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Abstract 

  Subarachnoid hemorrhage (SAH) is a devastating disease with high mortality and mobility, 

the novel therapeutic strategies of which are essentially required.  The calcium binding protein 

S100B has emerged as a brain injury biomarker that is implicated in pathogenic process of SAH.  

S100B is mainly expressed in astrocytes of the central nervous system and functions through 

initiating intracellular signaling or via interacting with cell surface receptor, such as the receptor 

of advanced glycation end products.  The biological roles of S100B in neurons have been closely 

associated with its concentrations, resulting in either neuroprotection or neurotoxicity.  The 

levels of S100B in the blood have been suggested as a biomarker to predict the progress or the 

prognosis of SAH.  The role of S100B in the development of cerebral vasospasm and brain 

damage may result from the induction of oxidative stress and neuroinflammation after SAH.  To 

get further insight into mechanisms underlying the role of S100B in SAH based on this review 

might help us to find novel therapeutic targets for SAH. 
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Introduction 

Subarachnoid hemorrhage (SAH) is one type of hemorrhagic strokes and a devastating 

category with mortality as high as 50%, although it only represents about 5% of all stroke cases.  

However, the effective treatment for SAH is limited.  To get further insight into the pathogenic 

mechanism for SAH induced brain injury might function formulate novel therapeutic strategies 

for SAH.  The clinical observations have recognized S100 calcium-binding protein B (S100B) as 

a new biomarker for SAH.  In this regard, S100B has become a new hot research target for SAH. 

S100B is one of the members of the S100 family, which contains at least 25 proteins.  

S100B is the one that is closely associated with the central nervous system (CNS), in which other 

S100 family members, such as S100A1, also express (Donato 1999).  S100B is a homodimer that 

constitutes of two  subunits and its gene locates at chromosome locus 21q22 (Heizmann 2002b).  

S100B can also form heterodimers with other members of the S100 family, such as S100A1 or 

S100A6 in melanoma cells (Yang et al. 1999).  S100 proteins contain two calcium-binding 

domains (EF-hand) linked by a hinge region and 4 -helix components (Donato 2001, Heizmann 

2002a, Streicher, Lopez, and Makhatadze 2010).   In addition to binding to calcium, S100B is 

also a zinc binding protein (Marshak, Watterson, and Van Eldik 1981, Baudier, Holtzscherer, 

and Gerard 1982); the binding site of zinc on S100B may regulate the interaction between S100B 

and p53 (Whitlow et al. 2009).  The C-terminal EF-hand undergoes conformational changes 

upon calcium binding (Castagnola et al. 2013, Rustandi, Baldisseri, and Weber 2000).  S100B 

can function both intracellularly and extracellularly.  

Intracellular S100B plays significant roles in cell proliferation, survival, and differentiation 

through associating with intracellular membrane, cytoskeleton proteins, transcriptional factors, 

cell cycle proteins, and calcium homeostasis (Arcuri et al. 2005, Beccafico et al. 2011a, Lin et al. 
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2010, Reeves et al. 1994, Tubaro et al. 2011, Xiong et al. 2000, Tsoporis et al. 2009).  S100B can 

also physically interact with the pro-apoptotic and tumor repressor, p53, and functionally 

regulate cAMP by the way of the 5-HT receptor (Baudier et al. 1992, Stroth and Svenningsson 

2015, Rustandi et al. 1998).  Further study indicates that S100B can interact with the third 

cytoplasmic loop of the dopamine D2 receptor to promote extracellular signal-regulated kinase 

(ERK)1/2-mediated inhibition of adenylyl cyclase activity in striatal neurons (Liu, Buck, and 

Neve 2008).  Moreover, S100B has been recognized as a calcium-dependent activator of 

membrane-bound guanylate cyclase in retina (Pozdnyakov et al. 1997, Rambotti et al. 1999). 

The cellular expression of S100B was primarily found in the cytoplasm of astrocytes and 

currently, its expression was found mainly in astrocytes, oligodendrocytes, neural progenitor 

cells, and Schwann cells of the nervous system (Hachem et al. 2005, Darlot et al. 2008, Perrone, 

Peluso, and Melone 2008, Steiner et al. 2007, Streitburger et al. 2012, Spreca et al. 1989) (Table 

1).  S100B expresses in both the cytoplasm and the nucleus of cells.  Other cells that express 

S100B in the CNS include ependymal cells, the choroid plexus epithelium, microglia, and 

neurons (Steiner et al. 2007, Ellis et al. 2007a, Adami et al. 2001).  However, S100B has also 

been found in non-nervous system cells, such as vascular endothelial cells, adipocytes (Michetti 

et al. 1983, Goncalves et al. 2010), chondrocytes, peripheral lymphocytes (Moutsatsou et al. 

2014), bone marrow cells (Faye et al. 2008), skeletal myoblast cells (Beccafico et al. 2011b, 

Tubaro et al. 2010), and melanocytes (Cocchia, Michetti, and Donato 1981, Sviatoha et al. 2010).  

Although S100B does not express in cardiomyocytes under physiological conditions, its 

expression in cardiomyocytes can be induced by cardiac infarction (Tsoporis et al. 2005).  The 

extensive expression of S100B suggests it may hold a variety of bioactivities.  
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Extracellular S100B can interact with several cell surface receptors to initiate its biological 

functions.  In some scenarios, extracellular S100B exerts its biological activities through the 

receptor of advanced glycation end products (RAGE) (Huttunen et al. 2000).  S100B has also 

been demonstrated to promote and/or stabilize the binding of basic fibroblast growth factor 

(bFGF) to its receptor 1 (FGFR1) in myoblast, increasing the proliferation and inhibiting 

differentiation of myoblast (Riuzzi, Sorci, and Donato 2011).  In addition, extracellular S100B 

may be more associated with pathological conditions.  Both S100B leakage from damaged cells 

and active secretion by astrocytes contribute to increased extracellular S100B (Gerlach et al. 

2006).  The increased levels of S100B in body fluid, including blood, urine, cerebrospinal fluid 

(CSF), and amniotic fluid, have been recognized as biomarker for diseases, especially for brain 

injury (Michetti et al. 2012, Chong et al. 2016).    

S100B has been implicated in diseases of many systems, including neurodegenerative 

diseases, cancer, diabetes mellitus, and mood disorders (Chong et al. 2016).  The review will 

mainly discuss S100B as a biomarker and its contribution to the development of brain injury 

following SAH.  The pathogenic role of S100B in the development of cerebral vasospasm that is 

associated with neuroinflammation and oxidative stress will be reviewed. 

The roles of S100B in neuronal survival 

 

The bioactivities of S100B in neurons are dependent on its concentrations.  S100B has 

either trophic or toxic effect with different levels of its local concentrations (Table 2).  At a low 

nanomolar physiological concentrations, S100B stimulates the neurite growth, increases 

neuronal survival during both development and injury (Rothermundt et al. 2003, Nishiyama et al. 

2002, Bluhm et al. 2015, Falcone et al. 2015), plays a role during the neuronal maturation and 



 6 

glial cell proliferation in vitro, protects against glucose deprivation induced cell death and 

mitochondrial dysfunction (Ellis et al. 2007b, Ahlemeyer et al. 2000b, Alexanian and Bamburg 

1999b, Kleindienst and Ross Bullock 2006a, Serbinek et al. 2010a).  S100B, at nanomolar 

concentrations, can protect neuroblastoma cell line LAN5 against the toxicity of amyloid beta 

peptide (Aβ) in a RAGE dependent manner; in contrast, micromolar levels of S100B increase Aβ 

neurotoxicity (Businaro et al. 2006).  S100B at 50 nM reduces glutamate induced neuronal death, 

while S100B at 1 M increases glutamate induced cell death of primary cortical neurons 

(Villarreal et al. 2011).  Similarly, S100B at 100 nM promotes, and at 5 M decreases, cell 

survival in serum-starved N18 neuroblastoma cells (Huttunen et al. 2000).  Low concentrations 

of S100B (0.02-2 ng/ml) can also significantly protect primary rat hippocampal neurons against 

N-methyl-D-aspartate (NMDA) toxicity (Kogel et al. 2004).   

However, the activity of S100B associates with its concentrations that do not really have 

clear-cut point between nanomolar and micromolar levels.  The final effects of S100B may also 

be dependent on the insults and the conditions of the experiments.  For examples, S100B, at the 

doses of (1- 10 ng/ml, corresponds to about 476 nM- 476 M), reduces staurosporine-induced 

damage in pure neuronal cultures from chick embryo telencephalon as well as in mixed 

neuronal/glial cultures from neonatal rat hippocampus (Ahlemeyer et al. 2000a).  S100B (0.2-20 

µg/ml) can increase the survival of embryonic chick forebrain neurons in a dose-dependent 

manner (Alexanian and Bamburg 1999a).  Even at higher concentration, S100B can also 

demonstrate neuroprotection.  At 30 ng/ml (1.4 mM), S100B can protect against ethanol-induced 

apoptosis in fetal rhombencephalic neurons (Druse et al. 2007).  In brain slice, a higher 

concentration of S100B (50 g/ml) can counteract neurodegeneration of cholinergic neurons 
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after oxygen-glucose deprivation (OGD), an in vitro model of cerebral ischemia, in organotypic 

brain slices of basal nucleus of Meynert (Serbinek et al. 2010b).   

The underlying mechanism that S100B promotes neuronal survival may include multiple 

signaling pathways (Figure 1).  The protective effects of S100B in fetal rhombencephalic 

neurons during ethanol treatment have been associated with the activation of phosphoinositide 3 

kinase (PI3K), since inhibition of PI3K diminishes the efficacy of S100B (Druse et al. 2007).  As 

one of the most important kinases in the body, PI3K, in response to survival factors, is recruited 

to the plasma membrane, where it preferentially phosphorylates membrane phosphoinositides, 

resulting in the recruitment and activation of protein kinase B, also named as Akt, an important 

cell growth and cell survival factor (Chong et al. 2012, Chong 2015).  S100B activates Src 

kinase (Brozzi et al. 2009), resulting in the phosphorylation of the cannabinoid receptor Cbl and 

subsequent activation of PI3K and Akt (Koga et al. 2006, Arcuri et al. 2005).  S100B increases 

the activation of Akt with increased expression of phosphorylated Akt followed by up-regulation 

of X-linked inhibitor of apoptosis protein (XIAP) and anti-apoptotic protein Bcl-2 (Druse et al. 

2007).  Nanomolar S100B up-regulates the expression of Bcl-2 in neurons during serum 

deprivation and improves cell survival (Huttunen et al. 2000).  Nuclear factor-kappa B (NF-κB) 

is another target of S100B for neuroprotection.   S100B can increase the activity of NF-κB and 

promote neuronal survival, while inhibition of NF-κB can not only reduce the expression of 

active NF-κB, but also decrease the survival of neurons (Alexanian and Bamburg 1999a). 

