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Introduction

S100B is a small soluble protein that is widely used as a 
marker of brain injury in clinical and experimental studies. 
In brain tissue, it is predominantly derived from astrocytes, 
and it is possible to detect it in cerebrospinal fluid (CSF), 
blood, and urine samples. Increases in S100B in the serum or 
urine are commonly interpreted as secondary to an increase 
in the CSF due to astroglial activation and/or rupture of 
the blood–brain barrier (BBB). However, the mechanism 
of release of glial S100B and its passage into the blood is 

debatable. Herein, we will review these interpretations and 
discuss the routes of how S100B, produced by astrocytes, 
reaches the circulatory system.

The vast majority of studies of S100B as a marker of brain 
injury are based on measurements in the blood serum, pre-
suming an associated increase in CSF. To evaluate the rela-
tionship between CSF and serum S100B, we performed a 
preliminary systematic review search on PubMed, with the 
words S-100 OR S100 AND CSF AND serum. We found 153 
references (including 12 reviews) (Figure 1), where increased 
serum S100B is commonly associated with an increase in 
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Abstract
S100B is a 21-kDa protein that is produced and secreted by astrocytes and widely 
used as a marker of brain injury in clinical and experimental studies. The majority 
of these studies are based on measurements in blood serum, assuming an 
associated increase in cerebrospinal fluid and a rupture of the blood–brain barrier 
(BBB). Moreover, extracerebral sources of S100B are often underestimated. 
Herein, we will review these interpretations and discuss the routes by which 
S100B, produced by astrocytes, reaches the circulatory system. We discuss the 
concept of S100B as an alarmin and its dual activity as an inflammatory and 
neurotrophic molecule. Furthermore, we emphasize the lack of data supporting 
the idea that S100B acts as a marker of BBB rupture, and the need to include 
the glymphatic system in the interpretations of serum changes of S100B. The 
review is also dedicated to valorizing extracerebral sources of S100B, particularly 
adipocytes. Furthermore, S100B per se may have direct and indirect modulating 
roles in brain barriers: on the tight junctions that regulate paracellular transport; 
on the expression of its receptor, RAGE, which is involved in transcellular protein 

transport; and on aquaporin-4, a key protein in the glymphatic system that is responsible for the clearance of extracellular proteins 
from the central nervous system. We hope that the data on S100B, discussed here, will be useful and that it will translate into 
further health benefits in medical practice.
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Minireview

Impact statement

S100B is a calcium-binding protein that we have 
been working on for the last 20 years, which is 
widely used as a marker of brain damage, experi-
mentally and clinically, including now during the 
SARS-CoV-2 pandemic. We discuss the concept 
of S100B as an alarmin and its dual activity as an 
inflammatory and neurotrophic molecule. We dis-
cuss the contribution of extracerebral sources to 
serum levels of S100B. Furthermore, we emphasize 
the lack of data supporting the idea that S100B acts 
as a marker of blood–brain barrier rupture, and the 
need to include the glymphatic system in the inter-
pretations of serum changes of S100B.
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brain tissue and/or a disruption of the BBB. However, the 
origin and flow of S100B are complex events and require 
caution in their interpretation.

What is the S100B protein?

S100B means S100 calcium-binding protein B, according 
to the official nomenclature.1 Other less commonly used 
names include S-100B, S100β, and neurite extension factor 
(NEF). This 21-kDa protein has a homodimeric organization 
(two beta subunits), where each subunit has two EF-hand 
calcium-binding sites and independent zinc-binding sites. 
The S100 family of calcium-binding proteins (which con-
tains dozens of members) is characterized by high solubility 
(even in sodium persulfate at 100%). In the nervous system, 
S100B is mainly expressed in astrocytes but also in oligoden-
drocytes, Schwann cells, and epithelial cells of the choroid 
plexus. Our group has investigated the secretion of S100B 
by astrocytes, in cell cultures and brain slices, and peripheral 
S100B in patients and disease models with nervous system 
damage, although the mechanism(s) of secretion, by a non-
classical and Ca2+-dependent pathway remains unclear.2–5

S100B has numerous intracellular targets/partners, 
including cytoskeletal proteins (e.g. glial fibrillary acidic 
protein [GFAP]), calcium signaling proteins (e.g. reticular 
Ca2+ channels, AHNAK, and calcineurin), nuclear signaling 
proteins (e.g. p53 and Ndr kinase), and enzymes of glucose 
metabolism (e.g. phosphoglucomutase). It is not our inten-
tion to discuss the intracellular role of S100B (see Donato 
et al.6 and Baudier and Gentil7 for a review) nor the causal 
relationship of the protein with neurological or psychiatric 
diseases (see Schroeter et al.8 and Michetti et al.9 for a review). 
For evaluating the extracellular role of S100B, even as a 
marker of brain damage, we will mention its best character-
ized extracellular target, the RAGE (receptor for advanced 
glycated end products). However, just like S100B has many 
intracellular targets, acting as a polyvalent chaperone/
modulator, it potentially has many emerging extracellular 
targets in addition to RAGE, such as β-amyloid peptides,10 

calcium- and potassium-channels,11 which we will not dis-
cuss here.

