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Abstract

Traumatic brain injury (TBI) is a leading cause of death and disability world-
wide. We identify High Mobility Group Box 1 (HMGB1) as a novel causative
factor in the development of cerebral oedema, mediating coagulation, pre-
venting secondary brain damage as well as serving as a novel therapeutic tar-
get to limit secondary neurological injury after TBI. As a prototypical danger
associated molecular patterns (DAMP), HMGBI is released from necrotic
neurons via a NR2B-mediated mechanism during TBI. The secretion of
HMGBI requires severe injury and tissue hypoperfusion, and is associated
with posttraumatic coagulation abnormalities, activation of complement and
severe systemic inflammatory response. HMGBI is clinically associated with
elevated intracranial pressure (ICP) in patients and functionally promoted
cerebral edema after TBI. The detrimental effects of HMGBI1 is mediated at
least in part between activation of microglial toll-like receptor 4 (TLR4) and
the subsequent expression of the astrocytic water channel aquaporin-4
(AQP4). Anti-HMGBImAb remarkably inhibited fluid percussion-induced
brain edema by inhibiting HMGBI translocation, protection of blood-brain
barrier (BBB) integrity, suppression of inflammatory molecule expression and
improvement of motor function. Our review demonstrates the pathological
role of HMGBI as well as the possible therapeutic valve of HMGBI in patients
with TBL
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1. Introduction

Traumatic Brain Injury (TBI) is the major cause of death and disability world-

wide, with survivors living the rest of their lives with cognitive, motor, behav-
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ioural or speech-language disabilities [1] [2]. TBI, whether mild, moderate or
severe, represents a pandemic disease that affects all nations with acute onset
and progressing to chronic, debilitating health issues affecting far beyond the in-
dividual patients [1] [3].

High Mobility Group Box 1 (HMGBI) is extremely preserved structure in
various species and primitively known as a nuclear DNA-binding protein that
takes part in the formation of nucleosomes and the regulation of gene transcrip-
tion [4] [5] [6]. HMGBI activates the innate immune system in response to tis-
sue injury due to trauma, ischemia/reperfusion or infection since it is a proto-
typical DAMP molecule [7]. It is also well known that intracellular functions of
HMGBI include stabilization of nucleosome formation and facilitation of gene
transcription as well as co-transcriptional factor with the ability to serve as a
structural DNA-binding protein [8]. Kim et al have further shown that HMGB1
services as a cytokine-like mediator in many pathogenic conditions such as de-
layed endotoxin lethality, acute lung injury, and transient focal cerebral ischemia
(9] [10] [11] [12].

Research has indicated that apoptotic cells do not release HMGB1, but instead
retain it within their cells which is in total contrast to damage or necrotic cells
which passively secretes HMGBI [13]. The secret HMGBI interacts with recep-
tor for advanced glycation end (RAGE) products and members of the toll-like
family of receptors (TLRs) including TLR2 and TLR4 hence mobilizes HMGB1
intracellularly into the extracellular compartments [14], which serves as a danger
signal that activates the immune system to the ubiquity of injured cells. The mo-
bilization of HMGBI1 from intracellular milieu into the extracellular milieu in-
volves its release by immune cells. HMGBI is hyper-acetylated in macrophages
and monocytes which allows it to accumulate in the cytosol and hence prevent it
from being translocated into the nucleus. In the cytosol HMGBI is packaged
into secretory lysosomes and secret out of the cell [15].

A study by Klune ef al indicated that, in the Extracellular space, HMGBI1
trigger the immune system by promoting dendritic cell maturation, accelerating
release of inflammatory cytokines, activating neutrophils and monocytes, as well
as natural killer (NK) cells [14]. In addition, research has demonstrated that ex-
tracellular HMGB1 accelerates tissue repair and regeneration [16]. Our review
demonstrates the pathological role of HMGBI1 in edema formation, coagulations
as well as the possible therapeutic valve of HMGBI in patients with TBI. We also
evaluated the role of HMGBI in secondary brain injury.

2. HMGBJ1 as a Biomarker

King et al. demonstrated the presence of HMGBI in the cerebrospinal fluid of
patients with subarachnoid hemorrhage [17], while Zhou ef al observed eleva-
tion of HMGBI in serum of patients with acute intracerebral hemorrhage (ICH)
and associated this elevation with severity of ICH [18]. Both studies concluded
that HMGBI1 could be a promising biomarker in neurological injury patients.

