MEKS3,
MEK4 and MEKS®, and in turn activate p38. Then, p38 activate meditators (e.g.
MAPKAPK-2, CHOP, MEF2C and ATF2) which regulates expression of inflammatory
meditators, such as TNF- a, IL-1p, IL-6, and 1L-8 [155] [Figure 4].

JNK is activated in a manner almost like p38. The difference is that MEK4 and MEK?Y are
involved but not MEK3 and MEKG®6 during the three-tiered cascade [Figure 4].

ERKS, a most recently identified member of MAPK family, consists with a relatively large
carboxy-terminal of unique structure that makes it different. The ERKS5 signaling is related
to inflammation. On stress, the three-tiered MEKK2/3/MEK/ERK cascade could be
upregulated. Activation of MEKK?2/3 activates MEKS5, which in turn activates ERKS.
Activation of ERKS can increase peroxisome proliferator-activated receptor 4 (PPARY)
transcriptional activity and then inhibit TNF-a-mediated NF-kB activation and the pro-
inflammatory meditators (e.g. iNOS) [156] [Figure 4].

MAPK and cerebral ischemia—All the four MAPK pathways are activated in cerebral
ischemia, but their roles are complicated and not yet adequately understood. Activation of
JNK and p38 seem to be detrimental since injury due to stroke could be decreased after
using their inhibitors [157. 158, 159] ERKS activation appears to be beneficial while ERK1/2
activation could be both beneficial and detrimental [160],

JNK pathway can lead to the production and activation of pro-inflammatory meditators (e.g.
cytokines) in several inflammatory cells [161. 162] [nhibition of JNK pathway with INK
inhibitor could decrease ischemic injury via reducing neuroinflammation [1631, p38 pathway
is almost similarly with JNK pathway. It is linked to production and activation of pro-
inflammatory meditators as well. Administration of SB 239063, a p38 pathway inhibitor,
could reduce p38 activity following stroke and also downregulate the stroke-induced
cytokines (e.g. TNF- a and IL-1f) which contribute to stroke-induced brain injury [164].
Activation of ERK1/2 in cerebral ischemic is associated with ischemic brain injury.
Inhibition of ERK1/2 with a specific MEK1/2 inhibitor produced a neuroprotection by
suppression of IL-1p expression [165]. Administration of inhibitors of the MEK/ERK1/2
pathway could reduce ischemic brain injury and improve neurological outcome [166. 167, 168]
On the other hand, Activation of ERK1/2 might also block apoptosis by upregulating
expression of the anti-apoptotic protein Bcl-2 or by downregulating of the pro-apoptotic
protein Bad [169]. Furthermore, ERK1/2 could reduce cerebral hypoxic-ischemic injury and
survive neurons by activation of neurotrophins (e.g. brain derived neurotrophic factor) [170],
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ERKS5 pathway was a recently identified member of MAPK family. Its effects and
mechanism on inflammation in stroke are still largely unknown. But data showed that ERK5
activation may act in neuroprotection of ischemic preconditioning (1711,

4.3. Nuclear factor-kappa B (NF-kB) pathway

The mammalian N~kB family comprises five members. p65 (RelA), RelB, c-Rel, p50/p105
(NFkB1), and p52/p100 (NF-kB2), which can form homodimers and heterodimers [172], The
activation of NF-kB is required for the transcriptional induction of many proinflammatory
genes, such as cellular adhesion molecules, cytokines, MMPs, and growth factors [172], NF-
KB dimers are normally retained in the cytosol bound to a family of inhibitory proteins
known as the inhibitor of kB (IkB). Activation of NF-kB signaling is initiated by
extracellular stimuli. These stimuli are recognized by receptors and transmitted into the cell
which leads to the activation of the IKK (IkB kinase). Phosphorylation of IkBs results in
their proteasomal degradation and the release of NF-kB for nuclear translocation and
activation of gene transcription [173],

NF-kB and cerebral ischemia—NF-kB, a key regulator of a variety of genes involved
in cell survival and inflammation, is activated after cerebral ischemia in neurons, astrocytes,
microglia, and infiltrating inflammatory cells [172]. Among the 5 NF-kB subunits, p65/RelA
and p50 are known to be responsible for a detrimental effect in cerebral ischemia [172],
Previous studies showed that expression of p65 and p50, and DNA binding activity were
increased in the brain after cerebral ischemia. Increased DNA binding reflects activation of
NF-kB. NF-kB subunit p50 knockout mice have a smaller infarct in both transient and
permanent stroke models [174], Similar observations were made by inhibiting activation of
NF-kB with the treatment of S-nitrosoglutathione [175]. However, NF-kB activation is also
implicated in neuroprotective mechanisms of ischemic brain injury. For example, one study
showed that rats treated with diethyldithiocarbamate, a NF-kB inhibitor, had enhanced
neuronal DNA fragmentation and larger infarct sizes compared to controls, suggesting a
beneficial role [176],