Why is S100B considered a brain 
injury marker?

In the literature, there are now about 40 meta-analyses relat-
ing serum S100B to a variety of neurological and psychiatric 
diseases, mainly traumatic brain injury (TBI) and stroke, but 
associations with many other disorders have been reported, 
including Alzheimer’s disease, multiple sclerosis, schizo-
phrenia, bipolar disorder, and major depression. There is 
no doubt that the increase in S100B in the CSF or serum 
can be used as a marker of brain injury to assess severity, 
prognosis, and even monitoring of treatment, although the 
causal relationship with these neuropsychiatric disorders is 
debatable.8,9

In the innate immune response, two components are 
initially activated. These components are distinct, but they 
share many features: (1) the danger signals (which come 
from a pathogen aggressor and are, therefore, called path-
ogen-associated molecular patterns [PAMPs], or come from 
the attacked cells, and are called danger-associated molecu-
lar patterns [DAMPs] or simply alarmins); and (2) cytokines, 
which are the proteins that are synthesized in response to the 
former. We are not going to discuss concepts and examples 
here, which would require a separate review. S100B, as it 
belongs to the S100 family, is considered an alarmin12 and 
indeed, many metabolic (e.g. ischemia) and inflammatory 
(e.g. lipopolysaccharide [LPS]) dysfunctions3,13 induce the 
release of S100B. This protein can act as a danger signaling 
protein, which acts on RAGE (and other extracellular targets) 
at nM levels, promoting defense, recovery, and even prolifer-
ation of neural cells, but results, in vitro, also indicate that, at 
high concentrations (mM), S100B can cause neuronal death.6

However, S100B differs from other alarmin proteins, 
such as high mobility group box-1 (HMGB1) and heat shock 
protein 70 (HSP-70), which are ubiquitous. We thus may 
consider S100B to be a cell-specific alarmin, that is, astro-
cyte-specific. In this way, all other members of the family 
are cell-specific alarmins according to the cells where they 
are expressed, although not all members of the family are 
alarmins. Due to its trophic effects (including neurite exten-
sion), some authors also consider S100B to be a neurotrophic 
cytokine.14 In adipose tissue (discussed next), S100B has also 
been suggested to act as a cytokine, more specifically an adi-
pokine.15,16 Indeed, S100B both induces and is induced by 
other cytokines, sharing many inflammatory cytokine-sign-
aling pathways, including the nuclear factor-κB (NF-kB) and 
Janus kinases/Signal transducer and activator of transcrip-
tions (JAK-STAT) pathways. However, whether an alarmin 
or cytokine, and even independently of this, the increase in 
S100B, despite its limitations, can be very useful as a marker 
of brain injury.

Serum S100B comes from cerebral 
and extracerebral sources

In the central nervous system (CNS), S100B is predomi-
nantly expressed and actively secreted by astrocytes,17 but 

Figure 1.  Flowchart of selected studies. A preliminary sample on the subject 
was made with a selection of articles in PubMed, on 9 May 2023, using the 
terms: S100 OR S-100 AND serum AND CSF. Of the 153 articles, 109 were 
excluded because they did not involve concomitant measurement of S100B in 
blood serum and CFS. The number of articles selected is in square brackets, at 
different stages of classification.
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oligodendrocytes and some cholinergic neurons also express 
this protein. Many other cells, especially neural crest deriv-
atives, express S100B, such as Schwann cells, enteric glial 
cells, glomus cells (from respiratory chemosensors), and 
chromaffin cells, but also some non-neural cells, such as adi-
pocytes, melanocytes, muscle satellite cells, chondrocytes, 
lymphocytes, and dendritic cells, and some tumor cells, 
injured cardiomyocytes, and even activated macrophages 
also express S100B.6,18 Of these extracerebral sources, it is 
worth emphasizing the adipocytes – which, due to the high 
expression and distribution of the adipose tissue, actively 
contribute to the serum content of S100B,7,18–20 in addition to 
chondrocytes, melanocytes (not only in cases of melanoma) 
and, more recently, enteric glia.21

Is S100B able to cross the BBB?

The BBB is the most extensive of the brain barriers,22 but 
other barriers, such as the blood–CSF barrier (BCSFB) in the 
choroid plexuses and the arachnoid brain barrier (ABB) in 
the arachnoid meninges should not be overlooked, except 
for didactic purposes, as we will do here in this section. 
However, these barriers provide an idea of the origin and 
flow of brain fluids only when contemplated together. 
Furthermore, the glymphatic system, as we call it today, 
affords an important mechanism for the clearance of brain 
extracellular proteins, including S100B, as we will dis-
cuss in section “The glymphatic system transports S100B 
from the brain interstitial fluid to the CSF and then to the 
bloodstream.”