Yang and colleagues were the first researchers to show interest in HMGBI as a
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biomarker of inflammation. They demonstrated adequately that HMGB1 was
released in response to lipopolysaccharide (LPS) in mice. They again indicated
that HMGBI1 was released at a later time point (peak at 16 hours) as compared to
the instant release of tumor necrosis factor alpha (TNF-a) and Interleukin 1 beta
(IL-1p) after exposure to LPS [19].

Peltz and colleagues in their study observed thirty times elevation of plasma
HMGBI1 levels after trauma compared to healthy controls during 1 h period of
injury, which stabilized at 2 - 6 h post-injury [20]. Cohen and colleagues found a
compelling distinction in plasma levels of HMGB1 among survivors and non-
survivors from severe trauma. They also found a significant association with
plasma levels of HMGB1 and numerous inflammatory mediators like inter-
leukin-6(IL-6) and TNF-aq, besides markers of endothelial cell activation like an-
giopoietin-2(Ang-2) and von Willebr and Factor (vWF) antigen. Their results
indicated that HMGBI1 was elevated with elevated plasma levels of vVWF (P =
0.05 by both rank and trend, Spearman correlation r = 0.18, P= 0.02) and Ang-2
(P = 0.09 by rank but 0.01 by trend, Spearman correlation r = 0.23, P = 0.02)
[21].

Wang and associates found a cogent interrelationship between plasma
HMGBI absorption and austerity of acute traumatic brain injury [22]. Alicia and
colleagues demonstrated that concentrations of HMGBI1 are elevated in Cere-
brospinal fluid (CSF) after trauma, and furthermore, these were separately re-
lated to poor outcomes [23]. They proposed that increased CSF HMGBI is
separately related to 6-month Glasgow Coma Scale (GOS) score 1 - 3 which re-
flects a poor outcome.

Zhang et al observed that during trauma, circulating mitochondrial DNA
(mtDNA) performs functions similar to DAMP which initiates systemic in-
flammatory response syndromes [24]. Walko and associates also demonstrated
that there was a cogent interrelation between CSF mtDNA and HMGBI1 concen-
trations at 24 h after trauma. They indicated that elevated CSF mtDNA concen-
trations were highly prognostic of poor outcomes of increased levels of CSF
mtDNA and HMGBI1 adumbrate a poor prognosis for children with TBI. They
therefore concluded that CSF mtDNA could be a crucial prognostic biomarker
[25]. They also proposed that although not ready for prime-time, the use of CSF
mtDNA concentrations can assist in patient selection for clinical research, and
opens up further lines of exploration as a potential therapeutic target. The
prognostic values of HMGB1 were comparable to those of GCS scores, validating

its ability as a new prognostic biomarker in TBI [25].

3. Mechanisms of Secretion of HMGB1

Studies have shown that damage induced by trauma or ischemia can evoke
HMGBI secretion from necrotic tissue which may provide danger signal that
alerts the immune system to the existence of injured cells [23] [26]. The trau-
matic events leading to the secretion of HMGBI into the CSF also initiate the
secretion of other DAMP into the CSF with successive activation of the innate
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Events
During TBI

immune response [25]. Laird et a/ demonstrated that HMGBI displayed a su-
preme neuronal localization within the mouse cerebral cortex and reduce im-
munoreactivity for HMGB1 was temporally associated with the loss of NeuN
within the peri-contusional cortex, suggesting HMGBI1 was released by injured
neurons into the extracellular space after TBI [27].

Zhang et al. demonstrated that HMGBI levels decreased at lesion site and
markedly increased in the plasma after percussion injury which significantly as-
sent the conception that neuronal HMGBI is released into extracellular space
and diffuses into surrounding areas, including the blood stream [28].

It has been observed that, over-stimulation of N-methyl-D-aspartate receptors
(NMDA-R) by raised extracellular glutamate generate excitotoxicity, an impor-
tant initiator of neuronal necrosis and edema after TBI [27] [29]. Studies have
further demonstrated NMDA-R exist as a tetrameric protein receptor complex
made up of two glycine-binding NR1 subunits and two glutamate-binding NR2
subunits that ascertain the biophysical properties [27] [30].