5. Systemic inflammation, atherosclerosis, and acute ischemic stroke

There is growing evidence that inflammatory events outside the brain have an important
impact on stroke susceptibility and outcome. Recent clinical and pre-clinical studies suggest
that the systemic inflammatory status prior to and at the time of stroke is a key determinant
of acute outcome and long-term prognosis. Several clinical studies have reported more
severe neurological deficits in stroke patients presenting with preceding infection [177. 178],
A number of studies using experimental models of systemic inflammation in rodents, in
combination with cerebral ischemia have reported findings similar to those in stroke
patients. Systemic challenge with the bacterial endotoxin, lipopolysaccharide (LPS), which
mimics aspects of gram-negative bacterial infection, markedly exacerbates the extent of
ischemic brain damage and the severity of neurological deficit after focal cerebral ischemia
in mice [179]. The majority of stroke patients present with co-morbid disease, such as
atherosclerosis, obesity, diabetes, hypertension and peripheral infection, all of which are risk
factors for stroke [7l. A common theme among these conditions is their association with an
elevated systemic inflammatory profile and increasing evidence implicates inflammation as
a causative factor in the development and/or progression of these diseases [180. 1811 |ndeed,
poorer outcomes have been reported in diabetic mice and spontaneously hypertensive rats
after experimental stroke [182. 1831 Here, we discuss the link between atherosclerosis and
ischemic stroke as an example of chronic inflammatory conditions that modulate stroke
pathology.
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Thromboembolism resulting from the rupture of atherosclerotic plaques is the most common
etiological factor in stroke [184]. Atherosclerosis is now considered an inflammatory disorder
of the vessel wall in which molecular and cellular inflammatory mediators initiate and drive
the progression of plaques through various stages from a relatively benign to highly unstable
state prone to rupture which triggers thrombotic and/or embolic events [181]. Endothelial
dysfunction and activation are critical events for the initiation of lesion development and
result in the expression of adhesion molecules, such as VCAM-1 and ICAM-1 that promote
recruitment of immune cells, in particular monocyte-derived macrophages and T
lymphocytes. Activated macrophages and T cells, which are abundant in the shoulder region
of the plaques, secrete proteolytic enzymes, such as matrix metalloproteinases (MMPs),
which destabilize the plaque and ultimately lead to its rupture, a common cause of
thromboembolic occlusion of cerebral vessels in ischemic stroke.

Another important mechanism by which systemic inflammation contributes to the
pathogenesis of ischemic stroke may be involved in cerebral microvascular dysfunction. It is
well known that the structure and function of cerebral microvasculature can be profoundly
altered after ischemic stroke [185]. The diverse responses of the microvasculature to stroke
include enhanced oxidative stress, activation of ischemic brain endothelial cells, platelet-
leukocyte-endothelial cell interaction in the cerebral microvasculature, and thrombus
formation in cerebral blood vessels, leading fo disruption of the blood-brain barrier and
hemorrhagic transformation. These cerebral microvascular responses could be worsened due
to pre-existing infection or systemic inflammation. It has been shown that systemic
inflammation caused an alteration in the kinetics of the BBB disruption through conversion
of a transient to a sustained disruption of the tight junction protein, claudin-5, and also
markedly exacerbated disruption of the cerebrovascular basal lamina protein, collagen-1V
after experimental stroke in mice [179],

6. Anti-inflammatory therapeutic approaches for ischemic stroke

The pathologic processes after ischemic stroke can be separated into acute (minutes to
hours), subacute (hours to days), and chronic (days to months) phases. In the acute phase,
ROS and proinflammatory cytokines and chemokines are produced rapidly from injured
brain tissue and released into extracellular compartment [8]. These mediators activate brain
endothelial cells and induce the expression of adhesion molecules on cerebral endothelium,
which promote the adhesion and transendothelial migration of circulating leukocytes across
the BBB into brain parenchyma [8] [Figure. 1]. In the subacute phase, infiltrating leukocytes
release a variety of proinflammatory mediators including cytokines and chemokines, ROS,
MMPs and other proteases, which further amplify the brain inflammatory responses and
cause more extensive activation of brain resident cells and infiltration of blood leukocytes,
eventually exaggerating BBB disruption, brain edema, neuronal death, and hemorrhagic
transformation [186. 1871 However, post-ischemic inflammation is also thought to promote
tissue repair and functional recovery in the chronic phase after stroke [186]. Therefore, it is
important to understand the dynamic balance between the neurotoxic and neuroprotective
effects of post-ischemic inflammation in different stages of ischemic stroke [Figure 5].

