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Summary 
Brain injury is a multifaceted condition arising from nonspecific 
damage to nervous tissue. The resulting cognitive developmental 
impairments reverberate through patients' lives, affecting their 
families, and even the broader economic landscape. The 
significance of early brain injury detection lies in its potential to 
stave off severe consequences and enhance the effectiveness of 
tailored therapeutic interventions. While established methods like 
neuroimaging and neurophysiology serve as valuable diagnostic 
tools, their demanding nature restricts their accessibility, 
particularly in scenarios such as small hospitals, nocturnal or 
weekend shifts, and cases involving unstable patients. Hence, 
there is a pressing need for more accessible and efficient 
diagnostic avenues. Among the spectrum of brain injuries, 
hypoxic-ischemic encephalopathy stands out as a predominant 
affliction in the pediatric population. Diagnosing brain injuries in 
newborns presents challenges due to the subjective nature of 
assessments like Apgar scores and the inherent uncertainty in 
neurological examinations. In this context, methods like magnetic 
resonance and ultrasound hold recommendations for more 
accurate diagnosis. Recognizing the potential of serum 
biomarkers derived from blood samples, this paper underscores 
their promise as a more expedient and resource-efficient means 
of assessing brain injuries. The review compiles current insights 
into serum biomarkers, drawing from experiments conducted on 
animal models as well as human brain pathologies. The authors 
aim to elucidate specific characteristics, temporal profiles, and 
the available corpus of experimental and clinical data for serum 
biomarkers specific to brain injuries. These include neuron-
specific enolase (NSE), ubiquitin carboxy-terminal hydrolase L1 

(UCH-L1), S100 calcium-binding protein beta (S100B), glial 
fibrillary acidic protein (GFAP), and high-mobility-group-protein-
box-1 (HMGB1). This comprehensive endeavor contributes to 
advancing the understanding of brain injury diagnostics and 
potential avenues for therapeutic intervention. 
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Introduction 
 

Brain injury has a heterogeneous origin and 
could occur during a lifetime, even in antepartum 
development. Primary brain injury affects directly brain 
tissue (e.g. trauma, infarction, hemorrhage), and 
secondary brain injury is brain damage caused by  
an indirect condition of systemic collapse (e.g. hypoxia, 
cardiovascular arrest, polytrauma). Primary and 
secondary causes of brain injury affect both neuronal and 



S462   Tefr Faridová et al.  Vol. 72 
 
 
glial cells of brain tissue. Brain injury results in neuronal 
and glial damage causing lasting deficits. Structural and 
functional changes could be assessed with different 
diagnostic approaches. The time management is critical 
for the final extent of the neuronal tissue impairment. 
Clinical examination and neuroimaging are, however, 
possess several drawbacks making them unsatisfactory 
for the urgent and precise diagnosis of the brain injury 
[1]. Therefore, easily accessible, specific and sensitive 
biomarkers of the neuronal injury are highly desired. 
 
Biomarkers of the brain injury 
 

According to the Food and Drug Administration 
(FDA), biomarkers are classified as a “characteristic that 
serves as an objective indicator of normal biological 
processes, pathogenic processes, or response to an 
exposure or intervention, including therapeutic 
interventions” [2]. Biomarker is a helpful diagnostic tool 
that represents an objective measurement of impaired 
tissue and response to therapeutic interventions. 
Biomarker represents a biological principle that could be 
evaluated by a different diagnostic method such as 
neuroimaging, neurophysiologic method or biochemistry 
testing. Analysis and interpretation of biomarkers is a key 
to clinical diagnosis. An ideal biomarker is easily 
obtained and objectively measured as an indicator of 
physiological response to insult and therapeutic 
interventions. Several modalities of biomarkers of brain 
injury are established. These biomarkers are used already 
in everyday clinical practice as a tool for patient 
investigation such as neuroimaging methods (Table 1), 
others are more experimental (functional neuroimaging 
methods) or demanding such as neurophysiological 
methods which are both time challenging and need to be 
realized by an experienced specialist. An early diagnosis 
of the brain injury is essential for subsequent neuropro-
tective treatment and prognosis. Although neuroimaging 
methods such as MRI and CT provide good spatial 
resolution they are time-demanding methods such as MRI 
and CT, and need to be performed in a specialized 
radiology unit with highly experienced radiologists. Also, 
the clinical status of compromised patients could avoid  
an MRI scan due to their unstable conditions. Utilizing 
biological materials (tissue/liquid), molecular techniques 
involve comparisons to norms or repetitive assessments 
to unveil dynamic changes. These techniques encompass 
biomarkers obtained from sources like cord blood, 
peripheral blood, cerebrospinal fluid, urine, or saliva. 

