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Abstract
Stroke induces a complex web of pathophysiology that may evolve over hours to days and weeks
after onset. It is now recognized that inflammation is an important phenomenon that can
dramatically influence outcomes after stroke. In this minireview, we explore the hypothesis that
inflammatory signals after stroke are biphasic in nature. The high-mobility group box 1 (HMGB1)
protein is discussed as an example of this idea. HMGB1 is normally present in the nucleus. Under
ischemic conditions, it is released extracellularly from many types of cells. During the acute phase
poststroke, HMGB1 promotes necrosis and influx of damaging inflammatory cells. However,
during the delayed phase poststroke, HMGB1 can mediate beneficial plasticity and recovery in
many cells of the neurovascular unit. These emerging findings support the hypothesis that
inflammation after stroke can be both detrimental and beneficial, depending on the cellular
situations involved.
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Introduction
Mechanisms of cell death and recovery after cerebral ischemia are very complicated. Energy
deprivation and excitotoxity are the main causes of the initial tissue damage. Following
initial injury, secondary processes of blood–brain barrier (BBB) disruption, neurovascular
unit dysfunction, and postischemic inflammation further contribute to ischemic
pathophysiology. These are highly heterogeneous. Not all brain cells in the ischemic
territory die at the same time after stroke.1 Cellular signals participate in cross-talk between
damaged cells and their adjacent tissue and trigger harmful as well as beneficial response to
the stress. In the context of these crosstalk signals, poststroke inflammation has emerged as
a unifying theme.2 Inflammation can clearly be detrimental as the influx of these
inflammatory cells amplify brain cell death. But during recovery, inflammation may also be
construed as plastic forms of tissue remodeling. Hence, inflammation can be good or bad,
depending on the cellular circumstances involved. In this minireview, we use the protein
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called high-mobility group box 1 (HMGB1, also known as amphoterin or HMG1) as a “case
study” of this concept of biphasic inflammation after stroke.

Traditionally, HMGB1 acts as a nuclear and cellular danger signal.3 HMGB1 can exert
different functions depending on its cellular localization. It can be passively released from
damaged cells or actively secreted from stimulated cells. Upon release, extra-cellular
HMGB1 binds to its putative receptors and induces a series of signaling pathways in
response to the original damage. Increasing evidence now suggest that HMGB1 is a key
mediator in cerebral ischemic progression.

HMGB1 and its receptors
HMGB1, a highly conserved nonhistone nuclear DNA-binding protein, is widely expressed
in most eukaryotic cells including neural cells in several animal species including humans.4

Nuclear HMGB1 is able to bind to DNA to stabilize nucleosome formation and maintains
nuclear homeostasis. HMGB1 enables bending of DNA and facilitates transcription to
regulate gene expression.5–7 Genetic knockout of HMGB1 causes severe energy deficits,
and mice die shortly after birth owing to hypoglycemia caused by impaired glucocorticoid
receptor.4 Overall, intracellular HMGB1 plays an essential role in regulating activation of
basal transcriptional machinery8,9 and energy homeostasis. Although the function of
HMGB1 in the nucleus is not quite understood, the role of extracellular HMGB1 has been
extensively studied.

Released HMGB1 has recently been characterized as a key inflammatory mediator in
response to infection, injury, and inflammation.10,11 HMGB1 acts as and acts in an
autocrine/paracrine fashion. It can be secreted by activated macrophage,12 natural killer cells
(NK cells),13 and myeloid dendritic cells14 in response to endotoxin and other inflammatory
stimuli. Besides active secretion, HMGB1 can be released into extracellular space from
damaged cells or necrotic cells.10,11 In this case, the membranes of necrotic or damaged
cells become “leaky” and HMGB1, which is normally bound loosely to chromatin, diffuses
from nucleus to cytoplasm, then into the extracellular matrix.

Extracellular HMGB1 acts as a trigger or modulator that affects inflammation, proliferation,
migration, and cell survival. High amounts of HMGB1 have been detected in the
extracellular space in various inflammatory conditions.15,16 Furthermore, elevated levels of
extracellular HMGB1 are detected in cancer, suggesting that HMGB1 acting as a
widespread inflammatory mediator.17,18

Release of HMGB1 is observed after traumatic brain injury and ischemic stroke. In rodent
middle cerebral artery occlusion models, levels of HMGB1 in the ischemic core are
immediately decreased, and in turn, serum HMGB1 is rapidly increased.10,11,19 In clinical
stroke patients, HMGB1 is upregulated in serum of up to day 7 after stroke onset.20 HMGB1
is also increased in cerebrospinal fluid of subarachnoid hemorrhage patients on day 3, 7, and
14 after onset.21 In addition, plasma HMGB1 in patients is acutely elevated 30 min after
severe trauma in comparison to healthy subjects.22 These findings suggest that HMGB1 is
highly relevant to human stroke.