Pre-clinical studies have demonstrated that inhibition of brain leukocyte infiltration using
agents directly blocking adhesion molecules (e.g., CD11b/CD18, ICAM-1, P-selectin) and
neutrophil inhibitory factor inhibition [Table 2] reduces infarct size, edema, and
neurological deficits in transient MCAO models, even administrated up to 12—24h after
ischemia, but the benefits do not extend to permanent stroke models [188.189,190]
Additionally, development of an anti-inflammatory milieu, and generation of pro-survival
factors fostering tissue reconstruction and repair may be another useful therapeutic strategy.
Recently, animal studies have demonstrated that TGF-§ and IL-10 are key cerebroprotective
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immunomodulators in acute experimental stroke [109. 1911 TGF-B, which is upregulated after
brain ischemia, has neuroprotective properties by inhibiting Th1 and Th2 responses and
promoting regulatory T cells (Treg cells) development [9: 1921, Treg cells are key
cerebroprotective modulators in acute cerebral ischemia by secreting IL-10 and suppressing
the neurotoxic function of TNF-a and IFN-y [193]. Considering that the benefits of anti-
inflammatory therapy are often associated with reperfusion, anti-inflammation approach
would be a fitting complement to reperfusion therapy using thrombolytics for stroke
patients.

Clinically, several drugs targeting leukocyte recruitment have been investigated for the
treatement of ischemic stroke [194.195.196] gych as antibody to ICAM-1 (Enlimomab, R6.5),
antibody to the CD11b/CD18 (Hu23F2G or LeukArrest), and recombinant neutrophil
inhibitory factor [Table 3]. However, all of these clinical trials have failed, which raise the
question of why anti-inflammatory therapy succeeded in animal models but not in clinical
application. There are several possible explanations for of clinical trial failure: i) The
unhumanized antibodies (e.g. mouse anti-human ICAM-1) used in clinical trials. ii) The
heterogeneity and complexity of human stroke compared with animal models. Human stroke
is a heterogeneous condition made up of three pathological types: ischemic stroke, cerebral
haemorrhage and subarachnoid haemorrhage. Ischemic stroke is then further divided into
several subtypes, such as intracranial small vessel disease, large-vessel atherosclerotic
disease, and embolism from the heart. These types and subtypes differ in terms of cause,
outcome and treatment. Different types of ischemic stroke also have distinct inflammatory
features. In addition, the composition of emboli and the location (arterial or venular) of
occlusion may alter stroke pathophysiology [199]. Thus, different therapeutic strategies
should be considered for different types of stoke in patients. iii) Limitation of animal stroke
models. Heterogeneous nature of human stroke is not well reproduced in animal

models [200]. At present, young and healthy animals were mostly used in pre-clinical stroke
research. In order to model the human stroke more closely, animals in both sex, aging, and
with stroke-related comorbidities, such as diabetes mellitus, atherosclerosis, hyperlipidemia,
hypertension or obesity should be used in pre-clinical studies [202]. jv) Limitation of
outcome measures. At present, most of experimental stroke studies only report short-term
outcome measures. However, the most important outcome parameters of any intervention in
human stroke are long-term (3-month) survival and functional recovery [2011. For translation
into clinical application, long-term survival and behavioral and functional analysis should be
performed in experimental stroke studies. v) Post-ischemic inflammation may act through
multiple redundant pathways, this may be another possible reason why blocking a single
cytokine or leukocyte adhesion molecule failed in clinical trials. In addition, even the same
molecule produced by different cells (e.g., microglia- and leukocyte-derived TNF-a) may
play different roles in stroke pathology [202: 2031, Thus, identifying and blocking a common
molecular signal shared by different inflammatory cells and mediators would be a more
effective approach to stroke treatment.