Serum, extracted from blood, is employed for molecular 
diagnostics. Notably, serum protein biomarkers hold 
promise as a triage tool for neuroimaging in individuals 
diagnosed with TBI [3]. 

Biomarkers of neuronal degeneration reflect 
damage to the neuronal tissue after the brain injury. Ideal 
serum neuronal biomarker should be elevated early after 
the insult, easily crosses the brain-blood barrier (small to 
middle molecular weight molecules), and possess 
reasonable stability in peripheral blood for detection. The 
brain injury triggers cascades of pathophysiological 
changes in neuronal tissue which can lead to a wide 
spectrum of effects in both neuronal and glial cells 
including the damage of cytoskeleton. Thus, it leads to 
the release of structural proteins from affected cells into 
the extracellular fluid and to the blood (Table 2), 
including astrocytic protein (S100 calcium-binding 
protein B – S100b, glial fibrillary acidic protein – GFAP, 
myelin basic protein (MBP)) and neuronal protein 
(neuron specific enolase – NSE, ubiquitin carboxy-
terminal hydrolase L1 – UCHL1, neurofilament heavy 
chain (NF-H), neurofilament light chain (NfL) 
[16,17,18]. Neuronal biomarkers are presently the subject 
of extensive investigation within the realm of 
neurological clinical research. Diverse configurations of 
these biomarkers are tailored to specific neurological 
disorders. Notably, NfL is regarded as a biomarker 
indicative of neuroaxonal injury, predominantly applied 
in the investigation of neurodegenerative conditions such 
as multiple sclerosis and Alzheimer's disease [18]. Cell 
death-associated molecular patterns (CDAMP), damage-
associated molecular-pattern (DAMP), and excitotoxic 
molecules, separately and in combination, triggers 
neuroinflammation which results in increased 
extracellular levels of markers of inflammation (high-
mobility-group-protein-box-1 – HMGB1, tumor necrosis 
factor-alpha (TNF-α), interferon-gamma (INF-γ), inter-
leukin 1 (IL-1), interleukin 6 (IL-6), interleukin 8 (IL-8), 
interleukin 10 (IL-10), interleukin 13 (IL-13) [17,19]. 
Nuclear factor erythroid 2-related factor 2 (Nrf2) 
functions as a pivotal nuclear factor that governs genes 
regulated by the antioxidant response element (ARE), 
playing a crucial role as a key regulator of endogenous 
inducible defense systems within the body. In response to 
acute oxidative stress or inflammation, there is 
a significant upregulation of Nrf2 expressions in neurons 
following brain injury. This has led to the proposition that 
Nrf2, when present in circulation, could potentially serve 
as a biochemical marker for acute brain injuries. 
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Table 1. Methods and samples used to evaluate of the brain injury. 
 

Neuroimaging methods 
Functional 

neuroimaging methods 
Neurophysiological 

methods 

Molecular methods from 
biological material 

(ELISA) 

Ultrasound (US) [4] 
Computed Tomography 
(CT) [5] 
Magnetic Resonance 
Imaging (MRI) [5] 

Functional MRI (fMRI) 
[6] 

Diffusion Weighted MRI 
(DW-MRI) [7] 

Proton magnetic 
resonance spectroscopy 

(1H-MRS) [7] 
Magnetoencephalography 
Functional Near-Infrared 
Spectroscopy (fNIRS) [8] 

Electroencephalography 
(EEG) – conventional [9] 

aEEG (amplitude 
integrated) [10] 

qEEG (quantitative) [11] 
Evoked potentials (EP) [12] 

Visual EP (VEP) [12] 
Somato-sensory EP (SSEP) 

[13] 
Brain Stem Auditory EP 

(BAEP) [14] 

Serum (peripheral blood) 
Serum (cord blood) 

Cerebrospinal fluid (CSF) 
Urine 

Saliva [15] 

 
 
Table 2. List of molecules considered as serum biomarkers of the brain injury. 
 