To reach CNS cells, a substance must cross the BBB, 
which is basically composed of endothelial cells, and dis-
tinct from other regions due to the lack of fenestrations and 
the presence of tight junctions (TJ) that limit (practically 
prevent) paracellular transport. Furthermore, the BBB has 
selective membrane receptors, which are responsible for the 

transcellular transport of specific metabolites and proteins 
and prevent the entry of almost 99% of circulating xenobiot-
ics.23 Later, we will discuss the possibility that transcellular 
passage of S100B occurs. However, in this section, we will 
discuss paracellular transport.

Although there are other junctions between brain 
endothelial cells, the TJ are the most apical and are respon-
sible, in the most part, for paracellular “impermeability.”24 
The main TJ proteins are claudins, occludins, and junctional 
adhesion molecules (JAM). These integral membrane pro-
teins interact with each other to make intercellular bridges 
and connect to scaffolding cytoskeletal proteins called ZO 
(from zona occludens), which, in turn, anchor to actin microfil-
aments (Figure 2). Claudins are the most numerous members 
(27 members) and are subject to numerous posttranslational 
changes, making them fundamental elements in the com-
plexity and dynamics of TJ.25

Claudin-5 is predominantly encountered in the brain 
endothelium and, therefore, has been used as a pharmaco-
logical target to selectively open the BBB.26 Phosphorylation 
of this protein at the intracellular site of threonine 207 by pro-
tein kinase A (PKA) or Rho kinase (ROCK) could facilitate 
the opening of the BBB. However, claudin-2 is not expressed 
in the BBB. This claudin, unlike the others, works as a chan-
nel for water and cations27 and is localized in the TJ of cho-
roid plexus epithelial cells and arachnoid cells,28 indicating 
that under physiological conditions, not even water enters 
or leaves the BBB paracellular pathway. With the tempo-
rary rupture of the BBB, through a hyperosmotic shock with 
mannitol (whose mechanism remains unknown), the BBB 
opens pores of 20 nm, allowing the passage of large proteins, 
such as albumin (66 kDa, with a diameter of 3.8 nm). Under 
these conditions, S100B could easily pass, obeying a diffu-
sion gradient, from the inside to the outside, but needing to 
overcome the hydrostatic pressure difference between the 
blood and the brain interstitial fluid.

Figure 2.  Structural organization of the BBB, with emphasis on claudin-5 from the TJ. (a) Representation of the endothelium of cerebral capillaries (BBB), with a more 
apical TJ formed by claudin-5, ZO-1 protein, and actin microfilaments. Surrounding the capillary is an endfoot astrocyte, containing aquaporin-4 (AQP-4). S100B is 
represented in the space between the glial cell and the endothelium (VRS, Virchow–Robin space); (b) The most detailed representation of the TJ, showing the bridge 
between the claudins and highlighting the intracellular threonine residue 207 of claudin-5, whose phosphorylation by Rho kinase (ROCK) facilitates the opening of 
the TJ. The regulatory relationships of extracellular S100B with the RAGE and FGFR1 receptors that modulate the downstream Rho protein, which, in turn, activate 
ROCK, are detailed in the text; (c) Representation of TJ destabilization by inflammatory cytokines, induced by S100B via the RAGE-NFkB pathway.
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TJ opening, often used as a synonym for BBB rupture, 
occurs in acute conditions associated with brain damage, 
such as stroke and TBI. In these cases, we can didactically 
divide the damage into two biochemical phases, which can 
overlap, to explain the opening of the TJ. The first phase 
(excitotoxic phase) occurs as a result of energy failure due 
to isolation (caused by the formation of a thrombus, clot, 
or edema), which results in an overload of Ca2+ in neurons, 
release of glutamate and glutamatergic overactivation. In 
this phase, alarmins are released, which initiate the second 
phase (inflammatory phase). Both alarmins and local oxida-
tive stress, at this stage, induce TJ disruption through the 
posttranslational changes and protein oxidation that they 
cause, respectively. In the neuroinflammatory phase, the 
mechanisms also involve signaling alterations and post-
translational changes in TJ proteins, mediated by cytokines, 
chemokines, metalloproteases, and oxidative stress.29 Thus, 
under these conditions, extracellular S100B (increased or not) 
could flow into the blood and reflect brain and BBB damage.

Any inflammatory process in the CNS, either acute 
(e.g. due to COVID-19 or exacerbation of systemic lupus 
erythematosus) or chronic (e.g. due to diabetes mel-
litus or Alzheimer’s disease) can result in the opening of 
the BBB, through cytokinergic activation (Figure 2(c)). 
Proinflammatory cytokines (IL-1β, TNF-α, and IL-6) destabi-
lize TJ, while anti-inflammatory cytokines (e.g. IL-10) stabi-
lize them. It should be mentioned that data from cell cultures 
show that S100B stimulates the release of proinflammatory 
cytokines and vice versa.30,31

Could the alarmin/cytokine role 
of S100B per se modulate BBB 
permeability?