The detrimental effects of S100B at high levels may be regulated through stimulating 

neuroinflammation and inducing apoptosis in vitro (Figure 1).  S100B exerts its neurotoxic 

effects in vitro by inducing apoptosis in neurons, contributing to the progress of 

neurodegenerative and neuroinflammatory diseases (Huttunen et al. 2000).  The detrimental 
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effects of S100B in neurons may also associate with oxidative stress, since increased expression 

of S100B in spinal cord with motor neuron degeneration is accompanied by increased product of 

lipid peroxidation (Corvino et al. 2003).  However, the role of S100B in cell survival is variably 

associated with its concentrations, for examples, S100B induces apoptosis in myoblasts at 

nanomolar concentrations in the absence of serum, whereas it stimulates myoblast proliferation 

and reduces myoblast apoptosis at the nanomolar doses in the presence of serum (Sorci et al. 

2004, Riuzzi, Sorci, and Donato 2006), and at micromolar levels, S100B increases cellular 

proliferation and promotes the recruitment of cell survival proteins in a neuronal cell line 

although it induces the formation of reactive oxygen species (ROS) (Leclerc et al. 2007).  These 

results suggest that S100B might be a double-edged sword, the effects of which are dependent on 

multiple factors.  

 

S100B functions as a biomarker for brain injury 

 

The levels of S100B have been recognized as a marker to predict the progress of brain 

injury after traumatic brain injury (TBI).  In patients with severe head traumas, the serum levels 

of S100B closely correlate with Glasgow Coma Scale (GCS) and CT scan findings 48 hrs after 

trauma (Shakeri, Mahdkhah, and Panahi 2013).  The serum levels of S100B at the admission 

have been closely associated with the length of hospital stay and injury severity score after 

bicycle trauma (Thelin et al. 2015).  In severe TBI, the serum levels of S100B combined with 

papillary responsiveness at admission can predict the risk of brain death (Egea-Guerrero et al. 

2013).  In addition, the levels of S100B may also function to predict the development of post-

concussion syndrome (PCS) after TBI, the levels of S100B at 6 hrs after mild TBI is an 

independently significant predictor of PCS 1 month later (Heidari et al. 2015).  In patients with 
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alcohol-intoxicated minor head injury, the serum level of 0.21 g/ml has been suggested as a cut-

off point to predict primary brain damage (Mussack et al. 2002). 

Accumulating findings for S100B in brain injury have pointed to that S100B plays a role 

in the development of neuronal dysfunction after brain trauma.  In an experimental cortical 

impact TBI in mice, S100B knockout or application of neutralizing S100B antibody can 

significantly reduce TBI-induced lesion volume, improve retention memory, and attenuate 

microglial activation (Kabadi et al. 2015).  S100B mediated oxidative stress and 

neuroinflammation may contribute to the development of TBI brain injury.  Oxidative stress is 

well documented in the brain after TBI (Rodriguez-Rodriguez et al. 2014, Toklu and Tumer 

2015, Wang et al. 2016).  Anti-oxidants have been demonstrated to attenuate S100B induced 

neuronal injury, suggesting that S100B plays a role in oxidative stress.  However, direct evidence 

that links S100B induced oxidative stress and TBI brain injury is absent and confirmation 

requires further investigation.  S100B induced inflammation may also contribute to TBI.  The 

CSF S100B was significantly increased for 6 hrs after injury in patients with severe TBI 

accompanied by significant increase of cytokines, such as IL-6 and IL-8.  Interestingly, only the 

peak CSF IL-1 concentration correlated significantly and positively with the peak S100B 

concentrations within 24 h after severe TBI, suggesting that CSF S100B combined with IL-1 

may be useful as outcome predictors of severe TBI (Hayakata et al. 2004) and also indicating 

that S100B induced inflammation may be involved in the pathogenesis of TBI.   

The contribution of S100B to the development of brain damage in trauma might be 

associated with its effects on endothelial dysfunctions.  The rationale is based on the fact that the 

increased levels of S100B in patients with multiple traumatic injuries were accompanied by 

increase in soluble E-selectin and Von willebrand factor (vWF), the two injury markers of 
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endothelial cells (Dang et al. 2014).  Moreover, overexpression of S100B increases apoptotic cell 

death and elevated the levels of IL-6 and IL-8 in human umbilical vein endothelial cells, 

suggesting that S100B mediated endothelial cell dysfunction (Dang et al. 2014).   

Increased serum levels of S100B may come from the brain through impaired the blood-

brain barrier (BBB), the notion has been observed by Pazza et al. (Piazza et al. 2007), 

demonstrating that increased serum levels of S100B after brain injury reflect the mechanical 

discharge through a destroyed BBB.  This was further supported by another study showing that 

serum levels of S100B are dependent primarily on the integrity of BBB and are independent of 

the brain level of S100B after TBI (Kleindienst and Ross Bullock 2006b).  The phenomena that 

brain S100B is not elevated during TBI may be due to the release of increased production of 

S100B into the blood or to the extracellular space.  The time point selection of the determination 

of brain S100B may also account for the observation.  However, in patients with a variety of 

neurodegenerative diseases, the CSF and serum S100B did not correlate well with the 

impairment of blood-CSF barrier, although serum S100B level correlates well with the CSF level 

(Steinacker et al. 2013).  As shown in Table 1, a variety of nervous system cells can produce 

S100B; the S100B may somehow actively get its path into the blood flow, since astrocyte-

cerebrovascular coupling has been well documented.  The peripheral cells may also contribute to 

serum S100B levels as discussed below. 

For the source of serum S100B during TBI, someone may argue that S100B can also be 

released from the peripheral tissues, since non-nervous tissues can also express S100B (Kleine, 

Benes, and Zofel 2003, Geyer et al. 2009).   In severe ill patients in the absence of an apparent 

brain damage, serum levels of S100B were increased, seeming to argue against S100B as a brain 

damage indicator.  The important finding in this setting is that increased S100B values correlate 
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positively with lactate levels and negatively with blood pressure and pH accompanied by low 

hemoglobin suggesting that increased serum S100B concentration may be related to tissue 

hypoperfusion (Routsi et al. 2006).  However, how does TBI stimulate the release of S100B from 

peripheral cells and how much can peripheral cells contribute to the increased level of serum 

S100B during TBI have not yet been addressed.  Moreover, the increased S100B may not always 

be detrimental, as in some scenarios, S100B promotes delayed reparative processes and reduces 

neuronal injury (Sorci et al. 2010).  What factors, such as concentration, determine the 

detrimental or reparative functions of S100B require further elucidation, which might help us to 

get best use of S100B as a therapeutic target practically for TBI.   

S100B and subarachnoid hemorrhage 

 Recently, S100B has been recognized as a potential biomarker in the evaluation of the 

progress and prognosis of SAH and a possible therapeutic target against brain injury following 

SAH.  The increased serum levels of S100B have been observed in both experimental and 

clinical SAH (Table 3).  In rat SAH, the serum S100B was increased within 1 h after 

intraluminal perforation of the cerebral vessels (Tanaka et al. 2008a).  The combined increase of 

serum S100B levels and decrease of the secreted isoform RAGE (sRAGE), which can act as 

decoy receptors to form heterocomplex with full-length RAGE to interfere with RAGE 

activation (Koch et al. 2010), within 6 hrs of stroke onset has been noted (Montaner et al. 2012).  

In post-surgical aneurysmal SAH patients, CSF levels of S100B on 3 and 14 days were 

significantly associated with poor outcomes (Kaneda et al. 2010).  The levels of S100B in both 

the serum and CSF have also been found to be able to differentiate the severity of the outcomes 

in patients with spontaneous SAH (Moritz et al. 2010).  In this study, neuron-specific enolase 
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(NSE) and S100B in both CSF and serum were determined within 8 d days following 

spontaneous SAH; the results indicate that mean and CSF NSE, CSF S100B, and serum S100B 

are valuable to predict cerebral infarction and intracranial hypertension.  In addition, mean daily 

values of serum S100B have been proposed as a prognostic marker for patients with aneurysmal 

SAH; the elevated serum levels of S100B linked to poor neurological outcomes after SAH 

(Weiss et al. 2006, Sanchez-Pena et al. 2008, Wiesmann et al. 1997, Pereira et al. 2007).  By 

systemic review of clinical trials, higher serum S100B level was associated with cerebral 

infarction and worse Glasgow Outcome Scale scores following aneurysm SAH (Lai and Du 

2016).  In this respect, serum S100B has been proposed as a potential prognostic biomarker for 

neurological outcomes of SAH. 

S100B and cerebrovascular vasospasm 

S100B has already been associated with delayed cerebral vasospasm, a major 

complication following SAH that contributes to high morbidity and mortality.  Cerebral 

vasospasm that results from the constriction of smooth muscle in blood vessels to the brain 

causes reductions in cerebral blood flow and subsequent cerebral ischemia, leading to 

neurological deficit and long-term morbidity.  Targeting cerebral vasospasm has become one of 

the major therapeutic strategies for SAH.  Although serum or CSF S100B, in some scenarios, 

failed to predict cerebral vasospasm in patients suffering from SAH, the contributing role of 

S100B to vasospasm can’t be excluded after SAH (Lai and Du 2016, Amiri, Astrand, and 

Romner 2013).  The supporting data indicates that serum S100B levels significantly correlate 

with delayed ischemic lesions after SAH (Jung et al. 2013, Sanchez-Pena et al. 2012).  Our 

recent experimental study found that CSF S100B was significantly increased 48 hrs following 

experimental SAH in rats (Changyaleket et al. 2016).  Moreover, application of S100B by 
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intracerebroventricular infusion for 48 hrs results in the impairment of pial arteriole dilating 

reactivity.  In this experiment, S100B attenuates the pial vasodilating responses to sciatic nerve 

stimulation and topical suffusion of acetylcholine, which is abrogated by the concomitant 

application of sRAGE, a decoy inhibitor of RAGE, suggesting that S100B is detrimental to the 

cerebrovascular dilating function following SAH in a RAGE-dependent pathway (Changyaleket 

et al. 2016).  Further studies are undergoing to complement the results and explore the 

underlying mechanisms. 

Neuroinflammation and subarachnoid hemorrhage 

Inflammation has been closely associated with the progress of brain injury following SAH 

(Miller et al. 2014).  First line of evidence is the activation of inflammatory microglia after SAH.    

Increasing the release of inflammatory cytokines, such as IL-1, TNF-, IL-6, IL-8, intercellular 

adhesion molecule (ICAM)-1, and monocyte chemoattractant protein-1 (MCP-1) has been 

observed after SAH (Prunell et al. 2005, Aihara et al. 2001, Gaetani, Tartara, et al. 1998).  More 

interesting finding is that neuronal cell death and microglia accumulation follow a similar time 

course after experimental SAH and depletion of microglia significantly reduces neuronal cell 

death, suggesting that microglia accumulation contributes to secondary brain injury after SAH.  

More importantly, blockade of inflammatory cytokines reduces neuronal apoptosis after 

experimental SAH (Jiang et al. 2012).  The underlying mechanisms that inflammation promotes 

neuronal injury during SAH needs to be further clarified.   