It has been proven that NR2A and NR2B are the dominant subunits within
the adult forebrain; so Laird et al propose that NR2 subunit might explain the
paradoxical roles of NMDA-R after TBI. They further demonstrated that activa-
tion of NR2B bolsters neuronal injury and accelerates neuronal HMGBI release
(Figure 1) to augment brain swelling, although the mechanism is still not well
understood [27]. Bohmer and colleagues have indicated that there is accumula-
tion of HMGB1 and Neuron-specific Enolase (NSE) within the CSF of neuro-
trauma patients. They further stated that after 72 hours of post-TBI there is
acute elevation of NSE within CSF which was significantly associated with dete-
rioration of brain death in severe TBI patients [31]. King and associates demon-
strated that CSF contents of HMGBI are associated with poor neurological out-
comes of subarachnoid hemorrhage patients [32].

Kim and colleagues proposed that although the regulatory mechanism under-
lying HMGBI secretion remain to be explicated, it is possible that in addition to
bringing about early secretion from dying neurons, microglia, a major inflam-
matory cell type in the brain, might also actively release HMGBI and initiates a
loop of HMGBI activation that augments the inflammatory process and exas-

perate brain injury. They therefore concluded that HMGBI1 function pleiotropically
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Figure 1. Activation of NR2B promotes neuronal injury and increases neuronal HMGBI release. HMGBI1 binds to TLR4 receipts
thereby regulating AQP-4 and promotion of cerebral edema [27].

%%
035: Scientific Research Publishing

53



S. A. Richard et al.

in a sense that its effects are interconnected and affect many target cells in vivo,
and that this multi-functionality and complexity may result in serious brain
damage [12]. Treutiger et al. demonstrated that activation of human microvas-
cular endothelial cells by HMGB1 resulted in the inauguration of many adhesion
molecules, pro-inflammatory cytokines via RAGE in the activation of Mitogen-
activated protein kinases (MAPKs) and nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) [33].

Okuma and colleagues demonstrated that intravenously administered recom-
binant HMGBI1 dose-dependently aggravated the increase in Blood-Brain Bar-
rier (BBB) permeability and motor impairment in rats receiving moderate per-
cussion injury. They proposed that circulating endogenous HMGBI1 performs an
essential task in the advancement of BBB disruption and brain inflammation,
principally through the stimulation of vascular endothelial cells and blood cells
[34]. Shlosbeng et al. indicated that the reaction to HMGBI could be responsible
for the upstream of the secondary responses to TBI, provoking a cascade of ac-
tivities championing the BBB disruption, brain edema, and brain injury [35].

Diffuse Axonal Injury (DAI) is one of the most ubiquitous and essential
pathologic physiognomies of TBI and it is mostly initiated by shearing forces
championing the widespread tearing of axons [36]. Pang and associates indi-
cated that HMGBI is grossly released into the extracellular milieu after DAIL
They suggest that this may result in the reduced HMGBI level during TBI. They
again indicated that at the late stage of DAI, astrocyte and microglia may be
stimulated and discharge into the pro-inflammatory cytokines [37].

4. HMGB1 and Brain Edema Formation

Laird and colleagues proposed that TLR4 mediates innate immune activation
and edema development after TBI by using a translational research approach
that incorporates patient CSF, human tissue culture, and pre-clinical TBI models
to explicate the complex role of HMGBI1-TLR4 signaling in the development of
secondary neurovascular injury after TBI [27]. They also proposed the correla-
tion between immune activation and the augmentation of post-traumatic brain
edema and suggested that the release of neuronal HMGB1 may induce micro-
glial activation [27].