Astrocytic protein Neuronal proteins Inflammation protein 

S100 calcium binding protein B 
(S100b) [16] 
Glial fibrillary acidic protein (GFAP) 
[16] 
Myelin basic protein (MBP) [16] 

Neuron specific enolase (NSE) [17] 
Ubiquitin carboxy-terminal 
hydrolase L1 (UCHL1) [17] 

Neurofilament heavy chain (NF-H) 
[16] 

Neurofilament light chain (NfL) 
[18] 

High-mobility-group-protein-box-1 
(HMGB1) [19] 

Tumor necrosis factor alpha 
(TNF-α) [17] 

Interferon-gamma (INF-γ) [17] 
Interleukin 1 (IL-1) [17] 

Interleukin 6 (IL-6) 
Interleukin 8 (IL-8) [17] 

Interleukin 10 (IL-10) [17] 
Interleukin 13 (IL-13) [17] 

Nuclear Factor Erythroid 2-related 
Factor (Nrf2) [20] 

 
 

A recent investigation conducted by Yan et al. 
has demonstrated that heightened serum levels of Nrf2 in 
traumatic brain injury (TBI) patients exhibit independent 
correlations with clinical severity. Additionally, these 
elevated Nrf2 levels emerged as independent predictors 
of outcomes, including 180-day mortality, overall 
survival, and unfavorable prognosis. Nevertheless, further 
studies are warranted to substantiate and validate these 
significant findings [20]. In recent times, a proliferation 
of literature has emerged elucidating the involvement of 
microRNAs (miRNAs) in the context of brain injury. The 
intricate posttranslational modifications coupled with 
a wide spectrum of functional implications intensify the 
significance of miRNAs in both the physiological and 
pathological aspects of brain function. However, 
additional clinical analysis and interpretation of the 

gathered data remain imperative [21]. For those inclined 
toward delving into this group of biomarkers, 
a comprehensive review authored by Watson et al. offers 
an exceptional resource [22]. 

The concentration of molecular biomarkers in 
blood serum following brain injury is significantly 
influenced by factors such as the permeability of the 
blood-brain barrier, which becomes enhanced subsequent 
to neuronal insult primarily as a consequence of 
neuroinflammation. Additionally, systemic clearance and 
protease activities contribute to this intricate balance. 
Furthermore, the temporal patterns exhibited by these 
biomarkers mirror the distinct underlying pathophysio-
logical mechanisms governing their emergence. 

The categorization of neuronal biomarkers into 
diagnostic, prognostic, or predictive roles presents 
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a complex challenge, attributable to the heterogeneity in 
data originating from existing clinical studies. 
 
Biomarkers of the brain injury in newborns 
 

A compromised newborn with severe hypoxic 
brain injury is a special diagnostic case in medicine. 
Moderate to severe hypoxic-ischemic encephalopathy can 
develop after the hypoxic insult in the perinatal period 
(antenatal, peripartal, and early postnatal period). Perinatal 
brain injury remains a leading cause of long-term 
neurological development disability and thus advances in 
its diagnosis and treatment are desired. Therapeutic 
hypothermia remains the main and most efficient treatment 
procedure in newborn hypoxic-ischemic injury [23]. 

Obstetrics guidelines recommend intrapartum 
cardiotocography (fetal heart beating) [24]. Innovative 
methods such as intrapartum ultrasound are now largely 
investigated, nevertheless it is not considered as a standard 
of care [25]. The only classification system of the newborn 
physical status is Apgar score. Apgar score provides 
a standardized assessment for newborns after delivery. The 
Apgar score is composed of 5 clinical markers: (1) color; 
(2) heart rate; (3) reflexes; (4) muscle tone; and  
(5) respiration. Each of these components is given a score 
of 0, 1, or 2. Thus, the Apgar score targets clinical signs of 
neonatal depression, such as cyanosis or pallor, 
bradycardia, depressed reflex response to stimulation, 
hypotonia, and apnea or gasping respirations. The score is 

reported at 1 min and 5 min and at 10 min after birth, and 
at 5-minute intervals until 20 min for infants with a score 
less than 7 [26]. However, the Apgar score is not a specific 
diagnostic algorithm to state the diagnosis of hypoxic-
ischemic injury, even antepartum fetal heart rate does not 
improve the diagnostic decision [27]. Hypoxic newborn is 
usually in a very severe and unstable clinical condition 
which limits the use of more specific neuroimaging 
methods (such as CT, MRI). Neurophysiological methods 
such as EEG require a specialist which is typically not 
available during night shift or weekends. Clinical trials in 
hypoxic newborns are also more complicated than those in 
adults. Although there is available data on serum 
biomarkers of brain injury in the literature, limited data 
exists for the pediatric population [28]. Most information 
thus comes from animal models. Albeit, they mimic most 
important factors of the human condition (hypoxia 
ischemia) the information obtained have to be confirmed 
by clinical trials [29]. 
 