One of possible results from neuroinflammation is its contribution to delayed brain injury 

after SAH through inducing delayed vasospasm following SAH (Vecchione et al. 2009).  This 

was further confirmed by application of cytokine inhibitors that attenuate the vasospasm 
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following SAH (Jiang et al. 2012, Lin et al. 2005, Clatterbuck et al. 2003, Bowman et al. 2006, 

Nishino et al. 2010).  Moreover, accumulation of neutrophils in cerebral vessels and in brain 

parenchyma in early phase of SAH has been identified (Friedrich et al. 2011) and higher 

percentage of neutrophils in CSF following SAH has been suggested as an independent predictor 

for cerebral vasospasm (Provencio et al. 2010).  While depletion of neutrophils 3 days after SAH 

in mice abrogates tissue inflammation and reverses cerebral vasoconstriction in the middle 

cerebral artery territory with improved cognitive function (Provencio et al. 2016).  In addition, 

general anti-inflammatory treatment by using corticosteroids also reduces cerebral vasospasm, 

attenuates the delayed cerebral ischemia, and improves the outcomes in both experimental and 

clinical SAH (Chyatte and Sundt 1984, Yoneko et al. 2010, Katayama et al. 2007).   

S100B and neuroinflammation 

 

S100B has been shown to modulate the activation of microglia.  As monocyte derived cells 

that reside within the CNS, microglia is responsible for the inflammatory response in the CNS 

and in addition to its functions to clarify the cell debris and tissue reparative processes (Chong, 

Li, and Maiese 2005, 2007).  Activated microglia acquires the capability to produce pro-

inflammatory cytokines.  S100B alone seems not to induce the activation of microglia, but 

potentiate the effects of other microglia activating agents, such as lipid A and interferon-gamma 

(IFN-), in this process (Petrova, Hu, and Van Eldik 2000, Adami et al. 2001).   

S100B promote inflammation through inducing cytokine release.  S100B can up-regulate 

macrophage production of IL-1 and C-C motif chemokine 22 (CCL22) to enhance the retinal 

inflammation, since S100B knockout in mice results in a reduced cytokine release and a reduced 



 15 

degree of experimental autoimmune uveoretinitis (Niven et al. 2015).  S100B can upregulate the 

expression of pro-inflammatory cytokines IL-1 and TNF- in microglia with RAGE 

engagement (Bianchi, Giambanco, and Donato 2010a).  S100B protein also stimulates microglia 

migration through RAGE-dependent recruitment of the adaptor protein, diaphanous-1, and 

activation of diaphanous-1/Rac1/JNK/AP-1, Ras/Rac1/NF-kB, and Src/Ras/PI3K/RhoA 

pathways to upregulate the expression of the chemokines, CCL3, CCL5, and CXCL12, and to 

increase the expression of chemokine receptors CCR1 and CCR5, which are required for 

microglia migration (Bianchi et al. 2011).  Astrocytes with S100B exposure exhibit a pro-

inflammatory phenotype with expression of IL-1.  S100B can stimulate the secretion of IL-6 

and TNF- in cultured astrocytes in a concentration- and time-dependent manner (Villarreal et al. 

2014, Ponath et al. 2007). 

As one of the mechanisms of neuroinflammatory induction, S100B can enhance the 

expression of pro-inflammatory cyclooxygenase 2 (COX-2) (Bianchi et al. 2007).  COX-2 is an 

inducible COX and plays an important role in the conversion of arachidonic acid to pro-

inflammatory prostaglandins (Hoozemans et al. 2005, Minghetti 2004).  S100B up-regulates 

COX-2 in microglia in a RAGE-dependent manner through activating a Cdc42/Rac1/JNK (Jun 

amino-terminal kinase) pathway and Ras/Rac1/NF-κB pathway (Bianchi, Giambanco, and 

Donato 2010a).  Cell division control protein 42 (Cdc42) and Ras-related C3 botulinum toxin 

substrate 1 (Rac1) are small GTPase of the Rho family members and function to regulate 

signaling pathways that are involved in cell cycle progression, cell growth, cytoskeletal 

reorganization, and the activation of protein kinases (Shinjo et al. 1990, Ridley 2006).  

Transfection with inactive Cdc42, inactive Rac1, or inactive Ras abrogates S100B-induced JNK 

phosphorylation and COX-2 expression (Bianchi, Giambanco, and Donato 2010b).  Moreover, 
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S100B in microglia with inactive Cdc42, Rac1, or Ras, S100B failed to stimulate NF-κB 

transcriptional activity and the S100B/RAGE interaction was unable to up-regulate COX-2 

(Bianchi, Giambanco, and Donato 2010b).  In addition, S100B promotes the expression of COX-

2 in microglia also through the activation of NF-κB and subsequent activation of the activator 

protein 1 (AP-1) in a RAGE dependent manner (Bianchi, Giambanco, and Donato 2010a) 

(Figure 2). 

 The role of S100B induced neuroinflammation in SAH 

S100B induced neuroinflammation has been associated with cerebral vasospasm after 

SAH.  We have investigated the role of S100B in experimental SAH and our primary results 

demonstrated that inhibition of S100B attenuate the pial venular leukocyte adhesion and 

improves pial vascular dilating reactivity (unpublished data).  Inhibition of vascular adhesion 

protein-1 has been demonstrated to prevent leukocyte infiltration in SAH (Xu et al. 2014, Xu et 

al. 2015) and also attenuate S100B induced impairment of pial arteriole reactivity, indicating that 

S100B might promote inflammatory response to aggravate cerebral vasospasm following SAH 

(Figure 3). 

Oxidative stress and subarachnoid hemorrhage 

Oxidative stress through the generation of reactive oxygen species (ROS) has been 

closely linked to the pathogenesis of the diseases in the nervous system (Chong, Li, and Maiese 

2005, Maiese et al. 2012).  Overproduction of ROS that includes superoxide free radicals, 

hydrogen peroxide, singlet oxygen, nitric oxide (NO), and peroxynitrite impairs the balance 

between the oxidant and anti-oxidant systems in the body, leading to oxidative stress and cell 

damage (Chong and Maiese 2008).  
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The induction of rupture of aneurysm has been linked to oxidative stress.  Increased 

expression of hemeoxygenase-1, a marker for oxidative stress, was detected in ruptured 

aneurysm wall accompanied by increased apoptosis (Laaksamo et al. 2013), the elevated level of 

which has been observed in ruptured aneurysm (Laaksamo et al. 2013, Pentimalli et al. 2004), 

suggesting that oxidative stress is possibly associated with increased risk of aneurysm rupture.   

The imbalance of the antioxidant enzymatic activities with increased superoxide dismutase (SOD) 

and glutathione peroxidase (GSHP) in the human brain after SAH has been illustrated.  The 

SOD/GSHP ratio that represents the balance between the production of hydrogen peroxides by 

dismutation of superoxide radicals and the scavenging potential was increased in patients with 

the development of cerebral vasospasm (Gaetani, Pasqualin, et al. 1998).  Increased production 

of ROS in CSF in experimental SAH (Mori et al. 2001) and elevated activity of myeloperoxidase 

and NADPH oxidase in CSF of patients (Provencio et al. 2010) with aneurysmal SAH have been 

illustrated.  Hydrogen gas, which has been demonstrated to neutralize free radicals and reduce 

oxidative stress, significantly reduces brain edema and improves neurologic function at 24 h after 

SAH (Zhan et al. 2012).  Increased oxidative stress markers have been observed in CSF of SAH 

patients with cerebral vasospasm (Pyne-Geithman et al. 2009).  Inhibition of oxidative stress 

reduces cerebral vasospasm and brain injury after SAH (Echigo et al. 2012, Zhang et al. 2014, 

Gaetani and Lombardi 1992, Kim et al. 2002).   

S100, oxidative stress, and subarachnoid hemorrhage 

S100B induced oxidative stress may also contribute to the development of brain injury 

and delayed cerebral vasospasm after SAH.  The toxicity of S100B has been linked to the 

induction of oxidative stress (Figure 2).  The association of S100B with oxidative stress has been 

demonstrated when the neuronal cultures were pretreated with a hydrophilic antioxidant ascorbic 
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acid or a lipophilic antioxidant α-tocopherol prior to application of 5 μM S100B, in which the 

toxicity of S100B was significantly attenuated, suggesting that oxidative stress, at least in part, 

contributes to the toxicity of high concentrations of S100B in neurons (Huttunen et al. 2000).  

S100B can stimulate ROS production in both microglia and astrocytes.  In rat astrocyte 

cultures, S100B (1-40 g/ml) dose dependently increases NO production, which results from the 

induction of inducible NO synthase (iNOS) (Hu et al. 1996).  Although S100B itself failed to 

induce NO in microglia, it, at the concentration of 0.1~5 M, significantly potentiates the effect 

of IFN- on NO production in a RAGE signaling independent manner (Adami et al. 2004).  The 

C-terminal region of S100B may be necessary for iNOS induction, since truncation mutant 

S100B that lacks the C-terminal nine residues attenuates its effects on iNOS (Koppal et al. 2001).  

S100B increases NO release from microglia in vitro by activating the mitogen-activated protein 

kinases p38 and JNK (Adami et al. 2004).   

In addition, the oxidized states of the S100B can affect its biological functions.  The 

oxidization of S100B induces a conformational change in its structure (Zhukova et al. 2004) and 

has been associated with the mitogenic activity of S100B.  Oxidative stress can promote the 

formation of intra-subunit disulfide-bridged S100B and the reduced form of S100B loses its 

activity towards neurite extension (Scotto et al. 1998).  

S100B and cerebral ischemia 

The pathogenic effects of S100B in ischemic stroke may also contribute to its effects in 

SAH, since delayed cerebral ischemia is a major complication of SAH as described above and 

S100B has been suggested to play a potential role in ischemic stroke.  Here a brief description of 

the role of S100B in ischemic stroke was illustrated here.  
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A significant increase of S100B levels has been observed in both serum and CSF of 

patients with acute ischemic stroke.  The serum levels of S100B was significantly increased over 

a 7 day period following infarction and the peak plasma levels of S100B correlated well with 

infarct volume and with the neurological score (Glasgow Outcome Scores) (Missler et al. 1997).  

Even transient ischemia caused by carotid endarterectomy (CEA) can induce an increase of 

serum S100B.  S100B in ipsilateral internal jugular vein was increased during clamping and 

reperfusion, suggesting that transient ischemia during CEA induces brain injury (Arfvidsson, 

Nilsson, and Norgren 2015).  The cerebral injury after CEA is exhibited by significant declines 

in neuropsychometric test performance with high S100B levels (Di Legge et al. 2003).  Serum 

S100B concentrations in patients with severe infarction after proximal middle cerebral artery 

occlusion could be progressively increased to 2.41±1.59 g/L at 24 hrs after hospital admission 

(Foerch et al. 2004).  Moreover, the elevated serum S100B levels not only associate with 

enhanced infarction, but also have a strong correlation with depression symptoms at 60 days 

following acute ischemic stroke (Gonzalez-Garcia et al. 2012).  These studies suggest that serum 

S100B levels may help to predict infarct volume and the long-term neurological outcome 

following acute ischemic stroke.  Serum S100B also can function to evaluate the efficacy of 

treatment after ischemic stroke.  In an embolic stroke model of rats, a combined therapy with t-

PA (tissue plasminogen activator) and MK-801 (a potent N-methyl-D-aspartate antagonist) 

significantly attenuated brain edema accompanied by decreased serum S100B level 24 hrs 

following stroke (Tanaka et al. 2007).   