Astrocytes are the most abundant and heterogeneous glial 
cells. They interact with microglia, envelop synapses and 
brain vessels, and form extensive astroglial networks through 
gap junctions. Pericapillary astrocytes secrete glial-derived 
neutrophic factor (GDNF) and basic fibroblast growth factor 
(bFGF), which stabilize TJ. In pathological situations, reac-
tive astrocytes secrete mediators that destabilize TJ, such 
as proinflammatory cytokines, chemokines (which attract 
and modulate macrophage diapedesis), and nitric oxide.32 In 
response to various stimuli, S100B is secreted by astrocytes6 
into the interstitial fluid, from where it diffuses easily due to 
its size and solubility and the lack of TJ among astrocytes. 
However, for the same reason, it does not cross the BBB. 
From the brain interstitial fluid, S100B (like other proteins) 
will drain into the CSF (see section “The glymphatic system 
transports S100B from the brain interstitial fluid to the CSF 
and then to the bloodstream”).

Extracellular S100B binds to the RAGE, a multiligand 
receptor of the immunoglobulin superfamily.6 Other RAGE 
ligands include advanced glycation end products (AGEs), 
β-amyloid peptides, and HMGB1 protein, a classical alarmin. 
Brain endothelial cells express RAGE and this receptor is 
involved in the transcellular transport of β-amyloid peptide 
and S100B across the BBB (as will be discussed in section 
“The putative transcellular transport of S100B in the brain 
barriers via RAGE”). RAGE activation triggers downstream 

molecules, such as p38-MAPK and calcineurin, which acti-
vate inflammatory pathways, such as NFAT and NF-kB, and 
result in the upregulation of cytokines, metalloproteases, and 
RAGE itself, and the downregulation of TJ proteins, result-
ing in the opening of the BBB.33,34 Therefore, S100B could 
contribute to the opening of the BBB via cytokine upregula-
tion. Furthermore, transduction mechanisms associated with 
RAGE suggest that S100B can directly modulate TJ, through 
claudin-5 phosphorylation,23 via Rho protein activation and 
consequent ROCK activation35 (Figure 2(b)). That is, RAGE 
activation could result in TJ destabilization. However, based 
on results with cultured myoblasts,36 S100B could also bind 
bFGF and activate the FGF receptor 1 (FGFR1), leading to the 
inhibition of Rho protein, which in the endothelium could 
result in TJ stabilization. In addition, RAGE and FGFR inter-
act, indicating that, in certain situations, S100B could favor 
the opening or closing of the BBB.

Ischemia, excitotoxicity, and high 
potassium affect S100B secretion

In section “Is S100B able to cross the BBB?,” we pointed out 
that, in cases of stroke and TBI, an excitotoxic phase (caused 
by increased glutamate release) precedes the inflammatory 
phase. In both phases, there is rupture of the BBB. S100B 
secretion is stimulated in brain slices that are subjected to glu-
cose and O2 deprivation, mimicking a situation of ischemia.37 
However, high concentrations of glutamate in cultured astro-
cyte cells and brain slices reduce the secretion of S100B, by 
a mechanism independent of glutamatergic receptors, but 
dependent on glutamate transport.38,39 The entry of gluta-
mate, under these conditions, favors the activation of the 
Krebs cycle by generating α-ketoglutarate, negatively modu-
lating the release of S100B induced by ischemia.40

However, compounds such as streptozotocin (which alters 
glucose influx) and fluorocitrate (which blocks the Krebs 
cycle) decrease basal secretion of S100B in brain slices.41,42 
Together, these data indicate that there is a functional con-
nection (still unclear) between glucose flux and S100B secre-
tion. Moreover, basal S100B secretion from rat hippocampal 
slices is reduced in high-K+ medium,43 but not in slices from 
Li-pilocarpine-treated rats.44 The increase in S100B secretion 
from astrocytes and brain slices may explain the increase in 
the protein in the CSF that is observed in models of ischemia, 
TBI, and epilepsy.45,46 The increase in peripheral S100B in 
patients with ischemic strokes or TBI has been abundantly 
demonstrated, particularly in blood samples. Although there 
have been studies with CSF from patients, the vast majority 
of studies report serum measurements. However, in some 
situations, S100B blood measurements do not reflect varia-
tions in CSF, as will see in the next section.

However, it should first be discussed whether S100B in 
CSF adequately reflects brain parenchyma damage, consid-
ering that it is an alarmin. First, the CSF S100B is a weighted 
average of the amounts secreted from the different brain 
regions. Second, it is estimated that, constitutively, less than 
1% of the intracellular content of S100B is secreted.2 Third, 
we know that astrocytes that are remotely located from a 
given lesion also often react, although not necessarily in the 
same way due to phenotypic heterogeneity.47,48 This means 
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that astrocytes in remote regions could double or halve their 
secretion of S100B, without this representing a significant 
intracellular change in these regions or having an important 
effect on the CSF. As such, it is possible that, in the case of 
S100B, the increase in CSF may not exclusively reflect what 
happens at the site of a lesion in the brain parenchyma.

