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Abstract
Although regulation of post-ischemic inflammation is an important strategy
in treating ischemic stroke, most clinical trials have failed to show the benefit
of modulation of microglia and macrophages; and inhibition of microglia,
macrophages, and leukocyte recruitment in ischemic regions; and free radical
scavenging except edaravone, which is the only free radical scavenger used in
Japan, China. From the viewpoints, novel molecular and signaling mechanisms
are required to develop new approaches in regulating post-ischemic
inflammation. Examples of such approaches include regulation of inflammation
through Toll-Like Receptors (TLRs) activation by Damage-Associated Molecular
Pattern (DAMPs), which is released from the damaged neurons after cerebral
ischemia. Recently, we have found that Receptor Activator of Nuclear Factor-Кb
Ligand (RANKL) / receptor activator of nuclear factor-кB
(RANK) has been a novel signaling to be involved in TLR4-related
inflammation and the regulation of RANKL/RANK signaling has a potential to
be one of novel therapeutic approaches in ischemic brains. In this mini-review,
we summarize recent findings on TLR-related inflammation in ischemic brain,
especially focusing on RANKL/RANK signaling.
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Introduction
Regulation of post-ischemic inflammation is of interest to
researchers because of its ability to prevent exacerbation of postischemic injury, including free radical scavenging; modulation of
microglia and macrophages; and inhibition of microglia, macrophages,
and leukocyte recruitment in ischemic regions. Edaravone is the only
free radical scavenger accepted for use in Japan, China, and India;
although it’s complete effectiveness needs to be confirmed further,
in large, high-quality Trials [1]. However, other clinical trials on
similar agents, including NXY-059, Tirilazad, Nicaraven, Ebselen,
SUN-N8075 [2], minocycline [3], and uric acid [4], have failed to
show efficacy. As a result, novel proteins and signaling processes have
been explored to develop new approaches in treating post-ischemic
inflammation. Among them, TLRs in activated macrophages and
microglia have been extensively studied because molecular pattern
molecules (DAMPs) released from damaged cells after cerebral
ischemia strongly activate TLRs and leads to up regulation of
proinflammatory gene expression through the transcription factor
nuclear factor-kB [5]. One of strategies to regulate such TLRs-related
inflammation is blocking DAMPs to activate the TLRs. A recent
study has shown peroxiredoxin as a novel and powerful DAMP [6]
although High Mobility Group Box 1 (HMGB1), beta-amyloid, and
heat shock protein 70 (HSP 70) were previously proposed as being
DAMPs. Extracellular peroxidrexin released from injured cells
activates TLR2 and TLR4 in infiltrating immune cells, leading to
production of cytotoxic cytokines, such as IL-23 and IL-17, leading
to exacerbation of cerebral infarct. Because peroxiredoxin was
released 12 h after ischemia, delayed treatment beyond the common
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therapeutic time window, i.e., 4.5 h after ischemia, was possible by
blocking this signal with neutralizing antibody for peroxiredoxin [6].
Another strategy is to inhibit the TLRs signaling indirectly through
inhibitory signaling for TLRs. As such a new signal regulating TLR
signaling, we are focusing on a receptor activator of nuclear factor-кB
ligand (RANKL) and a receptor activator of NF-κB (RANK) signaling
in the ischemic brain [7].