Similarly, the CSF S100B was also significantly increased after ischemic stroke; however, 

the levels of S100B in CSF are higher and declined more quickly than that in serum (Tanaka et al. 
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2008b).  In addition, a strong correlation of S100B levels between CSF and serum 48 hrs after 

the onset of stroke was observed in a rat model of thromboembolic stroke (Tanaka et al. 2008b). 

The pathogenic role of S100B in cerebral ischemia has also been observed in experimental 

stroke.  Cerebral ischemia can increase the brain expression of S100B and inhibition of 

astrocytic S100B synthesis by arundic acid attenuates delayed infarct expansion and improves 

neurological behavior following permanent focal cerebral ischemia in mice (Asano et al. 2005, 

Mori et al. 2006).  In contrast, overexpression of S100B increases the infarct volumes and 

neurological deficits.  S100B also increases the expression of astrocyte marker glial fibrillary 

acidic protein (GAFP) and microglial marker ionized calcium-binding adapter molecule 1 (IBA1) 

in the peri-infarct area, suggesting of increased gliosis (Mori et al. 2008).  The animal results 

combined with the clinical observation indicate that S100B might be one of the 

pathophysiological contributors to the ischemic neuronal injury. 

Conclusive remarks 

 

S100B, as a calcium binding protein, functions in cell proliferation, differentiation, 

inflammatory response, oxidative stress, cell survival, plays a role in the pathogenesis of SAH.  

S100B can either protect or promote neuronal damage, which is associated with its 

concentrations and physiological states.  As a brain damage biomarker, S100B level is elevated 

in response to SAH and correlates well with severity of brain injury and the outcomes of 

neurological deficit following SAH.  In this regard, monitoring the levels of S100B can assist to 

evaluate the progress and the efficacy of treatment of SAH.  However, more data is required to 

get reference values of S100B for monitoring purpose in patients.  Due to the variety of causes 

and different severity of SAH, it is difficult to give a cutoff point value of S100B at this time.  
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The grading levels of S100B might be needed with disease progression and severity.  

Nevertheless, as the research progresses, we hope to find proper times of sampling and cutoff 

point of S100B levels for evaluating the disease progression and treatment. 

In addition, increased S100B levels contribute to impaired cerebral vascular reactivity, 

cerebral vasospasm and brain injury during SAH through inducing neuroinflammation and 

oxidative stress (Figure 3).  The implication of S100B in development of brain injury during 

SAH suggests that S100B might be regarded as a potential therapeutic target for SAH. 

 

Conflict of interest 

There is no conflict of interest. 

 

References 

Adami, C., R. Bianchi, G. Pula, and R. Donato. (2004). S100B-stimulated NO production by BV-2 

microglia is independent of RAGE transducing activity but dependent on RAGE extracellular 

domain. Biochimica et biophysica acta. 1742, 169-77. 

Adami, C., G. Sorci, E. Blasi, A. L. Agneletti, F. Bistoni, and R. Donato. (2001). S100B expression in 

and effects on microglia. Glia. 33, 131-42. 

Ahlemeyer, B., H. Beier, I. Semkova, C. Schaper, and J. Krieglstein. (2000a). S-100beta protects cultured 

neurons against glutamate- and staurosporine-induced damage and is involved in the 

antiapoptotic action of the 5 HT(1A)-receptor agonist, Bay x 3702. Brain research. 858, 121-8. 

Ahlemeyer, B., H. Beier, I. Semkova, C. Schaper, and J. Krieglstein. (2000b). S-100beta protects cultured 

neurons against glutamate- and staurosporine-induced damage and is involved in the 

antiapoptotic action of the 5 HT(1A)-receptor agonist, Bay x 3702. Brain Res. 858, 121-8. 

Aihara, Y., H. Kasuya, H. Onda, T. Hori, and J. Takeda. (2001). Quantitative analysis of gene expressions 

related to inflammation in canine spastic artery after subarachnoid hemorrhage. Stroke; a journal 

of cerebral circulation. 32, 212-7. 

Alexanian, A. R., and J. R. Bamburg. (1999a). Neuronal survival activity of s100betabeta is enhanced by 

calcineurin inhibitors and requires activation of NF-kappaB. FASEB journal : official publication 

of the Federation of American Societies for Experimental Biology. 13, 1611-20. 

Alexanian, A. R., and J. R. Bamburg. (1999b). Neuronal survival activity of s100betabeta is enhanced by 

calcineurin inhibitors and requires activation of NF-kappaB. FASEB J. 13, 1611-20. 

Amiri, M., R. Astrand, and B. Romner. (2013). Can S100B Predict Cerebral Vasospasms in Patients 

Suffering from Subarachnoid Hemorrhage? Frontiers in neurology. 4, 65. 



 22 

Arcuri, C., R. Bianchi, F. Brozzi, and R. Donato. (2005). S100B increases proliferation in PC12 neuronal 

cells and reduces their responsiveness to nerve growth factor via Akt activation. J Biol Chem. 280, 

4402-14. 

Arfvidsson, B., T. K. Nilsson, and L. Norgren. (2015). S100B concentrations increase perioperatively in 

jugular vein blood despite limited metabolic and inflammatory response to clinically uneventful 

carotid endarterectomy. Clinical chemistry and laboratory medicine. 53, 111-7. 

Asano, T., T. Mori, T. Shimoda, R. Shinagawa, S. Satoh, N. Yada, S. Katsumata, S. Matsuda, Y. 

Kagamiishi, and N. Tateishi. (2005). Arundic acid (ONO-2506) ameliorates delayed ischemic 

brain damage by preventing astrocytic overproduction of S100B. Current drug targets. CNS and 

neurological disorders. 4, 127-42. 

Baudier, J., C. Delphin, D. Grunwald, S. Khochbin, and J. J. Lawrence. (1992). Characterization of the 

tumor suppressor protein p53 as a protein kinase C substrate and a S100b-binding protein. 

Proceedings of the National Academy of Sciences of the United States of America. 89, 11627-31. 

Baudier, J., C. Holtzscherer, and D. Gerard. (1982). Zinc-dependent affinity chromatography of the 

S100b protein on phenyl-Sepharose. A rapid purification method. FEBS letters. 148, 231-4. 

Beccafico, S., F. Riuzzi, C. Puglielli, R. Mancinelli, S. Fulle, G. Sorci, and R. Donato. (2011a). Human 

muscle satellite cells show age-related differential expression of S100B protein and RAGE. Age 

(Dordr). 33, 523-41. 

Beccafico, S., F. Riuzzi, C. Puglielli, R. Mancinelli, S. Fulle, G. Sorci, and R. Donato. (2011b). Human 

muscle satellite cells show age-related differential expression of S100B protein and RAGE. Age. 

33, 523-41. 

Bianchi, R., C. Adami, I. Giambanco, and R. Donato. (2007). S100B binding to RAGE in microglia 

stimulates COX-2 expression. J Leukoc Biol. 81, 108-18. 

Bianchi, R., I. Giambanco, and R. Donato. (2010a). S100B/RAGE-dependent activation of microglia via 

NF-kappaB and AP-1 Co-regulation of COX-2 expression by S100B, IL-1beta and TNF-alpha. 

Neurobiology of aging. 31, 665-77. 

Bianchi, R., I. Giambanco, and R. Donato. (2010b). S100B/RAGE-dependent activation of microglia via 

NF-kappaB and AP-1 Co-regulation of COX-2 expression by S100B, IL-1beta and TNF-alpha. 

Neurobiol Aging. 31, 665-77. 

Bianchi, R., E. Kastrisianaki, I. Giambanco, and R. Donato. (2011). S100B protein stimulates microglia 

migration via RAGE-dependent up-regulation of chemokine expression and release. The Journal 

of biological chemistry. 286, 7214-26. 

Bluhm, B., B. Laffer, D. Hirnet, M. Rothermundt, O. Ambree, and C. Lohr. (2015). Normal cerebellar 

development in S100B-deficient mice. Cerebellum. 14, 119-27. 

Bowman, G., R. H. Bonneau, V. M. Chinchilli, K. J. Tracey, and K. M. Cockroft. (2006). A novel 

inhibitor of inflammatory cytokine production (CNI-1493) reduces rodent post-hemorrhagic 

vasospasm. Neurocritical care. 5, 222-9. 

Brozzi, F., C. Arcuri, I. Giambanco, and R. Donato. (2009). S100B Protein Regulates Astrocyte Shape 

and Migration via Interaction with Src Kinase: IMPLICATIONS FOR ASTROCYTE 

DEVELOPMENT, ACTIVATION, AND TUMOR GROWTH. The Journal of biological 

chemistry. 284, 8797-811. 

Businaro, R., S. Leone, C. Fabrizi, G. Sorci, R. Donato, G. M. Lauro, and L. Fumagalli. (2006). S100B 

protects LAN-5 neuroblastoma cells against Abeta amyloid-induced neurotoxicity via RAGE 

engagement at low doses but increases Abeta amyloid neurotoxicity at high doses. Journal of 

neuroscience research. 83, 897-906. 

Castagnola, M., T. Cabras, F. Iavarone, C. Fanali, and I. Messana. (2013). Detection of Ca2+-binding 

S100 proteins in human saliva by HPLC-ESI-MS. Methods in molecular biology. 963, 357-71. 

Changyaleket, B., H. Xu, F. D. Testai, F. Vetri, T. Valyi-Nagy, C. Paisansathan, Z. Z. Chong, and D. A. 

Pelligrino. (2016). Intracerebroventricular application of S100B selectively impairs pial arteriolar 

dilating function in rats. Brain research. 



 23 

Chong, Z. Z. (2015). mTOR: A Novel Therapeutic Target for Diseases of Multiple Systems. Current drug 

targets. 16, 1107-32. 

Chong, Z. Z., B. Changyaleket, H. Xu, R. O. Dull, and D. E. Schwartz. (2016). Identifying S100B as a 

Biomarker and a Therapeutic Target For Brain Injury and Multiple Diseases. Current medicinal 

chemistry. 

Chong, Z. Z., F. Li, and K. Maiese. (2005). Oxidative stress in the brain: novel cellular targets that govern 

survival during neurodegenerative disease. Progress in neurobiology. 75, 207-46. 

Chong, Z. Z., F. Li, and K. Maiese. (2007). Cellular demise and inflammatory microglial activation 

during beta-amyloid toxicity are governed by Wnt1 and canonical signaling pathways. Cellular 

signalling. 19, 1150-62. 

Chong, Z. Z., and K. Maiese. (2008). Enhanced tolerance against early and late apoptotic oxidative stress 

in mammalian neurons through nicotinamidase and sirtuin mediated pathways. Current 

neurovascular research. 5, 159-70. 

Chong, Z. Z., Y. C. Shang, S. Wang, and K. Maiese. (2012). A Critical Kinase Cascade in Neurological 

Disorders: PI 3-K, Akt, and mTOR. Future neurology. 7, 733-748. 

Chyatte, D., and T. M. Sundt, Jr. (1984). Response of chronic experimental cerebral vasospasm to 

methylprednisolone and dexamethasone. Journal of neurosurgery. 60, 923-6. 

Clatterbuck, R. E., P. Gailloud, L. Ogata, A. Gebremariam, G. N. Dietsch, K. J. Murphy, and R. J. 