However, S100B is more than an alarmin. It has a neuro-
trophic function and may be important, as a consequence, in 
neuronal survival and even hippocampal neurogenesis.49–51 
It is important to observe increases in S100B in the CSF care-
fully, assessing by how much and when S100B increases. We 
also need to consider that increases in S100B (a secretable 
protein with an extracellular function) in the CSF differ 
from increases in other proteins, such as GFAP (also from 
astrocytes) or neuron-specific enolase (NSE) from neurons. 
These proteins are released (not secreted) when there is a 
loss of cellular integrity. An increase in GFAP or NSE in the 
CSF reflects loss of glial or neuronal integrity, respectively, 
in some regions. In cases of massive “gliolysis,” very high 
levels of S100B and GFAP are seen in patients, leading to 
contemplation of a clinically worse prognosis.52,53 As such, 
two fractions of S100B may exist in the CSF, secreted and 
released S100B, which adds a degree of complexity to the 
interpretation of clinical and experimental data.

Does the increase in S100B in the 
CSF imply an increase in S100B in the 
blood?

The answer to this question should be obvious, but it is not. 
Note that our systematic review shown in Figure 1 identified 
44 studies with simultaneous measurement of S100B in the 
CSF and serum. Many of these studies (one-third of them) 
report on acute situations of TBI or stroke. These studies 
associate the serum increase in S100B with the rupture of 
the BBB, but there is no specific evaluation of this barrier. 
The other two-thirds of the studies involve brain injury due 
to a variety of causes, including metabolic, neuroinflamma-
tory (infectious or not), and neurodegenerative disorders. In 
these investigations, the fragility of the BBB is also frequently 
mentioned; however, the increase in S100B in the CSF is not 
always accompanied by an increase in the serum.

In fact, several studies in animal models show that 
increases in concentrations of S100B in the CSF are not nec-
essarily accompanied by increases in the serum; for exam-
ple, following LPS administration,3 in the status epilepticus 
model with Li-pilocarpine46 or following intracerebroven-
tricular administration of methylglyoxal.54,55 The studies 
with methylglyoxal showed clear disruption of the BBB 
(as assessed by increased permeability to Evans blue and 
albumin), without simultaneous leakage of S100B into the 
serum. Other studies that performed serial analyzes in ani-
mal models showed that increases in CSF and serum S100B 
exhibit different kinetics.56,57 Studies in patients have shown 
a delay in changes in serum S100B, which are not compatible 
with a supposed rupture of the BBB.50,58–60 Note that many of 
these studies and conclusions with patients date from prior 
to the proposal of glymphatic clearance for brain proteins, 
which currently provides a better interpretation of variations 
between CSF and serum.61,62

Furthermore, in some of the studies where there is prob-
ably brain damage, included in Figure 1, increases in serum 
S100B are observed with no increase in CSF S100B (e.g. 
Andersson et al.63), suggesting the contribution of extracer-
ebral sources of S100B. As we saw in section “Serum S100B 
comes from cerebral and extracerebral sources,” adipose tis-
sue is an important source of S100B in serum,20,64 as S100 pro-
teins play important roles in adipose tissue.7,18 Secretion of 
S100B from this tissue may explain increases in serum S100B 
in cases of trauma (without evidence of brain damage)65 or 
mobilization during exercise.66 However, it is not uncom-
mon for some studies to simply underestimate serum S100B 
from adipose or other extracerebral sources.67 It should be 
emphasized that it is not possible to ignore these sources 
even when there is an unequivocal increase in CSF S100B 
resulting from an ischemic stroke or TBI, for example.68 
Adipose tissue occupies a variable amount (from 5% to 30%) 
of the human body weight, depending on gender. Induction 
of S100B secretion in the adipose tissue by adrenergic stimu-
lation has been recognized since the 1980s.69 Sympathetic 
hyperactivity or systemic adrenergic discharge mediate post-
TBI or post-stroke effects on cardiac dysfunction, increased 
renin, hyperglycemia, and immunological depression. These 
mechanisms also affect adipose tissue, leading to lipolysis 
and the release of cytokines and adipokines.70–72 The central 
mechanism of sympathetic activation is still poorly under-
stood, but is probably driven by a loss of inhibitory control 
over excitatory autonomic centers.73 Figure 3 illustrates how, 
in these situations of sympathetic hyperactivity, serum S100B 
levels rise at the expense of central and peripheral secretion. 
However, although astrocytes may be assumed to contribute 
more than adipocytes to the serum content of S100B, it is not 
possible to specify the percentage contribution of each cell 
type. It should be noted that sympathetic hyperactivation, 

Figure 3.  Increased serum S100B during severe and acute brain injury 
situations. In these situations (TBI or stroke), there is sympathetic 
hyperactivation. Cholinergic (ganglionic) and adrenergic (postganglionic) 
activation triggers the release of S100B from adipocytes, via beta-adrenergic 
receptors (βAR), and mediated by cAMP. A “slower” cerebral release of S100B, 
dependent on traffic in the glymphatic system, is represented by the dashed line.
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by affecting the cardiovascular and renal systems, will affect 
the blood clearance of the protein, which we will discuss in 
section “Clearance of S100B in the extracellular medium and 
from the systemic circulation.”