They further stated that a time dependent increase in microglial TLR4 eluci-
dation occurred within the peri-contusional cortex, exhibiting both a temporal
and spatial overlap with edema formation [27]. They demonstrated that Inhibi-
tion of TLR4 mitigated the delivery of AQP4 an astrocytic water channel in-
volved in the evolution of cellular edema although the mechanism responsible
for microglia interaction with astrocytes remained undetermined. Therefore
they concluded that the unique involvement in HMGBI-TLR4 signaling is the
regulation of AQP4 and promotion of cerebral edema (Figure 1), a primary
cause of patient mortality after brain injury by establishing the mechanism re-
sponsible for microglial-astrocytic interactions increases acute neurovascular

injury using pre-clinical models and human tissue cultures [27].
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Stein et al. demonstrated that the translocation of HMGBI1 in neurons appears
to be a paradox common to both ischemic and traumatic insults preferentially,
the secondary brain ischemia due to brain edema in TBI [38]. Okuma and asso-
ciates demonstrated that the treatment of TBI rats with anti-HMGBI1-neutraliz-
ing mAD fiercely subdued acute brain edema, as notice on T2-weighted MRI,
associated with the collateral reduction in BBB permeability, structural changes
in capillary blood vessels, up-regulation of matrix metalloproteinase-2/9 (MMP-
2/9) activity, and elucidation of inflammatory molecules which was initial pro-
posed by other researchers [34]. They therefore suggested that HMGB1 released
from the TBI lesion caused the protein exudation by directly affecting the mi-
crovasculature in surrounding areas.

Studies have further shown that activation of MMP-2/9 and inducible nitric
oxide synthase (iNOS) accelerates the digestion of tight junction-associated pro-
tein complex and extracellular matrix along with basal lamina and the inflam-
matory response, respectively, has been proposed to partake in TBI [39] [40].
Moreover, the inhibition of MMPs or iNOS by specific inhibitors was shown to
contribute to the decrease of TBI to some extent [40]. Thus, the coordination of
both  MMP-2/9 and iNOS may elucidate the protective effects of an-
tiHMGB1mAb. Hergenroeder et al also indicated that increase levels of CSF and
serum concentrations of IL-6, a microglial-derived cytokine, significantly associ-

ated with neuronal injury and increased ICP after TBI in human [41].

5. HMGB1 and Coagulation

Thrombin is a pro-inflammatory serine protease that is well distinguished from
its crucial task as the resolute protease in the coagulation pathway. Thrombin
and HMGBI are cardinal molecules of the robust host defence systems that as-
semble during innate immune process, coagulation, and inflammation. Barry et
al. proposed that they may play essential roles in the BBB disruption since both
are pro-inflammatory and both are known to disrupt vascular barriers in other
tissues [42].

Cohen and colleagues stated that there is association between plasma levels of
HMGBI and activation of protein C pathway that they have initially proven to
be promoted by tissue injury and hypoperfusion. They indicated that the asso-
ciation is particularly interesting in light of the recent discovery that HMGB1
binds in vitro to the lectin domain of thrombomodulin (TM) [21]. Abeyama and
colleagues demonstrated that TM could interact with HMGB1 and perform the
role as a pool for induction of HMGBI in the plasma [43]. Esmonreported that
TM is an anti-inflammatory protein via its beleaguerment of thrombin, and its
induction into protein C and Thrombin induced fibrinogen inhibitor (TAFI)
[44].

Cohen and colleagues further indicated that whether TM after fettering with
HMGBI would still continue its capacity to induce protein C is questionable, al-
though protein C induction is ancillary to the Gla domain of TM while HMGB1

is restrained to its lectin domain [21]. Ito and associates demonstrated that,
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administration of HMGBL1 precipitated fibrin deposition and protracted clotting
times in healthy rats. They demonstrated that HMGBI1-bound TM decreases the
ability of thrombomodulin to induce protein C in vitro. [45]

Cohen and colleagues again stated that the release of HMGBI in the plasma is
not adequate to prohibit the induction of the protein C pathway and the aug-
mentation of coagulopathy within 45 minutes after explicit trauma-hemorrhage.
They concluded that in addition to the cytokine-like effect of HMGBI1 via the
TLR4 and RAGE receptors, extracellular HMGBI1 could also mitigate the defec-
tive induction of the protein C observed after severe trauma [21]. We therefore
suggest that further studies with TBI patients as well as mouse models on
trauma-hemorrhage that characterizes the discovery in trauma patients is
needed to demonstrate this new function of extracellular HMGBI1 after severe

trauma.