Beside passive release, active secretion of HMGB1 is observed in activated monocytes and
macrophages,23 endothelial cells,24 fibroblasts,25 and brain glial cells after stroke.26,27

Whereas, the early acute increase of HMGB1 in serum may be due to the passive release of
HMGB1 from necrotic or damaged and leaky cells, the late phase of HMGB1 response may
be related to active secretion from functional cells. Secretion of HMGB1 can enhance acute
inflammation as well as delayed stroke recovery.
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HMGB1 may signal via its putative receptors, such as receptor for advanced glycation end
products (RAGE), toll-like receptor-2 (TLR2), and TLR4. These receptors are expressed in
brain cells.28–30 RAGE expression usually is low under normal conditions but enhanced
expression of RAGE was observed in diabetic vasculature and other inflammatory
diseases.29 TLR2 and TLR4 have been shown to play a critical role in infectious diseases.30

Higher constitutive expression levels of TLR4 have been found in brain regions that lack a
tight BBB, such as the circumventricular organs and choroid plexus.31,32 Activation of
HMGB1 receptors leads to activation of NF-κB and MAP kinase.33 Blockade of either
RAGE or TLR4 results in the reduction of cytokine and nitric oxide production and decrease
of inflammation,11,30 suggesting that HMGB1 potently contributes to induction of
inflammation.

The role of HMGB1 may be more complex. It has been reported that HMGB1 may also
possess beneficial actions, such as endothelial activation,34,35 enhancement of neurite
outgrowth, and neuronal survival.36,37 In addition, reactive astrocytes release HMGB1 that
promotes neurovascular recovery within peri-infarct cortex after focal cerebral ischemia in
mice.38 Moreover, others have reported that highly purified recombinant HMGB1 has weak
proinflammatory activity, but the formation of specific complexes between HMGB1 and
other molecules, such as phospholipids, single-stranded nucleic acids, and cytokines can
promote inflammation,39,40 suggesting that HMGB1 may provide multiphasic effects in a
time- and local environment-dependent manner in the ischemic brain. This mini-review
focuses on the role of HMGB1 in the balance between injury and repair after stroke.

HMGB1 in the acute phase after stroke
Release of HMGB1 as a paracrine signaling has been reported in the stroke patients.2 In
animal models of cerebral ischemia, early HMGB1 release is observed from damaged
neurons and astrocytes.5,26 Activated astrocytes and immune cells such as microglia may
secrete HMGB1 after ischemia.11 Recent data suggest that injection of anti-HMGB1
antibody 6 hours after focal cerebral ischemia is still neuroprotective.41 Blockade of
HMGB1 signaling prevents cell death,42,43 suggesting that HMGB1 is a potential
therapeutic target for stroke.

Extracellular HMGB1 can bind to its receptors and activate a downstream pathway that
leads to the upregulation of cytokines and other pro-inflammatory molecules. HMGB1
induces over-expression of TNFα, IL-1β, ICAM-1, VCAM-1, E-selectin, and iNOS in
different cell types.44 Interestingly, most cytokines start to be increased a few hours after
stroke,45,46 while HMGB1 release occurs in the ischemic core of striatum as early as 30 min
after artery occlusion.11 Furthermore, blockade of HMGB1 reduces inflammation.11,41

These results suggest that HMGB1 is an early mediator that triggers inflammatory cascades.

TLR4, a pivotal receptor for activation of innate immunity, has been shown to play a role in
ischemia. TLR4 activation results in extensive axonal and neuronal loss in a model of
hypoxic ischemia that normally is below the threshold to induce measurable
neurodegeneration.47 A significant reduction of inflammation and infarct area is observed in
TLR4 mutant or knockout mice.28–30 TLR2 is also reported to contribute ischemia-induced
cell death.30 How HMGB1 may interact with these inflammatory TLR signals should be
further explored.

Released HMGB1 also interacts with RAGE. Enhancement of RAGE expression can
promote the recruitment of leukocytes across endothelial barriers through its interaction with
myeloid cells expressing the β2-integrin macrophage receptor 1.48 In addition, activated
macrophages express HMGB1 at the cell surface,35,48 suggesting that cell surface HMGB1
may facilitate recruitment by binding RAGE at the surface of endothelial cells and enabling
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their translocation into the ischemic brain. Hence, blockade of HMGB1 signaling during the
acute phases of stroke may be beneficial via the reduction of inflammatory infiltration.

Finally, others have reported that HMGB1 may also bind to plasminogen and tissue
plasminogen activator (tPA) to amplify active plasmin and metalloproteinases (MMPs).
Increase of MMPs contributes to BBB disruption and facilitates immune cell migration.49,50

Thus, HMGB1 may also influence neurovascular responses in stroke beyond inflammation
per se.