Increases in serum S100B can occur 
without changes in CSF protein

Some studies have shown increases in serum S100B, inde-
pendently of increases in the CSF. For example, in rats sub-
jected to fasting for 48 h,15 in individuals under exercise,66 or 
in the case of polytrauma (without brain injury, according to 
clinical evaluation and neuroimaging)65 and even in a clinical 
study of patients undergoing major orthopedic surgeries.74 
In the latter study, serial CSF and serum measurements of 
S100B were performed, and showed an independent increase 
in serum protein. These data reinforce the importance of 
extracerebral sources of S100B.

Conversely, dozens of meta-analyses of neuropsychiatric 
diseases assume that increases in serum S100B are indicative 
of damage to the BBB or an increase in CSF. This seems to be 
true for multiple sclerosis,9 but in Alzheimer’s disease, the 
increase in serum S100B is not apparently dependent on an 
increase in CSF S100B75 (although no study has simultane-
ously measured S100B protein in the CSF and serum). The 
significance of increased serum S100B in Alzheimer’s dis-
ease is still unclear; however, it should be emphasized that 
although the usefulness of S100B as a peripheral marker may 
be questionable in Alzheimer’s disease, this does not affect 
the hypothesis that this astroglial protein plays a key role in 
the pathogenesis of the disease.76

The putative transcellular transport of 
S100B in the brain barriers via RAGE

S100B is transported by endocytosis by a RAGE-dependent 
mechanism in Schwann cells77 and astrocytes.78 This multili-
gand receptor was previously mentioned in sections “What 
is the S100B protein?” and “Could the alarmin/cytokine 
role of S100B per se modulate BBB permeability?,” and it 
is known that S100B and RAGE can mutually regulate their 
expressions and activations.6 We therefore postulate that 
RAGE may participate in the transport of S100B across the 
BBB, particularly in inflammatory situations where RAGE 
expression is increased on the endothelium and in astrocytes. 
However, paracellular transport of S100B across the BBB has 
not yet been demonstrated.

It is worth mentioning that RAGE ligands, such as β-
amyloid peptides, could be transported through the endothe-
lium from outside to inside,79 as may occur with oxytocin via 
RAGE.80 Furthermore, the presence of RAGE has been dem-
onstrated on the epithelium of the choroid plexuses,81 and 
an increase in RAGE (and other β-amyloid transporters) at 
this site has been observed in a murine model of Alzheimer’s 
disease.82 The presence of this receptor on the BCSFB raises 
the possibility that S100B-mediated BBB disruption via 
RAGE (as illustrated in Figure 2) may be accompanied by 
BCSFB disruption as well; however, this disruption would 
not involve claudin-5, as this TJ protein is not expressed by 
the choroid plexus epithelium.

The glymphatic system transports 
S100B from the brain interstitial 
fluid to the CSF and then to the 
bloodstream

Astrocytes closely line the endothelium of cerebral capil-
laries with extensions (end feet astrocytes) and surround the 
arterioles and venules that cross the nervous parenchyma 
(glia limitans). The space between the glial layer and the ves-
sels, called the Virchow–Robin space (VRS), is a corridor 
that allows brain interstitial fluid to flow into the CSF. Note 
that the TJ are in the endothelium, whereas the glial layer 
has extensive gap junction communication, but lacks TJ. 
This transport system is called the glymphatic system83 (see 
Rasmussen et al.84 for a detailed review). Of note, S100B (and 
other proteins) does not cross TJ in the VRS corridor. Flow 
through the VRS goes from the endfoot astrocytes to the 
glia limitans, driven by a reverse mechanism of astroglial 
intracellular flow, which is dependent on aquaporin (AQP)-4 
water channels and gap junctions (see Figure 4). At the end 
of the corridor, the S100B enters the subarachnoid space, 
which is filled with CSF produced in the choroid plexus. 
Conceptually, the brain interstitial fluid flows into the CSF 
at this point. The outer layer of cells lining this space, the 
barrier cells (in the arachnoid mater), possesses the TJs that 
form the ABB, the outermost brain barrier.