Molecular serum biomarkers of brain injury 
 

Molecular biomarkers are typically proteins 
which under physiological situations are either not 
expressed or are localized predominantly within the brain 
tissue and do not leak to the blood in considerable levels. 
Thus, according to two major places of cellular origin, 
biomarkers can be further divided into those of neural or 
glial origin (Fig. 1). 

 

 
 
Fig. 1. Cell specific localization of proteins which are considered as the serum biomarkers of brain injury. 
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In the following section we will provide more 
detailed information for both neuronal and glial specific 
proteins found in the serum following the brain injury. In 
between those of neuronal origin we will cover – neuron-
specific enolase (NSE) and ubiquitin carboxy-terminal 
hydrolase L1 (UCHL1). Concerning those of the glial 
origin – S100 calcium-binding protein beta (S100B) and 
glial fibrillary acidic protein (GFAP) will be described. In 
addition to those with clear cellular origin, molecules 

related to inflammation are also considered to be 
promising biomarkers of tissue injury in general and 
under specific conditions also for the brain injury. High-
mobility-group-protein-box-1 (HMGB1) will be thus also 
explained. Since these biomarkers (related to the 
neuroinflammation) are not tissue specific they possess 
good potential, however, likely in combination with more 
specific biomarkers (Fig. 2). 

 

 
 
Fig. 2. Molecular and physiological characteristics of selected biomarkers of the brain injury. Data derived from [30,31,32,33,34,35,36]. 
 
 
Neuron specific enolase (NSE) 

NSE is the neuronal form of the intracytoplasmic 
glycolytic enzyme (isoenzyme homodimer, gamma 
enolase). Enolase, in vertebrates expressed by different 
genes, is present as enolase α (ubiquitous), enolase β 
(muscle-specific), and enolase γ which is neuron-specific. 
NSE, which occurs as γγ- and αγ-dimer, is a late event in 
neural differentiation, is found almost exclusively in 
neurons and cells of neuroendocrine origin, and is 
measurable in blood and cerebrospinal fluid [36]. NSE is 
released into the blood following the brain injury from 
neurons into the extracellular space and bloodstream. 
Levels of NSE in peripheral blood thus can serve as 
markers of the extent of the brain injury. The molecular 
weight of the dimeric form of NSE is 78 kDa [32]. The 
biological half-life of NSE in body fluids is 
approximately 48-72 h [32]. A positive correlation 
between NSE levels and infarct volume has been reported 
in acute ischemic stroke patients. Zaheer et al. have found 

a positive correlation between the concentration of NSE 
and infarct volume determined by computed tomography 
1 day after stroke, and a strong negative correlation 
between the Glasgow coma scale (GCS) at presentation 
and concentration of NSE on day 1. Thus the serum 
levels of NSE in the first days after the stroke predict 
stroke severity and early functional outcome [38]. NSE 
has been evaluated also in other conditions where 
neuronal damage has been reported. Serum levels of NSE 
have been shown to provide quantitative measures of 
brain damage and to improve the diagnosis in 
intracerebral hemorrhage, seizures, and comatose patients 
after cardiopulmonary resuscitation for cardiac arrest, and 
traumatic brain injury. However, since the NSE is of 
a more general origin its levels are also elevated in 
various neuroendocrine tumors, lung cancer, 
neuroblastoma, seminoma, or melanoma, for the review 
see Isgrò et al. [37]. The clinical significance is 
emphasized when both NSE and S100B markers are 
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evaluated together. NSE and S100B were at the same 
time analyzed in acute ischemic and intracerebral 
hemorrhage. High serum NSE and S100B were 
associated with poor outcomes in ischemic stroke. These 
findings suggest the high potential of simultaneous 
evaluation of NSE and S100B as reliable prognostic 
markers for acute stroke [39]. 
 