Tamargo. (2003). Prevention of cerebral vasospasm by a humanized anti-CD11/CD18 

monoclonal antibody administered after experimental subarachnoid hemorrhage in nonhuman 

primates. Journal of neurosurgery. 99, 376-82. 

Cocchia, D., F. Michetti, and R. Donato. (1981). Immunochemical and immuno-cytochemical localization 

of S-100 antigen in normal human skin. Nature. 294, 85-7. 

Corvino, V., R. Businaro, M. C. Geloso, P. Bigini, V. Cavallo, E. Pompili, T. Mennini, L. Fumagalli, and 

F. Michetti. (2003). S100B protein and 4-hydroxynonenal in the spinal cord of wobbler mice. 

Neurochemical research. 28, 341-5. 

Dang, X., L. Guan, W. Hu, G. Du, and J. Li. (2014). S100B ranks as a new marker of multiple traumas in 

patients and may accelerate its development by regulating endothelial cell dysfunction. 

International journal of clinical and experimental pathology. 7, 3818-26. 

Darlot, F., A. Artuso, N. Lautredou-Audouy, and D. Casellas. (2008). Topology of Schwann cells and 

sympathetic innervation along preglomerular vessels: a confocal microscopic study in protein 

S100B/EGFP transgenic mice. American journal of physiology. Renal physiology. 295, F1142-8. 

Di Legge, S., V. Di Piero, F. Di Stani, R. Perna, R. Gattuso, M. G. Reale, F. Benedetti Valentini, and G. L. 

Lenzi. (2003). Carotid endarterectomy and gliofibrillar S100b protein release. Neurological 

sciences : official journal of the Italian Neurological Society and of the Italian Society of Clinical 

Neurophysiology. 24, 351-6. 

Donato, R. (1999). Functional roles of S100 proteins, calcium-binding proteins of the EF-hand type. 

Biochim Biophys Acta. 1450, 191-231. 

Donato, R. (2001). S100: a multigenic family of calcium-modulated proteins of the EF-hand type with 

intracellular and extracellular functional roles. The international journal of biochemistry & cell 

biology. 33, 637-68. 

Druse, M. J., R. A. Gillespie, N. F. Tajuddin, and M. Rich. (2007). S100B-mediated protection against the 

pro-apoptotic effects of ethanol on fetal rhombencephalic neurons. Brain research. 1150, 46-54. 

Echigo, R., N. Shimohata, K. Karatsu, F. Yano, Y. Kayasuga-Kariya, A. Fujisawa, T. Ohto, Y. Kita, M. 

Nakamura, S. Suzuki, M. Mochizuki, T. Shimizu, U. I. Chung, and N. Sasaki. (2012). Trehalose 

treatment suppresses inflammation, oxidative stress, and vasospasm induced by experimental 

subarachnoid hemorrhage. Journal of translational medicine. 10, 80. 

Egea-Guerrero, J. J., F. Murillo-Cabezas, E. Gordillo-Escobar, A. Rodriguez-Rodriguez, J. Enamorado-

Enamorado, J. Revuelto-Rey, M. Pacheco-Sanchez, A. Leon-Justel, J. M. Dominguez-Roldan, 

and A. Vilches-Arenas. (2013). S100B protein may detect brain death development after severe 

traumatic brain injury. Journal of neurotrauma. 30, 1762-9. 



 24 

Ellis, E. F., K. A. Willoughby, S. A. Sparks, and T. Chen. (2007a). S100B protein is released from rat 

neonatal neurons, astrocytes, and microglia by in vitro trauma and anti-S100 increases trauma-

induced delayed neuronal injury and negates the protective effect of exogenous S100B on 

neurons. Journal of neurochemistry. 101, 1463-70. 

Ellis, E. F., K. A. Willoughby, S. A. Sparks, and T. Chen. (2007b). S100B protein is released from rat 

neonatal neurons, astrocytes, and microglia by in vitro trauma and anti-S100 increases trauma-

induced delayed neuronal injury and negates the protective effect of exogenous S100B on 

neurons. J Neurochem. 101, 1463-70. 

Falcone, T., D. Janigro, R. Lovell, B. Simon, C. A. Brown, M. Herrera, A. M. Myint, and A. Anand. 

(2015). S100B blood levels and childhood trauma in adolescent inpatients. Journal of psychiatric 

research. 62, 14-22. 

Faye, R. S., E. Paus, G. M. Maelandsmo, A. Berner, H. K. Hoifodt, O. Fodstad, and S. Aamdal. (2008). 

S100B in bone marrow aspirates in healthy individuals and malignant melanoma patients. 

Melanoma research. 18, 134-40. 

Foerch, C., B. Otto, O. C. Singer, T. Neumann-Haefelin, B. Yan, J. Berkefeld, H. Steinmetz, and M. 

Sitzer. (2004). Serum S100B predicts a malignant course of infarction in patients with acute 

middle cerebral artery occlusion. Stroke; a journal of cerebral circulation. 35, 2160-4. 

Friedrich, V., R. Flores, A. Muller, W. Bi, E. I. Peerschke, and F. A. Sehba. (2011). Reduction of 

neutrophil activity decreases early microvascular injury after subarachnoid haemorrhage. Journal 

of neuroinflammation. 8, 103. 

Gaetani, P., and D. Lombardi. (1992). Brain damage following subarachnoid hemorrhage: the imbalance 

between anti-oxidant systems and lipid peroxidative processes. Journal of neurosurgical sciences. 

36, 1-10. 

Gaetani, P., A. Pasqualin, R. Rodriguez y Baena, E. Borasio, and F. Marzatico. (1998). Oxidative stress in 

the human brain after subarachnoid hemorrhage. Journal of neurosurgery. 89, 748-54. 

Gaetani, P., F. Tartara, P. Pignatti, F. Tancioni, R. Rodriguez y Baena, and F. De Benedetti. (1998). 

Cisternal CSF levels of cytokines after subarachnoid hemorrhage. Neurological research. 20, 337-

42. 

Gerlach, R., G. Demel, H. G. Konig, U. Gross, J. H. Prehn, A. Raabe, V. Seifert, and D. Kogel. (2006). 

Active secretion of S100B from astrocytes during metabolic stress. Neuroscience. 141, 1697-701. 

Geyer, C., A. Ulrich, G. Grafe, B. Stach, and H. Till. (2009). Diagnostic value of S100B and neuron-

specific enolase in mild pediatric traumatic brain injury. Journal of neurosurgery. Pediatrics. 4, 

339-44. 

Goncalves, C. F., L. Costa Ndo, H. H. Oliveira-Neto, L. A. Jesus, S. S. Sant'Ana, J. L. Leles, M. A. Silva, 

E. F. Mendonca, and A. C. Batista. (2010). Melanotic neuroectodermal tumor of infancy: report 

of 2 cases. Journal of oral and maxillofacial surgery : official journal of the American Association 

of Oral and Maxillofacial Surgeons. 68, 2341-6. 

Gonzalez-Garcia, S., A. Gonzalez-Quevedo, O. Fernandez-Concepcion, M. Pena-Sanchez, C. Menendez-

Sainz, Z. Hernandez-Diaz, M. Arteche-Prior, A. Pando-Cabrera, and C. Fernandez-Novales. 

(2012). Short-term prognostic value of serum neuron specific enolase and S100B in acute stroke 

patients. Clinical biochemistry. 45, 1302-7. 

Hachem, S., A. Aguirre, V. Vives, A. Marks, V. Gallo, and C. Legraverend. (2005). Spatial and temporal 

expression of S100B in cells of oligodendrocyte lineage. Glia. 51, 81-97. 

Hayakata, T., T. Shiozaki, O. Tasaki, H. Ikegawa, Y. Inoue, F. Toshiyuki, H. Hosotubo, F. Kieko, T. 

Yamashita, H. Tanaka, T. Shimazu, and H. Sugimoto. (2004). Changes in CSF S100B and 

cytokine concentrations in early-phase severe traumatic brain injury. Shock. 22, 102-7. 

Heidari, K., S. Asadollahi, M. Jamshidian, S. N. Abrishamchi, and M. Nouroozi. (2015). Prediction of 

neuropsychological outcome after mild traumatic brain injury using clinical parameters, serum 

S100B protein and findings on computed tomography. Brain injury. 29, 33-40. 

Heizmann, C. W. (2002a). The multifunctional S100 protein family. Methods in molecular biology. 172, 

69-80. 



 25 

Heizmann, C. W. (2002b). The multifunctional S100 protein family. Methods Mol Biol. 172, 69-80. 

Hoozemans, J. J., E. S. van Haastert, R. Veerhuis, T. Arendt, W. Scheper, P. Eikelenboom, and A. J. 

Rozemuller. (2005). Maximal COX-2 and ppRb expression in neurons occurs during early Braak 

stages prior to the maximal activation of astrocytes and microglia in Alzheimer's disease. Journal 

of neuroinflammation. 2, 27. 

Hu, J., F. Castets, J. L. Guevara, and L. J. Van Eldik. (1996). S100 beta stimulates inducible nitric oxide 

synthase activity and mRNA levels in rat cortical astrocytes. The Journal of biological chemistry. 

271, 2543-7. 

Huttunen, H. J., J. Kuja-Panula, G. Sorci, A. L. Agneletti, R. Donato, and H. Rauvala. (2000). 

Coregulation of neurite outgrowth and cell survival by amphoterin and S100 proteins through 

receptor for advanced glycation end products (RAGE) activation. The Journal of biological 

chemistry. 275, 40096-105. 

Jiang, Y., D. W. Liu, X. Y. Han, Y. N. Dong, J. Gao, B. Du, L. Meng, and J. G. Shi. (2012). 

Neuroprotective effects of anti-tumor necrosis factor-alpha antibody on apoptosis following 

subarachnoid hemorrhage in a rat model. Journal of clinical neuroscience : official journal of the 

Neurosurgical Society of Australasia. 19, 866-72. 

Jung, C. S., B. Lange, M. Zimmermann, and V. Seifert. (2013). CSF and Serum Biomarkers Focusing on 

Cerebral Vasospasm and Ischemia after Subarachnoid Hemorrhage. Stroke research and 

treatment. 2013, 560305. 

Kabadi, S. V., B. A. Stoica, D. B. Zimmer, L. Afanador, K. B. Duffy, D. J. Loane, and A. I. Faden. 

(2015). S100B inhibition reduces behavioral and pathologic changes in experimental traumatic 

brain injury. Journal of cerebral blood flow and metabolism : official journal of the International 

Society of Cerebral Blood Flow and Metabolism. 

Kaneda, K., M. Fujita, S. Yamashita, T. Kaneko, Y. Kawamura, T. Izumi, R. Tsuruta, S. Kasaoka, and T. 

Maekawa. (2010). Prognostic value of biochemical markers of brain damage and oxidative stress 

in post-surgical aneurysmal subarachnoid hemorrhage patients. Brain research bulletin. 81, 173-7. 

Katayama, Y., J. Haraoka, H. Hirabayashi, T. Kawamata, K. Kawamoto, T. Kitahara, J. Kojima, T. 