From the subarachnoid space, CSF flows in two ways: (1) 
to the intradural lymphatics that accompany cranial nerves; 
and (2) through the arachnoid granulations to the sinuses 
of the dura mater. In these sites, the structural and func-
tional organization is still little known, but it allows the exit 
of proteins from the CSF through the trans and paracellular 
pathways of arachnoid cells. Subsequently, both pathways, 
flowing into venous vessels, reach the systemic blood circu-
lation. The second pathway develops more after birth. There 
is no doubt that this pathway is important for amyloid beta 
clearance, and the accumulation of other proteins, such as 
S100B, GFAP, and NSE, has been observed in CSF in situa-
tions of AQP-4 dysfunction.85 Interestingly, we observed that 
AQP-4 blockade with acetazolamide and tetraethylammo-
nium causes an increase in S100B secretion in hippocampal 
slices.86 Moreover, intracerebroventricular administration of 
methylglyoxal, which causes BBB disruption and reduces 
AQP-4, led to an increase in S100B in the CSF but not in the 
serum.54,55

Just as S100B can play a role (directly and indirectly) in 
its own transport in the paracellular pathway by modulat-
ing TJs (section “Could the alarmin/cytokine role of S100B 
per se modulate BBB permeability?”) and, transcellularly, by 
modulating RAGE expression (section “The putative trans-
cellular transport of S100B in the brain barriers via RAGE”), 
it can also modulate the expression and activity of AQP-4, 
which is directly involved in glymphatic drainage. Indeed, 
the proinflammatory RAGE/NFkB axis in astrocytes, when 
activated by HMGB1, can lead to AQP-4 expression.87 
This AQP-4 expression axis could be activated by S100B. 
Furthermore, activation of RAGE, at least in smooth muscle 
cells, can activate PKA,88 which phosphorylates AQP-4 at Ser 
276 and is involved in the vesicular migration of AQP-4 to 
the plasma membrane.89
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Clearance of S100B in the extracellular 
medium and from the systemic 
circulation

It is currently unknown whether S100B is targeted by any 
specific extracellular protease. It is likely to be captured by 
endocytosis and degraded via the endolysosomal pathway. 
In fact, RAGE undergoes endocytosis and these endosomal 
vesicles are fused with lysosomes for proteolysis. This has 
been seen in astrocytes78 and phagocytes (neutrophils and 
macrophages).90

Calprotectin, a member of the S100 family that is released 
by neutrophils,91 has two Cys residues that are susceptible 
to disulfide bond formation, as with S100B (and other S100 
proteins). It was recently shown that formation of calprotec-
tin disulfide (induced in the extracellular environment and 
amplified in more oxidative inflammatory environments) 
increases susceptibility to proteolysis.91 We know that this 
oxidation at Cys residues of S100B alters the recognition of 
antibodies used in ELISA;92 however, whether oxidation 
increases susceptibility to proteases or the endolysosomal 
pathway remains to be determined.

It has been demonstrated that serum S100B is eliminated 
through the kidneys93,94 and correlates with impaired renal 
function.95,96 Since S100 proteins do not bind to major recep-
tors for endocytosis on convoluted proximal tubules, they 
must be filtered and not reabsorbed. Despite the lack of availa-
ble data, we should not exclude the possibility of renal protein 

absorption, since S100B could be internalized by clathrin- 
and lipid raft-mediated endocytosis.97 In renal inflammatory 
processes, especially in diabetic patients and experimental 
models, there is an increase in RAGE, fibrosis, and AGEs accu-
mulation.98,99 However, this possibility of absorption in the 
proximal tubules of S100B needs further investigation.

Conclusions

1.	 For more than 30 years, increases in S100B in the blood 
have been associated with acute situations of brain 
injury, supported by clinical evaluations and neuro-
imaging. Some studies propose that its use as a brain 
injury marker may even reduce neuroimaging costs. 
However, there has always been caution regarding 
its use, due to the existence of extracerebral sources 
of S100B and also a “delay” in serum measurements, 
in relation to probable BBB disruption. This does not 
preclude the consensus that persistent or late serum 
elevations (⩾ 48 h) generally indicate a worse prog-
nosis for these patients. This mismatch between brain 
damage, CSF, and serum levels of S100B has been 
substantially documented and the emergence of the 
glymphatic system hypothesis, in 2012, has broad-
ened the understanding of the output/drainage of 
extracellular proteins from the CNS, although even 
today “BBB rupture” is the major interpretation for 
increases in serum concentrations of S100B.