Extracellular HMGB1 contributes to secondary inflammation
For many years, the central nervous system was considered an immune-privileged organ.
However, it is now well known that the immune and the nervous system are engaged in
bidirectional crosstalk. Accumulating data suggest that inflammation after cerebral ischemia
amplifies the initial injury by linking acute responses in glial cells and cytokines to a
secondary infiltration of immune cells into ischemic brain tissue.

Within the broad spectrum of immune cells, lymphocytes are known to contribute to the
pathogenesis of ischemia-reperfusion (I/R) injury in several vascular beds51,52 by promoting
the recruitment of other leukocyte subsets and by enhancing the microvascular dysfunction
induced by I/R.51 Supporting the crucial function in I/R injury, T-lymphocytes can also be
detected after cerebral ischemia in rats and even humans.53 Recently, the detrimental role of
both CD4+ and CD8+ T cells has been described in an experimental stroke model in mice.54

In addition, a delayed infiltration of δγT cells at day 1–3 after cerebral ischemia contributed
to promote infarction and brain damage via amplifying the inflammatory cascade in IL-17-
dependence mechanism.55 After release from necrotic cells or its secretion by activated
macrophages, HMGB1 induces the recruitment of inflammatory cells and mediate signals
between natural killer cells (NK cells), dendritic cells (DCs), T cells, and macrophages.
Indeed, HMGB1 protein contributes to the maturation of DCs56 and a proliferation of
activated T lymphocytes.57 In response to tissue damage, activated NK cells that accumulate
in response to HMGB1 then provide an additional source of HMGB1, thus mediating
positive feedback. HMGB1 promotes the maturation of DCs. In turn, mature DCs produce
HMGB1 and stimulate mature T cells. These types of signaling loops may influence
immune response to tissue damage as well as secondary inflammation within the brain after
stroke.

Microglial cells are the resident macrophages of the brain and play a critical role as resident
immunocomponent and phagocytic cells. Microglia activated under inflammation can
transform into phacocytes and release a variety of mediators that are cytotoxic or
cytoprotective. Activated microglia after ischemia have the potential of releasing several
pro-inflammatory cytokines, such as TNF-α, IL-1β, and IL-6, and nitric oxide, reactive
oxygen species.58 On the other hand, microglia may also induce neuroprotection by
producing neurotorophic factors such as brain-derived neurotorophic factor (BDNF) or
insulin-like growth factor 1 (IGF1). In addition to these mediators, HMGB1 has critical roles
for microglial activation after stroke. Within minutes after ischemia, HMGB1 can rapidly
activate microglia.11 During the delayed phase, HMGB1 may still be detected in microglia
up to days after cerebral ischemia.59 In an earlier study, we reported that early inhibition of
microglia expressing HMGB1 by treatment with minocycline significantly reduced
infarction,29 suggesting that HMGB1 functions as a cytokine-like mediator in a paracrine
and autocrine manner and may lead to secondary brain damage in the postischemic brain.
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HMGB1 in recovery and remodeling
Damaged brain can be surprisingly plastic, and crosstalk between various types of
remodeling brain cells take place after brain injury.60,61 In the late phase after cerebral
ischemia, the generation of new blood vessels underlies a highly coupled neurorestorative
process that links neurogenesis, synaptogenesis, and angiogenesis.62,63 These phenomenon
are clinically relevant—markers of neuogenesis and angiogenesis have been observed in the
adult human brain.64,65

In recent years, emerging data suggest that neurovascular repair may be induced by dynamic
interactions between cerebral endothelial cells, glia, neurons, and extracellular matrix from
days to weeks after stroke.66 Of these neurovascular cells, astrocytes comprise the most
numerous non-neuronal cell type in mammalian brain.67 Traditionally, it was assumed that
reactive astrocytes after stroke or brain injury contribute to glial scarring that impedes
neuronal remodeling and recovery.68 However, it is now recognized that reactive astrocytes
may also release many trophic factors, such as nerve growth factor, basic fibroblast growth
factor, platelet-derived growth factor, brain-derived neurotrophic factor, ciliary neurotrophic
factor, Neuropilin-1, vascular endothelial growth factor, and others.69–71 Many of these
trophic factors may in fact be beneficial by promoting neuronal survival and synaptogenesis,
neurogenesis, and angiogenesis after stroke or brain injury.72,73