Conclusions

Inflammation plays an important role in the pathogenesis of ischemic stroke and other forms
of ischemic brain injury. Although several approaches for anti-inflammatory treatment have
proven effective for treating acute stroke in animal models, none of these treatments has
proven effective in clinical trials. Increasing evidence suggests that inflammatory response
is a double-edged sword, as it not only exacerbates secondary brain injury in the acute stage
of stroke but also beneficially contributes to brain recovery after stroke [Figure 5].
Undoubtedly, there is still much to be done in order to translate promising pre-clinical
findings into clinical practice. For example, how to clearly define the early or later phases of
experimental ischemic stroke under clinically relevant conditions; how to clearly define the
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dynamic balance between pro- and anti-inflammatory pathways activated in different stages
of ischemic stroke; when and how to activate or inhibit the pro-inflammatory or anti-
inflammatory pathways as therapies; and which pro-inflammatory or anti-inflammatory
mediators to be targeted. Future studies should consider the pro- and anti-inflammatory
responses as a whole, but not to evaluate them separately. A better understanding of the
dynamic balance between pro- and anti-inflammatory responses and identifying the
discrepancies between pre-clinical studies and clinical trials may serve as a basis for
designing effective therapies.
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Figure 1. Postischemic inflammatory response

Stroke induces activation of microglia and astrocytes which react by secreting cytokines,
chemokines, ROS and matrix metalloproteases (MMPs). These mediators increase the
expression of adhesion molecules on cerebral endothelial cells, which promotes adhesion
and infiltration of the blood-derived leukocytes (heutrophils, macrophages and lymphocytes)
to ischemic brain. Infiltrating leukocytes further amplify brain inflammatory response by
secreting a variety of proinflammatory mediators. Meanwhile, activated microglia/
macrophage and infiltrated Treg cells also secrete some neuroprotective factors (e.g. 1L-10,
TGF-) that could suppress postischemic inflammation.
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Figure 2. TNF-a pathway
The TNF-a signaling is mediated via TNF-R p55 and TNF-R p75. TNF-R p55 seems to lead
to TNF-a-induced apoptosis, whereas TNF-R p75 appears to involve in cell survival.

J Cardiovasc Transl Res. Author manuscript; available in PMC 2014 October 01.



1dudsnuey Joyiny vd-HIN 1dudsnuey Joyiny vd-HIN

1duosnuey JoyIny vd-HIN

Jinetal. Page 26

-
-
A
-_—

I

(2]

o

(=2]

o

Y

stroke

m\

inflammatory mediators
(e.g. TNFa, IL1)

Figure 3. TLRs pathway following ischemic stroke
TLRs pathway could be activated by stroke and induce a serious of pro-inflammatory and
anti-inflammatory responses.
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Figure4. MAPK pathways following ischemic stroke
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MAPK pathway could be activated by stroke and induce a serious of pro-inflammatory and

anti-inflammatory responses.
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Figure5. theroles of pro-inflammatory and anti-inflammatory responsesin ischemic stroke
The balance between pro-inflammatory and anti-inflammatory responses acts key roles in
injury following ischemic stroke.

J Cardiovasc Transl Res. Author manuscript; available in PMC 2014 October 01.



Page 29

Jinetal.

92T 'SeT  @AnosjoudoinaN Kemuyred MEId/T-49I Utz ¥e>ead ‘yzT paseatoul 1189 [enjaylopus pue seihoouse ‘eljbolol T-49I1
€21 aAnoajoidoinaN Aemuyred YD1 pue Y11 arenbal AjaanebaN ygt e Mead ‘yg paseasoul ‘sabeydosoewyelfodiN  Z-3d1L
6TT ‘8TT  aAnoaj04doinaN Aemuyred pews/g-491 Utz 1e xead ‘yg pasealoul ‘Bal] abeydoioew er)foidin d-491
a1Ao01158
ZTT'TTT  aAnosjoudoinaN  Aemuyred MdVIA Pue MEld ‘ LV LS/AVL/0T-TI Uz/ ¥e>ead ‘yzT pasestoul pue s|[s0 g ‘zyL ‘TyL ‘afeydosoewrer|fololn oT-1I
Alorewuwre|jul-nuy
96 21X010IN3N Remuyred MdVIA pue DMd/OT-dIN Ut e Mead ‘yg paseasoul e1j60101W pue UoINSN  PT-dIIN
16 21X0)0IN3N Aemuyred O3d pue ‘“MdvIN ‘MEId/T-dON Aepz 01 yzT 1e ead ‘yg—¢ paseasoul e1]60J01W pue 81A0041Se ‘UOINBN  T-dJN  SaupjowayD
‘199 [enjayiopud
9  aAndsjoldoinaN Aemuyred 1v1S/31vr/0eTdb/9-11 ygT e dead ‘yoT pasealoul pue uoJnau ‘alAa0uise ‘abeydoioew/erjfoidiin 9-11
1130 [e1j3yiopus
8G /G 21X0]0IN3N Aemuyred MdVIN pue gx-4N/gT-11 Uyg—2T 1e xead ‘yg—g pasealoul pue uoJnau ‘a1Ad041se ‘abeydoioew/er)foidiin d1-11
9% ‘'Gy  aAnvel0idoinaN Aemuypred G5d ¥-4N1/0-4NL
sAep 10} pajeAs|s sulewsl 1199 [e1]3y10pUS
b ‘S 21X0]0IN3N Aemuyred G7d Y-4N1/0O-4NL pue yyz—zT e Mead ‘Yyg—-g'Q pasealoul pue ‘uoinau ‘a3koouise ‘abeydoioew erfolonn 0-4NL Sau01AD
AJorewiwre|jul-o.id
EN| $199413 Remyred asInod 8wl | $32.IN0S U\ aweN