Kuroiwa, T. Mori, N. Moro, I. Nagata, A. Ogawa, K. Ohno, Y. Seiki, Y. Shiokawa, A. Teramoto, 

T. Tominaga, and T. Yoshimine. (2007). A randomized controlled trial of hydrocortisone against 

hyponatremia in patients with aneurysmal subarachnoid hemorrhage. Stroke; a journal of cerebral 

circulation. 38, 2373-5. 

Kim, D. E., Y. S. Suh, M. S. Lee, K. Y. Kim, J. H. Lee, H. S. Lee, K. W. Hong, and C. D. Kim. (2002). 

Vascular NAD(P)H oxidase triggers delayed cerebral vasospasm after subarachnoid hemorrhage 

in rats. Stroke; a journal of cerebral circulation. 33, 2687-91. 

Kleindienst, A., and M. Ross Bullock. (2006a). A critical analysis of the role of the neurotrophic protein 

S100B in acute brain injury. J Neurotrauma. 23, 1185-200. 

Kleindienst, A., and M. Ross Bullock. (2006b). A critical analysis of the role of the neurotrophic protein 

S100B in acute brain injury. Journal of neurotrauma. 23, 1185-200. 

Kleine, T. O., L. Benes, and P. Zofel. (2003). Studies of the brain specificity of S100B and neuron-

specific enolase (NSE) in blood serum of acute care patients. Brain research bulletin. 61, 265-79. 

Koch, M., S. Chitayat, B. M. Dattilo, A. Schiefner, J. Diez, W. J. Chazin, and G. Fritz. (2010). Structural 

basis for ligand recognition and activation of RAGE. Structure. 18, 1342-52. 

Koga, F., W. Xu, T. S. Karpova, J. G. McNally, R. Baron, and L. Neckers. (2006). Hsp90 inhibition 

transiently activates Src kinase and promotes Src-dependent Akt and Erk activation. Proceedings 

of the National Academy of Sciences of the United States of America. 103, 11318-22. 

Kogel, D., M. Peters, H. G. Konig, S. M. Hashemi, N. T. Bui, V. Arolt, M. Rothermundt, and J. H. Prehn. 

(2004). S100B potently activates p65/c-Rel transcriptional complexes in hippocampal neurons: 

Clinical implications for the role of S100B in excitotoxic brain injury. Neuroscience. 127, 913-20. 

Koppal, T., A. G. Lam, L. Guo, and L. J. Van Eldik. (2001). S100B proteins that lack one or both 

cysteine residues can induce inflammatory responses in astrocytes and microglia. Neurochemistry 

international. 39, 401-7. 



 26 

Laaksamo, E., R. Tulamo, A. Liiman, M. Baumann, R. M. Friedlander, J. Hernesniemi, M. Kangasniemi, 

M. Niemela, A. Laakso, and J. Frosen. (2013). Oxidative stress is associated with cell death, wall 

degradation, and increased risk of rupture of the intracranial aneurysm wall. Neurosurgery. 72, 

109-17. 

Lai, P. M., and R. Du. (2016). Association between S100B Levels and Long-Term Outcome after 

Aneurysmal Subarachnoid Hemorrhage: Systematic Review and Pooled Analysis. PloS one. 11, 

e0151853. 

Leclerc, E., G. Fritz, M. Weibel, C. W. Heizmann, and A. Galichet. (2007). S100B and S100A6 

differentially modulate cell survival by interacting with distinct RAGE (receptor for advanced 

glycation end products) immunoglobulin domains. The Journal of biological chemistry. 282, 

31317-31. 

Lin, C. L., A. S. Dumont, T. Calisaneller, A. L. Kwan, S. L. Hwong, and K. S. Lee. (2005). Monoclonal 

antibody against E selectin attenuates subarachnoid hemorrhage-induced cerebral vasospasm. 

Surgical neurology. 64, 201-5; discussion 205-6. 

Lin, J., Q. Yang, P. T. Wilder, F. Carrier, and D. J. Weber. (2010). The calcium-binding protein S100B 

down-regulates p53 and apoptosis in malignant melanoma. J Biol Chem. 285, 27487-98. 

Liu, Y., D. C. Buck, and K. A. Neve. (2008). Novel interaction of the dopamine D2 receptor and the 

Ca2+ binding protein S100B: role in D2 receptor function. Mol Pharmacol. 74, 371-8. 

Maiese, K., Z. Z. Chong, S. Wang, and Y. C. Shang. (2012). Oxidant stress and signal transduction in the 

nervous system with the PI 3-K, Akt, and mTOR cascade. International journal of molecular 

sciences. 13, 13830-66. 

Marshak, D. R., D. M. Watterson, and L. J. Van Eldik. (1981). Calcium-dependent interaction of S100b, 

troponin C, and calmodulin with an immobilized phenothiazine. Proceedings of the National 

Academy of Sciences of the United States of America. 78, 6793-7. 

Michetti, F., V. Corvino, M. C. Geloso, W. Lattanzi, C. Bernardini, L. Serpero, and D. Gazzolo. (2012). 

The S100B protein in biological fluids: more than a lifelong biomarker of brain distress. Journal 

of neurochemistry. 120, 644-59. 

Michetti, F., E. Dell'Anna, G. Tiberio, and D. Cocchia. (1983). Immunochemical and 

immunocytochemical study of S-100 protein in rat adipocytes. Brain research. 262, 352-6. 

Miller, B. A., N. Turan, M. Chau, and G. Pradilla. (2014). Inflammation, vasospasm, and brain injury 

after subarachnoid hemorrhage. BioMed research international. 2014, 384342. 

Minghetti, L. (2004). Cyclooxygenase-2 (COX-2) in inflammatory and degenerative brain diseases. 

Journal of neuropathology and experimental neurology. 63, 901-10. 

Missler, U., M. Wiesmann, C. Friedrich, and M. Kaps. (1997). S-100 protein and neuron-specific enolase 

concentrations in blood as indicators of infarction volume and prognosis in acute ischemic stroke. 

Stroke; a journal of cerebral circulation. 28, 1956-60. 

Montaner, J., M. Mendioroz, P. Delgado, T. Garcia-Berrocoso, D. Giralt, C. Merino, M. Ribo, A. Rosell, 

A. Penalba, I. Fernandez-Cadenas, F. Romero, C. Molina, J. Alvarez-Sabin, and M. Hernandez-

Guillamon. (2012). Differentiating ischemic from hemorrhagic stroke using plasma biomarkers: 

the S100B/RAGE pathway. Journal of proteomics. 75, 4758-65. 

Mori, T., K. Nagata, T. Town, J. Tan, T. Matsui, and T. Asano. (2001). Intracisternal increase of 

superoxide anion production in a canine subarachnoid hemorrhage model. Stroke; a journal of 

cerebral circulation. 32, 636-42. 

Mori, T., J. Tan, G. W. Arendash, N. Koyama, Y. Nojima, and T. Town. (2008). Overexpression of 

human S100B exacerbates brain damage and periinfarct gliosis after permanent focal ischemia. 

Stroke; a journal of cerebral circulation. 39, 2114-21. 

Mori, T., T. Town, J. Tan, N. Yada, Y. Horikoshi, J. Yamamoto, T. Shimoda, Y. Kamanaka, N. Tateishi, 

and T. Asano. (2006). Arundic Acid ameliorates cerebral amyloidosis and gliosis in Alzheimer 

transgenic mice. The Journal of pharmacology and experimental therapeutics. 318, 571-8. 



 27 

Moritz, S., J. Warnat, S. Bele, B. M. Graf, and C. Woertgen. (2010). The prognostic value of NSE and 

S100B from serum and cerebrospinal fluid in patients with spontaneous subarachnoid 

hemorrhage. Journal of neurosurgical anesthesiology. 22, 21-31. 

Moutsatsou, P., J. N. Tsoporis, V. Salpeas, E. Bei, B. Alevizos, C. Anagnostara, S. Izhar, G. Proteau, E. 

Rizos, E. Hatziagelaki, I. K. Toumpoulis, I. K. Rizos, and T. G. Parker. (2014). Peripheral blood 

lymphocytes from patients with bipolar disorder demonstrate apoptosis and differential regulation 

of advanced glycation end products and S100B. Clinical chemistry and laboratory medicine : 

CCLM / FESCC. 52, 999-1007. 

Mussack, T., P. Biberthaler, K. G. Kanz, U. Heckl, R. Gruber, U. Linsenmaier, W. Mutschler, and M. 

Jochum. (2002). Immediate S-100B and neuron-specific enolase plasma measurements for rapid 

evaluation of primary brain damage in alcohol-intoxicated, minor head-injured patients. Shock. 

18, 395-400. 

Nishino, A., M. Umegaki, T. Fujinaka, and T. Yoshimine. (2010). Cilostazol attenuates cerebral 

vasospasm after experimental subarachnoid hemorrhage. Neurological research. 32, 873-8. 

Nishiyama, H., M. Takemura, T. Takeda, and S. Itohara. (2002). Normal development of serotonergic 

neurons in mice lacking S100B. Neuroscience letters. 321, 49-52. 

Niven, J., J. Hoare, D. McGowan, G. Devarajan, S. Itohara, M. Gannage, P. Teismann, and I. Crane. 

(2015). S100B Up-Regulates Macrophage Production of IL1beta and CCL22 and Influences 

Severity of Retinal Inflammation. PloS one. 10, e0132688. 

Pentimalli, L., A. Modesti, A. Vignati, E. Marchese, A. Albanese, F. Di Rocco, A. Coletti, P. Di Nardo, C. 

Fantini, B. Tirpakova, and G. Maira. (2004). Role of apoptosis in intracranial aneurysm rupture. 

Journal of neurosurgery. 101, 1018-25. 

Pereira, A. R., P. Sanchez-Pena, A. Biondi, N. Sourour, A. L. Boch, C. Colonne, L. Lejean, L. Abdennour, 

and L. Puybasset. (2007). Predictors of 1-year outcome after coiling for poor-grade subarachnoid 

aneurysmal hemorrhage. Neurocritical care. 7, 18-26. 

Perrone, L., G. Peluso, and M. A. Melone. (2008). RAGE recycles at the plasma membrane in S100B 

secretory vesicles and promotes Schwann cells morphological changes. Journal of cellular 

physiology. 217, 60-71. 

Petrova, T. V., J. Hu, and L. J. Van Eldik. (2000). Modulation of glial activation by astrocyte-derived 

protein S100B: differential responses of astrocyte and microglial cultures. Brain research. 853, 

74-80. 

Piazza, O., M. P. Storti, S. Cotena, F. Stoppa, D. Perrotta, G. Esposito, N. Pirozzi, and R. Tufano. (2007). 

S100B is not a reliable prognostic index in paediatric TBI. Pediatric neurosurgery. 43, 258-64. 

Ponath, G., C. Schettler, F. Kaestner, B. Voigt, D. Wentker, V. Arolt, and M. Rothermundt. (2007). 

Autocrine S100B effects on astrocytes are mediated via RAGE. Journal of neuroimmunology. 

184, 214-22. 

Pozdnyakov, N., R. Goraczniak, A. Margulis, T. Duda, R. K. Sharma, A. Yoshida, and A. Sitaramayya. 

(1997). Structural and functional characterization of retinal calcium-dependent guanylate cyclase 

activator protein (CD-GCAP): identity with S100beta protein. Biochemistry. 36, 14159-66. 