RANKL/RANK Signaling in the Ischemic
Brain
The idea of exploring RANKL/RANK signaling in the ischemic
brain was led by epidemiological studies, which showed an
association between severity and poor prognosis of ischemic stroke
and high serum level of Osteoprotegerin (OPG), the decoy receptor
for RANKL [8-10]. The function of OPG/RANKL/RANK signaling
has been extensively studied in the field of bone metabolism, where
RANKL induces osteoclast differentiation and activation through the
receptor RANK. OPG inhibits this reaction as a decoy receptor for
RANKL. However, these molecules are expressed in normal brain
as well as immune cells such as macrophages, dendritic cells, and T
cells. For example, RANKL/RANK signaling controls the thymocytemediated medulla formation and the formation of self-tolerance
in T cells [11] as well as the number of regulatory T cells (Treg)
[12]. In macrophages, RANKL directly regulates proinflammatory
cytokine production [13]. OPG, RANKL, and RANK mRNA were
expressed in normal brain; however, recent studies clarified that
RANK was specifically expressed in astrocytes and neurons in
the thermoregulatory center and that RANKL/RANK signaling
contributes to fever and body temperature control [14]. Therefore, we
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Figure A: Schematic diagram of OPG/RANKL/RANK signaling in the
ischemic brain. DAMPs are released from damaged neurons after MCAo
[1] and increased TLR-induced inflammatory cytokines in the microglia [2],
this resulted in neuronal death and expansion of the infarct area [3]. RANKL
inhibits these responses through RANKL/RANK signaling [4], but OPG blocks
this inhibition [5] in WT mice. In OPG−/− mice or mice treated with exogenous
RANKL, the augmentation of RANKL/RANK signaling inhibits TLR-related
inflammatory cytokines [6,7] and prevents neuronal death [8]. Mcao: Middle
Cerebral Artery Occlusion; CBF: Cerebral Blood Flow; Damp: DamageAssociated Molecular Pattern Molecules; Tlrs: Toll-Like Receptors; RANKL:
Receptor Activator Of Nuclear Factor-Кb Ligand; RANK: Nuclear Factor-Кb
Ligand (RANKL) - Receptor Activator Of NF- Κb: OPG: Osteoprotegerin

examined the action of OPG/RANKL/RANK on the control of body
temperature and inflammatory cytokines in the acute stage in the
ischemic brain. We found that OPG/RANKL/RANK was expressed
in activated microglia and that inflammatory cytokines and infarct
volume were reduced, without affecting body temperature, when
RANKL/RANK signaling was augmented using OPG−/− mice or mice
treated with recombinant RANKL. In contrast, inhibition of RANKL/
RANK signaling, with neutralizing antibody for RANKL, resulted in
increased inflammatory cytokines and infarct volume, indicating
that RANKL/RANK signaling worked as an anti-inflammatory
signal in microglia. In a mixed neuron/glia culture, stimulated by
Lipopolysaccharide (LPS), which is a TLR4 ligand, addition of RANKL
reduced neuronal death through the production of inflammatory
cytokines. Because neuronal death could not be prevented by
exogenous RANKL in glutamate, CoCl2, or H2O2, RANKL/RANK
signaling does not act on neurons directly but on TLR signaling in
microglia, and could potentially affect the outcome in ischemic
brain [7] (Figure). In addition, we speculate that RANKL/RANK
might be also a key signaling system in inducing immune tolerance
in the chronic phase of the ischemic brain because a previous study
showed that RANK was strongly expressed in dendritic cells in the
periphery, where immune tolerance is induced by the activation of
Tregs through RANKL/RANK signaling [12]. RANKL/RANK might
be expressed in dendritic cells in the ischemic brain and contribute
to immune tolerance, which is an important process for inhibition of
autoantibody production in the injured brain [15]. Thus, activation
of RANKL/RANK signaling seems a promising approach in the
treatment of ischemic brain, but one of major problems is that effects
of RANKL on causing osteoporosis [16] and vascular calcification
[17]. Especially because just one i.p. injection of recombinant RANKL
was shown to cause osteoporosis in mice [16], some modifications of
RANKL itself or development of specific drug delivery systems into
brain are needed to avoid osteoporosis or vascular calcification.
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In the present review, we focused on molecules which affect
TLRs signaling itself, but TLRs signaling also affects other signaling.
For example, CD36 is a class-B scavenger receptor and its assembly
with TLR2/1, but not TLR2/6, induces inflammatory cytokines in
microglias and macrophages in brain and resulted in exacerbation of
infarct volume [18]. Thus, TLRs-related inflammation is complexed
and further study is necessary to clarify the molecular mechanisms.
Although most anti-inflammatory agents targeting on classical
signaling failed to show effects in clinical trials as mentioned in
introduction, we believe that novel findings on post-ischemic
inflammation might shed light on the development of therapeutic
options in ischemic stroke.
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