6. HMGB1 and Secondary Brain Injury

Gao and colleagues proposed that HMGBI1 might be released from damaged
cells and at the long run partake in the pathophysiologic process of secondary
brain injury after TBI [4]. Yamada and Maruyama initially proposed that
HMGBI can either be passively released from injured and necrotic cells or ac-
tively released by certain immune cells [46]. Gao and colleagues again showed
that HMGB1 was also released into the cytoplasm of reactive phagocytic micro-
glia at later stages after TBL. They also found that neutrophils quickly infiltrated
into the core of the lesion after TBI. They therefore concluded that HMGBI1
might also participate in later stages of inflammation after TBI [4]. Experimental
study has shown that complement and alarmins are endogenous trigger for
trauma-associated inflammation, HMGBI appears to be one of the essential me-
diators in generating this posttraumatic sterile inflammation via receptors such
as TLR4 and RAGE [26].

Laird and colleagues implicated NR2B as a crucial initiating factor in bolster-
ing cerebral innate immune responses, bridging acute excitotoxicity with secon-
dary neurological injury [27]. Kim and colleagues indicated that HMGB1 might
aggravate brain damage by both an autocrine and a paracrine mechanism [12].
Gao and colleagues further demonstrated that RAGE was expressed in microglia
at later stages after TBI, which indicates that microglia might be triggered by
HMGBI through its interaction with RAGE. They are of the view that HMGB1
plays a vital role in later stages of inflammation after TBI [4]. Venereau ef al
demonstrated that the release of HMGBI in inflammation supports the concept
of HMGBI as an endogenous danger signal alerting the immune system to the
ubiquity of inflammation and necrosis [47]. Walko and colleagues suggested that
DAMPs play a feasible role in either inflammation or other aspects of the sec-

ondary injury response to pediatric TBI [25].

7. Therapeutic Potentials HMGB1

Okuma and colleagues reported that the pharmacological effects of anti-HMGB1
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therapy comprises preservation of the BBB structurally and functionally, inhibi-
tion of several features of major inflammatory molecules and interdiction of
MMP-2/9 activity. The diverse interconnecting and dependence on each other
could substantiate the remarkable efficacy of anti-HMGB1mAb therapy in TBI
[34]. In line with the conspicuous effects of anti-HMGB1mADb on brain edema,
this treatment decreased the upsurge in BBB permeability, MMP2/9 activity, and
emergence of major inflammatory molecules, including TNF-a and iNOS [34].
Okuma and colleagues again indicated that the therapy also drastically amelio-
rated the acute motor impairments initiated by percussion injury. They con-
cluded that anti-HMGB1mAb protected the BBB from disruption, control of in-
flammatory responses and maintenance of central nervous system motor sen-
sory function [34].

Chaichana ef al confirmed indeed that, anti-HMGB1mAb drastically inhib-
ited the release of plasminogen activator inhibitor-1(PAI-1), a marker for vascu-
lar endothelial cell activation and neutrophil elastase suggesting that the interac-
tion between vascular endothelial cells and blood cells was reduced [48] through
the clearance of circulating HMGB1 by specific mAb. Shlosberg and associates
are of the view that because uncontrolled brain edema usually champions brain
herniation which is the main causes of death in patients after TBI [35], early
treatment with anti-HMGB1mAb might be a promising strategy for TBI and
other complications such as post-traumatic epilepsy [49] and impairment in
cognitive function [50]. Guo and colleagues have also indicated that TBI is a risk
factor for Alzheimer disease [51]. Okuma and colleagues are of the view that be-
cause the auspicious effects of anti-HMGB1mAD remain for at least 1 to 2 weeks
in terms of neuronal cell death and motor sensory function, it is feasible that
anti-HMGB1mAD therapy might inhibit the secondary brain injury emanating
from TBI, and thereby greatly enhance the prognosis of this condition and de-
crease the incidence of complications [34].

8. Conclusion

HMGBI is an early arbitrator of sterile inflammation which is expressed in the
plasma within 45 minutes after severe trauma in humans, during severe tissue
injury and tissue hypoperfusion. HMGBL is well known to be linked with post-
traumatic coagulation abnormalities, activation of complement and severe sys-
temic inflammatory response. While anti-HMGBImAD efficiently decreases
acute brain edema after TBI through preservation of the BBB and suppression of
inflammatory responses, NR2B has been incriminated as an important initiating
factor enhancing cerebral innate immune responses, bridging acute excitotoxic-
ity with secondary neurological injury. Also CSF mtDNA is unique DAMP in
TBI which appears to be a useful biomarker that predicts neurological outcomes
after TBI.
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