Provencio, J. J., X. Fu, A. Siu, P. A. Rasmussen, S. L. Hazen, and R. M. Ransohoff. (2010). CSF 

neutrophils are implicated in the development of vasospasm in subarachnoid hemorrhage. 

Neurocritical care. 12, 244-51. 

Provencio, J. J., V. Swank, H. Lu, S. Brunet, S. Baltan, R. V. Khapre, H. Seerapu, O. N. Kokiko-Cochran, 

B. T. Lamb, and R. M. Ransohoff. (2016). Neutrophil depletion after subarachnoid hemorrhage 

improves memory via NMDA receptors. Brain, behavior, and immunity. 

Prunell, G. F., N. A. Svendgaard, K. Alkass, and T. Mathiesen. (2005). Inflammation in the brain after 

experimental subarachnoid hemorrhage. Neurosurgery. 56, 1082-92; discussion 1082-92. 

Pyne-Geithman, G. J., D. N. Caudell, P. Prakash, and J. F. Clark. (2009). Glutathione peroxidase and 

subarachnoid hemorrhage: implications for the role of oxidative stress in cerebral vasospasm. 

Neurological research. 31, 195-9. 



 28 

Rambotti, M. G., I. Giambanco, A. Spreca, and R. Donato. (1999). S100B and S100A1 proteins in bovine 

retina:their calcium-dependent stimulation of a membrane-bound guanylate cyclase activity as 

investigated by ultracytochemistry. Neuroscience. 92, 1089-101. 

Reeves, R. H., J. Yao, M. R. Crowley, S. Buck, X. Zhang, P. Yarowsky, J. D. Gearhart, and D. C. Hilt. 

(1994). Astrocytosis and axonal proliferation in the hippocampus of S100b transgenic mice. Proc 

Natl Acad Sci U S A. 91, 5359-63. 

Ridley, A. J. (2006). Rho GTPases and actin dynamics in membrane protrusions and vesicle trafficking. 

Trends in cell biology. 16, 522-9. 

Riuzzi, F., G. Sorci, and R. Donato. (2006). S100B stimulates myoblast proliferation and inhibits 

myoblast differentiation by independently stimulating ERK1/2 and inhibiting p38 MAPK. J Cell 

Physiol. 207, 461-70. 

Riuzzi, F., G. Sorci, and R. Donato. (2011). S100B protein regulates myoblast proliferation and 

differentiation by activating FGFR1 in a bFGF-dependent manner. Journal of cell science. 124, 

2389-400. 

Rodriguez-Rodriguez, A., J. J. Egea-Guerrero, F. Murillo-Cabezas, and A. Carrillo-Vico. (2014). 

Oxidative stress in traumatic brain injury. Current medicinal chemistry. 21, 1201-11. 

Rothermundt, M., M. Peters, J. H. Prehn, and V. Arolt. (2003). S100B in brain damage and 

neurodegeneration. Microscopy research and technique. 60, 614-32. 

Routsi, C., E. Stamataki, S. Nanas, C. Psachoulia, A. Stathopoulos, A. Koroneos, M. Zervou, G. Jullien, 

and C. Roussos. (2006). Increased levels of serum S100B protein in critically ill patients without 

brain injury. Shock. 26, 20-4. 

Rustandi, R. R., D. M. Baldisseri, and D. J. Weber. (2000). Structure of the negative regulatory domain of 

p53 bound to S100B(betabeta). Nat Struct Biol. 7, 570-4. 

Rustandi, R. R., A. C. Drohat, D. M. Baldisseri, P. T. Wilder, and D. J. Weber. (1998). The Ca(2+)-

dependent interaction of S100B(beta beta) with a peptide derived from p53. Biochemistry. 37, 

1951-60. 

Sanchez-Pena, P., A. Nouet, F. Clarencon, C. Colonne, B. Jean, L. Le Jean, M. Fonfrede, M. Aout, E. 

Vicaut, and L. Puybasset. (2012). Atorvastatin decreases computed tomography and S100-

assessed brain ischemia after subarachnoid aneurysmal hemorrhage: a comparative study. Critical 

care medicine. 40, 594-602. 

Sanchez-Pena, P., A. R. Pereira, N. A. Sourour, A. Biondi, L. Lejean, C. Colonne, A. L. Boch, M. Al 

Hawari, L. Abdennour, and L. Puybasset. (2008). S100B as an additional prognostic marker in 

subarachnoid aneurysmal hemorrhage. Critical care medicine. 36, 2267-73. 

Scotto, C., Y. Mely, H. Ohshima, J. Garin, C. Cochet, E. Chambaz, and J. Baudier. (1998). Cysteine 

oxidation in the mitogenic S100B protein leads to changes in phosphorylation by catalytic CKII-

alpha subunit. The Journal of biological chemistry. 273, 3901-8. 

Serbinek, D., C. Ullrich, M. Pirchl, T. Hochstrasser, R. Schmidt-Kastner, and C. Humpel. (2010a). S100b 

counteracts neurodegeneration of rat cholinergic neurons in brain slices after oxygen-glucose 

deprivation. Cardiovasc Psychiatry Neurol. 2010, 106123. 

Serbinek, D., C. Ullrich, M. Pirchl, T. Hochstrasser, R. Schmidt-Kastner, and C. Humpel. (2010b). S100b 

counteracts neurodegeneration of rat cholinergic neurons in brain slices after oxygen-glucose 

deprivation. Cardiovascular psychiatry and neurology. 2010, 106123. 

Shakeri, M., A. Mahdkhah, and F. Panahi. (2013). S100B Protein as a Post-traumatic Biomarker for 

Prediction of Brain Death in Association With Patient Outcomes. Archives of trauma research. 2, 

76-80. 

Shinjo, K., J. G. Koland, M. J. Hart, V. Narasimhan, D. I. Johnson, T. Evans, and R. A. Cerione. (1990). 

Molecular cloning of the gene for the human placental GTP-binding protein Gp (G25K): 

identification of this GTP-binding protein as the human homolog of the yeast cell-division-cycle 

protein CDC42. Proceedings of the National Academy of Sciences of the United States of 

America. 87, 9853-7. 



 29 

Sorci, G., R. Bianchi, F. Riuzzi, C. Tubaro, C. Arcuri, I. Giambanco, and R. Donato. (2010). S100B 

Protein, A Damage-Associated Molecular Pattern Protein in the Brain and Heart, and Beyond. 

Cardiovascular psychiatry and neurology. 2010. 

Sorci, G., F. Riuzzi, A. L. Agneletti, C. Marchetti, and R. Donato. (2004). S100B causes apoptosis in a 

myoblast cell line in a RAGE-independent manner. Journal of cellular physiology. 199, 274-83. 

Spreca, A., M. G. Rambotti, M. Rende, C. Saccardi, M. C. Aisa, I. Giambanco, and R. Donato. (1989). 

Immunocytochemical localization of S-100b protein in degenerating and regenerating rat sciatic 

nerves. J Histochem Cytochem. 37, 441-6. 

Steinacker, P., K. Weidehaas, L. Cepek, E. Feneberg, H. A. Kretzschmar, and M. Otto. (2013). Influence 

of the blood-CSF-barrier function on S100B in neurodegenerative diseases. Acta neurologica 

Scandinavica. 128, 249-56. 

Steiner, J., H. G. Bernstein, H. Bielau, A. Berndt, R. Brisch, C. Mawrin, G. Keilhoff, and B. Bogerts. 

(2007). Evidence for a wide extra-astrocytic distribution of S100B in human brain. BMC 

neuroscience. 8, 2. 

Streicher, W. W., M. M. Lopez, and G. I. Makhatadze. (2010). Modulation of quaternary structure of 

S100 proteins by calcium ions. Biophysical chemistry. 151, 181-6. 

Streitburger, D. P., K. Arelin, J. Kratzsch, J. Thiery, J. Steiner, A. Villringer, K. Mueller, and M. L. 

Schroeter. (2012). Validating serum S100B and neuron-specific enolase as biomarkers for the 

human brain - a combined serum, gene expression and MRI study. PloS one. 7, e43284. 

Stroth, N., and P. Svenningsson. (2015). S100B interacts with the serotonin 5-HT receptor to regulate a 

depressive-like behavior. European neuropsychopharmacology : the journal of the European 

College of Neuropsychopharmacology. 25, 2372-2380. 

Sviatoha, V., E. Tani, R. Kleina, M. Sperga, and L. Skoog. (2010). Immunohistochemical analysis of the 

S100A1, S100B, CD44 and Bcl-2 antigens and the rate of cell proliferation assessed by Ki-67 

antibody in benign and malignant melanocytic tumours. Melanoma Res. 20, 118-25. 

Tanaka, Y., T. Marumo, T. Omura, and S. Yoshida. (2007). Serum S100B indicates successful 

combination treatment with recombinant tissue plasminogen activator and MK-801 in a rat model 

of embolic stroke. Brain research. 1154, 194-9. 

Tanaka, Y., T. Marumo, T. Omura, and S. Yoshida. (2008a). Early increases in serum S100B are 

associated with cerebral hemorrhage in a rat model of focal cerebral ischemia. Brain research. 

1227, 248-54. 

Tanaka, Y., T. Marumo, T. Omura, and S. Yoshida. (2008b). Relationship between cerebrospinal and 

peripheral S100B levels after focal cerebral ischemia in rats. Neuroscience letters. 436, 40-3. 

Thelin, E. P., E. Zibung, L. Riddez, and C. Nordenvall. (2015). Assessing bicycle-related trauma using 

the biomarker S100B reveals a correlation with total injury severity. European journal of trauma 

and emergency surgery : official publication of the European Trauma Society. 

Toklu, H. Z., and N. Tumer. 2015. "Oxidative Stress, Brain Edema, Blood-Brain Barrier Permeability, 

and Autonomic Dysfunction from Traumatic Brain Injury." In Brain Neurotrauma: Molecular, 

Neuropsychological, and Rehabilitation Aspects, edited by F. H. Kobeissy. Boca Raton (FL). 

Tsoporis, J. N., A. Marks, A. Haddad, F. Dawood, P. P. Liu, and T. G. Parker. (2005). S100B expression 

modulates left ventricular remodeling after myocardial infarction in mice. Circulation. 111, 598-

606. 

Tsoporis, J. N., C. B. Overgaard, S. Izhar, and T. G. Parker. (2009). S100B modulates the hemodynamic 

response to norepinephrine stimulation. Am J Hypertens. 22, 1048-53. 

Tubaro, C., C. Arcuri, I. Giambanco, and R. Donato. (2010). S100B protein in myoblasts modulates 

myogenic differentiation via NF-kappaB-dependent inhibition of MyoD expression. Journal of 

cellular physiology. 223, 270-82. 

Tubaro, C., C. Arcuri, I. Giambanco, and R. Donato. (2011). S100B in myoblasts regulates the transition 

from activation to quiescence and from quiescence to activation and reduces apoptosis. Biochim 

Biophys Acta. 1813, 1092-104. 



 30 

Vecchione, C., A. Frati, A. Di Pardo, G. Cifelli, D. Carnevale, M. T. Gentile, R. Carangi, A. Landolfi, P. 