NIH-PA Author Manuscript

“Aanful eIWBYISI UreIq Ul PAAJOAUI SI0TRIPaW Alojewwe]ul-iue pue -oad Jo Arewwns

T alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Cardiovasc Transl Res. Author manuscript; available in PMC 2014 October 01.



Page 30

Jinetal.

3WINJOA 10JBJUI PBONPaI Y9

‘uoisnyiadal Jaye ygy pue g 1e usAIb asop

GZ1 18 10U INQ ‘Yz pue Z 18 uaAIb asop 1s14 OV 1By PJIY} pue puodas ayl ‘AjaA11oadsal Yg 4o ‘g 1e UaAIB 8sop 1s41) 8y} ‘T-49] 40 AIaAljap [eseurniu| T-49I1

16T 3WINJOA 10JeJUI PONPAY  OWDIA? 8SnoN "uoisnyiadai Jaye Y ¢z pue g 1e T-491 Jo AIaAljap [eseuriiu] T-491
y € o} panuiuod

11T 3WINJOA J0JBJUI PRONPaY OVOWd 1oy pue OwOINd Jaye Ul Og 18 Al OVOINd Buimoljo y € pue uiw 0g e OT-11 0 uondafur ‘A'd'l ot

06T 3LNJOA 10.1BJUI PRONP3Y OVOIN1 18y uolsnyiadas Jaye Yzg pue T Je salpogiue T-OVIA-HUe Jo uonsful “A'l sa1pognue T-OVIN-IuY
$19944 Juediubls oN OVONd 12y OVOWNd Jae Y g Je salpognue T-INWOI-hue Jo uonoalul 'A'l

68T 3WINJOA 101BJUI PRONP3Y OV T8y uotsnjladal JaYe Yzz pue T Je salpogiue T-INWVOI-hue Jo uonsful 'A'l salpoqnue T-NvOI-iuy

88T aWN|OA 10JeJUI PI2NPaY OVOWNI ey uoisnysadau Jaye Y T pue uoisnyladal 810jag uiw QT Je 1siuoBejue jo uonoasfur 'A'a1  1siuoBejue upds|ss 1y19adsuoN

79 3WNJOA 104BJUI PIONPAY OvOWNd 1ey OVvOINd Jaye ulw G pue A1aBins a10y8q uiw Qg 18 9-T1|yd Jo uonasfur ‘Aol 9-T71y/

1S BWNJOA J0JeJUI PONPAY  OWDIA} 8SNON uoisnyadai Jayye utw O pue A196ns 810j8q UIw Qg 18 BYT-T1Y4 JO uondaful ‘Al eyT-1Iy

"Joy aWodINO  PPOW JIWaYdS | uoljeJIsiuIwpy by

NIH-PA Author Manuscript

"9X0.1S 21WAYISI 8)nJe Ul siojeIpaw Alorewiwepjul Bunabiey saipnis [ealuljo-aid palos)as

¢?olqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Cardiovasc Transl Res. Author manuscript; available in PMC 2014 October 01.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Jinetal.

Table 3

Selected clinical studies targeting inflammatory mediators in acute ischemic stroke.

Intervention Mode of action Results Ref.
rhiL-1Ra Interleukin-1 receptor antagonist unsuccessful 194
Enlimomab Anti-ICAM-1 monoclonal antibody unsuccessful 88

UK-279,276 Neutrophil inhibitory factor unsuccessful 195
Hu23F2G (LeukArrest)  Anti-CD11/CD18 monoclonal antibody  unsuccessful 196
Minocycline Broad-spectrum tetracycline antibiotic Phase I, Il (completed) NCT00630396 197
ONO-2506 Glial modulator Phase I1, I11(completed) NCT00229177 198
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