Figure 4.  Flow of S100B in the glymphatic system and possibly through the BBB. In panel (a), BBB is represented on the left of the panel, where there is efflux (red 
arrow) of water via AQP-4 at the astrocytic endfeet. Putatively, in specific situations, S100B could be released directly into the blood at the BBB (via TJ and RAGE, 
green dashed arrows). The glia limitans are shown on the right, where influx (red arrow) of water occurs through AQP-4. The flow through the astroglial syncytium 
(red arrow, via AQP-4 and gap junctions) causes movement of interstitial fluid in the RSV (blue arrow), in the opposite direction. In panel (b), the interstitial fluid goes 
to the subarachnoid space (SAS). The parenchymal vessel can either be an arteriole or a venule. CSF is produced in the choroid plexuses and flows into the SAS. 
The TJ (green squares) are present in the cells of the choroid plexus (blood cerebrospinal barrier, BCSFB) and arachnoid epithelium (ABB), and in the BBB. From the 
SAS, brain extracellular proteins reach the systemic circulation, through routes discussed in the text. Notice the fenestrated endothelium in the vessels of the choroid 
plexuses and extracerebral vessels. Other abbreviations: AM, arachnoid mater; AQP-4, aquaporin-4; DM, dura mater; PM, pia mater; RAGE, receptor for advanced 
glycated end products; TJ, tight junction.
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2.	 There are, in the literature, illustrative figures overes-
timating the direct passage of S100B into the blood, 
in an inverse analogy to the passage of albumin 
from the blood into the CSF, during BBB rupture, 
as evaluated by the CSF/serum ratio. Note that, in 
this case, the “microfenestration” of the TJ opening 
in brain capillaries implies that Starling forces act 
on exchanges, as in peripheral capillaries. The open-
ing of the BBB (within the cerebral parenchyma), 
however, does not imply that the entire CSF con-
tent goes directly into the blood. What could flow 
into the blood, in this case, may be the local cerebral 
interstitial fluid. However, even so, this fluid would 
continue to flow through the VRS corridor into the 
subarachnoid space. The CSF content of that space 
goes to the blood. Therefore, even in the case of BBB 
rupture, there is no way to underestimate the glym-
phatic system in the transport of S100B and other cer-
ebral extracellular proteins. The rupture of the BBB 
would allow a localized outflow of S100B into the 
blood, which may be small in relation to the amount 
flowing through the glymphatic pathway.

3.	 In the CNS, S100B is constitutively secreted by 
astrocytes. Under certain in vitro conditions, S100B 
can be more actively secreted, for example during 
an ischemic event, AQP-4 dysfunction or GABAA-
stimulation with pentylenetetrazol. In addition, some 
S100B can also be released (not secreted) in situations 
of death or loss of glial integrity, as with GFAP or NSE 
in neurons.

4.	 However, extracellular S100B does not act only as an 
alarmin, triggering the inflammatory response, it can 
also activate neuronal and glial survival signaling, 
whose mechanisms may or may not be dependent on 
RAGE, its most studied extracellular receptor. Such 
evidence contradicts the view that S100B is just cell 
waste. The duality of protein action – inflammatory 
and neurotrophic – can be seen in pharmacological 
approaches that try to block S100B synthesis or to 
add exogenous S100B, both aiming for neuroprotec-
tion. Furthermore, regardless of being a marker or 
therapeutic target in acute situations of brain dam-
age, many studies propose a role for this protein in 
the pathogenesis or monitoring of the treatment of 
numerous neurological and psychiatric diseases.

5.	 A limitation of the cell signaling of S100B, discussed 
so far, is worth mentioning. Activation of RAGE by 
HMGB1 (a classic alarmin) and S100B has unduly been 
treated as equivalent. However, these proteins bind to 
different sites on RAGE, and HMGB1 activates other 
receptors that S100B does not (e.g. TLR4). Therefore, 
the activation of RAGE, depending on the activator, 
and its interaction with other membrane receptors, 
can result in different cell signaling outcomes.

6.	 Cerebral S100B reaches the systemic circulation 
through three possible pathways; via the glymphatic 
pathway (see Figure 4), by opening the TJ of the brain 
barriers (paracellular pathway) and transported by 
RAGE in the endothelium (BBB) and epithelial cells 

of the choroid plexus (BCSFB) and arachnoidal cells 
(ABB) (transcellular pathway). Furthermore, S100B 
per se may have direct and indirect modulating effects 
on the TJ, on the expression of RAGE and on the 
AQP-4 of the glymphatic system.

7.	 Extracerebral sources of S100B should not be over-
looked, especially adipose tissue. Recent kinetics of 
S100B in the serum of patients with TBI emphasize 
that increases from extracerebral sources can over-
come increases of cerebral origin. If an algorithm 
were to be used to assess serum levels of S100B, in 
addition to brain injury, this would have to take into 
account age (due to protein ontogeny), weight (due 
to adipose tissue participation), pigmentation (due to 
melanocyte activity), renal function, and medications 
in use that may affect the synthesis and secretion of 
S100B in the different producing tissues.

8.	 Finally, in the search for the ideal marker of brain 
damage, S100B is flawed. However, S100B comes the 
closest as a biomarker and is the protein that has been 
studied the most. Like any biomarker, it may be of lit-
tle use on its own. Experimental and clinical studies 
have improved our understanding of S100B. We hope 
this translates into more health benefits in medical 
practice.
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