Carullo, U. Bettarini, G. Antenucci, G. Mascio, C. L. Busceti, A. Notte, A. Maffei, G. P. Cantore, 

and G. Lembo. (2009). Tumor necrosis factor-alpha mediates hemolysis-induced vasoconstriction 

and the cerebral vasospasm evoked by subarachnoid hemorrhage. Hypertension. 54, 150-6. 

Villarreal, A., R. X. Aviles Reyes, M. F. Angelo, A. G. Reines, and A. J. Ramos. (2011). S100B alters 

neuronal survival and dendrite extension via RAGE-mediated NF-kappaB signaling. Journal of 

neurochemistry. 117, 321-32. 

Villarreal, A., R. Seoane, A. Gonzalez Torres, G. Rosciszewski, M. F. Angelo, A. Rossi, P. A. Barker, 

and A. J. Ramos. (2014). S100B protein activates a RAGE-dependent autocrine loop in astrocytes: 

implications for its role in the propagation of reactive gliosis. Journal of neurochemistry. 131, 

190-205. 

Wang, H. C., Y. J. Lin, F. Y. Shih, H. W. Chang, Y. J. Su, B. C. Cheng, C. M. Su, N. W. Tsai, Y. T. 

Chang, A. L. Kwan, and C. H. Lu. (2016). The Role of Serial Oxidative Stress Levels in Acute 

Traumatic Brain Injury and as Predictors of Outcome. World neurosurgery. 87, 463-70. 

Weiss, N., P. Sanchez-Pena, S. Roche, J. L. Beaudeux, C. Colonne, P. Coriat, and L. Puybasset. (2006). 

Prognosis value of plasma S100B protein levels after subarachnoid aneurysmal hemorrhage. 

Anesthesiology. 104, 658-66. 

Whitlow, J. L., J. F. Varughese, Z. Zhou, L. J. Bartolotti, and Y. Li. (2009). Computational screening and 

design of S100B ligand to block S100B-p53 interaction. Journal of molecular graphics & 

modelling. 27, 969-77. 

Wiesmann, M., U. Missler, H. Hagenstrom, and D. Gottmann. (1997). S-100 protein plasma levels after 

aneurysmal subarachnoid haemorrhage. Acta neurochirurgica. 139, 1155-60. 

Xiong, Z., D. O'Hanlon, L. E. Becker, J. Roder, J. F. MacDonald, and A. Marks. (2000). Enhanced 

calcium transients in glial cells in neonatal cerebellar cultures derived from S100B null mice. Exp 

Cell Res. 257, 281-9. 

Xu, H. L., M. Garcia, F. Testai, F. Vetri, A. Barabanova, D. A. Pelligrino, and C. Paisansathan. (2014). 

Pharmacologic blockade of vascular adhesion protein-1 lessens neurologic dysfunction in rats 

subjected to subarachnoid hemorrhage. Brain research. 1586, 83-9. 

Xu, H., F. D. Testai, T. Valyi-Nagy, N. Pavuluri M, F. Zhai, D. Nanegrungsunk, C. Paisansathan, and D. 

A. Pelligrino. (2015). VAP-1 blockade prevents subarachnoid hemorrhage-associated 

cerebrovascular dilating dysfunction via repression of a neutrophil recruitment-related 

mechanism. Brain research. 1603, 141-9. 

Yang, Q., D. O'Hanlon, C. W. Heizmann, and A. Marks. (1999). Demonstration of heterodimer formation 

between S100B and S100A6 in the yeast two-hybrid system and human melanoma. Experimental 

cell research. 246, 501-9. 

Yoneko, M., Y. Katayama, N. Moro, J. Kamei, and J. Kojima. (2010). Inhibitory effect of hydrocortisone 

on cerebral salt wasting after subarachnoid hemorrhage in rats. Methods and findings in 

experimental and clinical pharmacology. 32, 727-31. 

Zhan, Y., C. Chen, H. Suzuki, Q. Hu, X. Zhi, and J. H. Zhang. (2012). Hydrogen gas ameliorates 

oxidative stress in early brain injury after subarachnoid hemorrhage in rats. Critical care medicine. 

40, 1291-6. 

Zhang, X. S., X. Zhang, M. L. Zhou, X. M. Zhou, N. Li, W. Li, Z. X. Cong, Q. Sun, Z. Zhuang, C. X. 

Wang, and J. X. Shi. (2014). Amelioration of oxidative stress and protection against early brain 

injury by astaxanthin after experimental subarachnoid hemorrhage. Journal of neurosurgery. 121, 

42-54. 

Zhukova, L., I. Zhukov, W. Bal, and A. Wyslouch-Cieszynska. (2004). Redox modifications of the C-

terminal cysteine residue cause structural changes in S100A1 and S100B proteins. Biochimica et 

biophysica acta. 1742, 191-201. 

 



 31 

Table 1. Cellular Expression of S100B 

Cells of  

Nervous System 

Cells of 
Non-Nervous System 

Astrocytes Endothelial cells 

Oligodendrocytes Adipocytes 

Microglia Chondrocytes 

Neural progenitors 

Neurons 

Lymphocytes 

Schwann cells Bone marrow cells 

Ependymal cells Melanocytes 

Choroid plexus epithelium Myoblast cells 
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Table 2. In vitro Effects of S100B in Neurons 

 

S100B Effects Reference 

0.2-20 ng/ml Enhances the activity of NF-κB and increases the survival of 

embryonic chick forebrain neurons 

Alexanian et al, 1999 

100 nM-5 M Promotes (100 nM) or decreases (5 M) cell survival in serum-

starved N18 neuroblastoma cells 

Huttunen et al, 2000 

1-10 ng/ml Reduces staurosporine-induced damage in pure neuronal 

cultures from chick embryo telencephalon as well as in mixed 

neuronal/glial cultures from neonatal rat hippocampus 

Ahlemeyer et al, 2000 

1 ng/ml Reduces neuronal death induced by exposure to glutamate (0.25 

mM, 30 min) in mixed neuronal/glial cultures from neonatal rat 

hippocampus 

Ahlemeyer et al, 2000 

0.02-2 ng/ml Protect primary rat hippocampal neurons against NMDA 

toxicity by activation NF-κB 

Kogel et al, 2004 

30 ng/ml Protects against ethanol (50 mM) induced apoptosis in fetal 

rhombencephalic neurons  

Druse et al, 2007 

50 g/ml Reduces OGD induced cell death in cholinergic neurons Serbinek et al, 2010 

50 nM-1 M S100B at 50 nM reduces and at 1 M increases glutamate 

induced cell death in primary cortical neurons 

Villarreal et al, 2011 

Abbreviation: NF-κB: nuclear factor-kappa B; NMDA: N-methyl-D-aspartate; OGD: oxygen glucose deprivation. 
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Table 3. The Values of Serum or CSF S100B Levels in SAH 

S100B Changing Pattern           Suggestions Reference 

Experimental SAH 

Significant increases of serum S100B levels 

at 1 h after cerebral hemorrhage in rats. 

The higher level of S100B indicates 

cerebral hemorrhage rather than ischemia 

Tanaka et al, 2008  

CSF S100B was significantly increased after 

SAH in rats 

S100B impairs the pial arteriole dilating 

response 

Changyaleket et al, 

2016 

Clinical SAH   

CSF levels of S100B were significantly 

increased at 3 and 14 days after aneurysm 

SAH 

Combined with increased CSF levels of 

MDA predict poor neurological outcomes at 

6 months 

Kaneda et al, 2010  

Both serum and CSF levels were increased 

over 8-15 days after spontaneous SAH 

Provide prognostic value for the poor 

outcomes of SAH 

Moritz et al, 

2010;Weiss et al, 

2006;Sanchez-Pena 

et al, 2008 

Serum S100B level was increased with 

decrease of RAGE at 24 h after cerebral 

hemorrhage 

Help to identify hemorrhage from ischemia 

by a higher level of S100B and lower level 

of RAGE exist 

Montaner et al, 

2012 

Serum S100B at 1, 3, and 7 days after SAH 

was increased 

The levels correlate with neurological 

deficit 6 months later 

Wiesmann et al, 

1997 

Serum S100B was increased  Only small portion (2/5) with increased 

S100B develop vasospasm 

Amiri et al, 2013 

Serum S100B was significantly increased Serum S100B significantly correlates with 

delayed ischemia after SAH 

Jung et al, 2013  

Serum S100B was significantly increased 

within 15 days after SAH 

Statins reduce infarct volume in patients 

with vasospasm accompanied by decreased 

S100B levels  

Sanchez-Pena et al, 

2012 

Serum S100B was increased within 8 days 

after treated with endovascular coiling 

Higher mean 8-day S100B correlates with 

1-year neurological deficit 

Pereira et al, 2007  

Abbreviations: CSF, cerebrospinal fluid; SAH, subarachnoid hemorrhage 
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Figure legends 

 

Figure 1.  S100B induced cellular pathways that affect neuronal survival.  The effects of 

S100B on neurons are dependent on its concentrations.  S100B has either a trophic or toxic 

effects with different local concentrations.  At low nanomolar (nM) physiological concentrations, 

S100B promote cell survival through activating phosphoinositide 3 kinase (PI3K) and subsequent 

activation of Akt followed by up-regulation of X-linked inhibitor of apoptosis protein (XIAP) 

and anti-apoptotic protein Bcl-2.  S100B also increases the activation of nuclear factor-kappa B 

(NF-κB) to enhance neuronal survival.  At high micromolar (M), neurotoxicity of S100B is 

dependent on the induction of neuroinflammation and oxidative stress through generation of 

reactive oxygen species (ROS).   

 

Figure 2.  Signaling pathways through which S100B induces neuroinflammation and 

oxidative stress.  S100B protein can recruit the adaptor protein, diaphanous-1 and activate 

diaphanous-1/Rac1/JNK (Jun amino-terminal kinase) /AP-1 (activator protein 1), Ras/Rac1 (Ras-

related C3 botulinum toxin substrate 1) /nuclear factor-kappa B (NF-κB), and Src/Ras/PI3K 

(phosphoinositide 3 kinase) /RhoA pathways, upregulating the expression of the chemokines to 

promote microglia migration.  S100B can increase the release of inflammatory cytokines and 

also enhance the expression of pro-inflammatory cyclooxygenase 2 (COX-2), which functions to 

increase the production of pro-inflammatory prostaglandins (PGs).  S100B increases COX-2 

expression in microglia through activating a Cdc42 (cell division control protein 42)/ Rac1 /JNK 
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and Ras/Rac1/NF-κB pathways.  S100B also promotes the expression of COX-2 in microglia 

through the activation of NF-κB and subsequent activation of the (AP-1).  S100B promotes 

oxidative stress through increasing the production of reactive oxygen species (ROS), inducible 

nitric oxide synthase (iNOS), and nitric oxide NO to promote cell apoptosis. 

 

Figure 3.  The diagram illustrates the possible roles of S100B in subarachnoid hemorrhage 

(SAH).  S100B induced oxidative stress and neuroinflammation, which can promote neuronal 

death and impair the cerebral artery dilating reactivity, contributing to the development of 

cerebral vasospasm and brain injury after SAH.  ROS: reactive oxygen species. 
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