In contrast to its negative effects as described in the earlier sections, HMGB1 may also
possess beneficial actions. HMGB1 signaling can promote endothelial activation35 and
sprouting.34 And it has also been reported that HMGB1 may increase neurite outgrowth and
cell survival in neurons.26,36,37 Intriguingly, stimulated astrocytes have been shown to
induce and release HMGB1 protein into the extracellular medium.26,59 In a recent study, we
showed that low levels of IL-1β potently upregulates HMGB1 in astrocytes. The
prototypical MAP kinase ERK provided the upstream signal. The nuclear export protein
chromosome region maintenance 1 (CRM1) enabled nuclear HMGB1 to translocate from
nucleus to cytoplasm before release.27 In an in vivo study, HMGB1 immunoreactivity was
also observed in reactive astrocytes, which are concentrated in the ischemic penumbra in an
in vivo ischemic model.38,59 Importantly, metabolic inhibition of reactive astrocytes
suppressed HMGB1-positive astrocytes in peri-infarct cortex, which disrupted various
neurovascular markers, such as CD31, synaptophysin, and PSD95 that are correlated with
functional recovery after cerebral ischemia in a mouse focal ischemia model.38 These
findings suggest that reactive astrocytes produce HMGB1 that may promote neurovascular
repair in brain after stroke.

Other studies under some pathological conditions have also shown a beneficial effect of
HMGB1 in terms of its ability to recruit stem cells and promote their proliferation.74

HMGB1 was found to enable endothelial progenitor cells to home to ischemic muscle in
animal models of hind limb ischemia.75 If HMGB1 was injected into the infarct area of the
heart, it promoted tissue regeneration, and a significant recovery of cardiac performance was
indeed mediated by RAGE signaling.76,77 More recently, it was reported that endogenous
HMGB1 was crucial for ischemia-induced angiogenesis and that HMGB1 protein
administration enhanced collateral blood flow in the ischemic hind limbs of diabetic mice
through a VEGF-dependent mechanism.78

How might HMGB1 affect beneficial versus detrimental substrates in the remodeling brain?
First, recombinant HMGB1 forms highly inflammatory complexes with ssDNA,
lippopolysuccaride, IL-1β, and nucleosomes, which interact with TLR9, TLR4, IL-1R, and
TLR2, respectively,79 suggesting that HMGB1 may be a candidate to expand inflammation
through forming signaling complexes in the is-chemic early phase. Second, during the

Hayakawa et al. Page 5

Ann N Y Acad Sci. Author manuscript; available in PMC 2013 July 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ischemic late phase, many kinds of cytokines are decreased in the brain. In contrast, growth
factors such as VEGF then become upregulated in astrocytes in peri-infarct cortex days to
weeks after stroke.80 VEGF can trigger remodeling responses in both endothelial cells and
neurons.81,82 This change of brain circumstance may affect a multitude of extracellular and
intracellular molecular signaling events in the neurovascular unit, which may lead to
angiogenesis and brain recovery. Third, the HMGB1 receptor, RAGE pathway, may also be
biphasic. For example, activation of RAGE promoted trophic effects in the nervous system,
whereas hyperactivation of RAGE promoted neuronal apoptosis.36 How RAGE signaling is
modulated by HMGB1 during stroke recovery is not fully understood. The biphasic effect of
HMGB1 may be induced by both receptor-dependent and/or receptor-independent
mechanisms. Taken together, the multifunctional effect of HMGB1 may be modulated by its
interaction with brain environment, each activated cells, and its receptors. During stroke
recovery, HMGB1 may be a key molecule in enhancing the interaction between
neurovascular cells in ischemic brain.

Conclusions
Extensive data from molecular, cellular, and animal models support a potent
proinflammatory effect of HMGB1 in acute ischemic stroke. In fact, the therapeutic effect of
the monoclonal HMGB1 antibody has been described in several animal models of cerebral
ischemia. However, it is now important to realize that like other inflammatory mediators,
HMGB1 may play complex and biphasic roles after stroke (Fig. 1). During delayed phases
of stroke recovery, extracellular HMGB1 may enhance the crosstalk among neurovascular
cells, such as neurons, astrocytes, and endothelial cells. Moreover, HMGB1 may contribute
to stem cell migration into the ischemic region and promote stroke recovery through
neurogenesis, vasculogenesis, and angiogenesis. Ultimately, a more nuanced approach to
modifying the HMGB1 response after stroke may be needed in order to optimize inhibition
during acute stages of injury without interfering with beneficial endogenous mechanisms of
neurovascular remodeling.
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Figure 1.
Schematic to summarize the multiphasic roles of HMGB1 after stroke. Acute effects involve
cytokine up-regulation and infiltration of neutrophils and macrophages into the brain.
HMGB1 can form complexes with other molecules, such as DNA, lipids, and IL-1β.
Secondary inflammation may be caused by stimulated T lymphocytes. Delayed actions
involve neurovascular remodeling and neurovasculogenesis that may contribute to stroke
recovery, as beneficial growth factors such as BDNF and VEGF become elevated.
Dissecting the milleu of cytokines, trophic factors, attendant cells, and neurovascular
homeostasis may eventually allow us to understand the regulation and transition of
detrimental versus beneficial signaling actions of HMGB1 and other inflammatory signals in
the brain after stroke.
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