S100B (S100 calcium-binding protein beta) 

S100B is a low molecular weight (10.5 kDa) 
calcium-binding protein that is primarily expressed and 
secreted by astrocytes. S100B can be found in very low 
levels in human CSF and serum, and normal levels of this 
protein have been strongly correlated with the absence of 
intracranial injury [40]. After brain injury, S100B is 
immediately released from damaged glial cells and can be 
detected in the blood as fast as 30 min after the trauma 
and is eliminated from the organism by the kidney. The 
serum half-life of S100B ranges between 30 to 90 min. 
S100B becomes detectable promptly following a brain 
injury. During the initial 24 to 48 h after the injury, serum 
concentrations of S100B exhibit rapid fluctuations. 
However, a definitive and universally standardized 
timeframe for sample collection remains elusive [41]. 
Besides brain tissue, S100B expression is found in the 
adipose tissue, skin, or skeletal muscles [42]. Release into 
the serum after brain injury could theoretically be the 
result of several factors including impaired blood-brain 
barrier integrity [43]. Therefore, some authors suggest 
S100B as a candidate peripheral biomarker of blood-brain 
barrier (BBB) permeability and/or CNS injury. For more 
information see an excellent review from Michetti et al. 
[44]. Although S100B is currently regarded as a reliable 
biomarker of acute brain injury it has to be emphasized 
that during traumatic brain injury, an extraneural origin 
(adipose tissue) should be considered in the interpretation 
of the results since elevated levels of S100B has been 
detected also in patients after the trauma in the absence of 
head injuries [45]. S100B released from extracerebral 
sources, however, has a faster clearance compared to 
S100B released from the brain [46]. Adding serum 
protein (e.g. S100B) protein blood level to current 
recommendations could therefore reduce the need for 
CT examination and save costs [47]. 
 
UCH-L1 (Ubiquitin carboxy-terminal hydrolase L1) 

The ubiquitin C-terminal hydrolases (UCH-L1, 
UCH-L3, UCH37, and BAP1) form a subfamily among 
the deubiquitinating enzymes that are capable of 

removing ubiquitin from their protein substrates. 
Expression of UCH-L1 is highly specific to neurons and 
to cells of the diffuse neuroendocrine system. Although 
UCH-L1 protein expression is specific to neurons and 
testis/ovary tissue, it has been also found to be expressed 
in lung-tumor cells [48]. UCH-L1 is a relatively small 
protein (molecular weight of 25 kDa) that catalyzes 
hydrolysis of C-terminal esters and amides of ubiquitin. 
The half-life of UCH-L1 in cerebrospinal fluid and serum 
spans between 7 to 9 h, respectively [33]. At the cellular 
level, UCH-L1 is expressed and fills the cytoplasm of 
neurons throughout the brain. Since UCH-L1 has 
restricted distribution in other tissues, it has led to the 
suggestion to use UCH-L1 as a neuron-specific 
biomarker of brain injury [49]. On 14 February 2018, the 
FDA authorized the marketing of the first blood test to 
evaluate concussion in adults based on peripheral levels 
of UCH-L1 and GFAP. Since then several trademarks 
using this principle appeared on the market. Levels of 
UCH-L1 and GFAP after mild traumatic brain 
injury/concussion can help predict which patients may 
have intracranial lesions visible by CT scan and which 
will not [50,51]. 
 
GFAP (Glial fibrillary acidic protein) 

GFAP is a polypeptide with a molecular weight 
of 49 kDa [34]. GFAP is an intermediate filament protein, 
found in the cytoskeleton of astrocytes. The filament is 
expressed in mature astrocytes throughout the gray and 
white matter of the brain, the cerebellum, the 
subventricular and subgranular zones, Mueller cells in the 
retina, in the periphery by Schwann cells, mature glial 
cells in the gut, hepatic stellate cells, and other non-neural 
cells. The isoform that is most abundantly expressed and 
most often analyzed in the literature is GFAPα [52]. The 
mechanisms underlying the release of GFAP and its 
breakdown products into the blood after the injury is 
rather complex and are a matter of continuing debate. It 
has been suggested that drainage is likely to result from 
a combination of CSF absorption via arachnoid villi, flow 
along the glymphatic system and the cervical lymph 
nodes, and exchange at the BBB which typically 
compromised after the acute brain injury (for more detail 
see an excellent review from Abdelhak et al. [52]). 
GFAP is detectable in blood one hour after injury, its 
peak 20-24 h, GFAP demonstrates a comparatively 
extended half-life, encompassing a range of 24 to 48 h 
[53]. GFAP in combination with other neuron-specific 
markers such as NSE or UCH-L1 seems to be a reliable 
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and applicable biomarker of mild traumatic brain injury 
and has been approved by FDA already [50]. 
 
HMGB1 (High-mobility-group-protein-box-1) 

HMGB1 protein has been known as a highly 
conserved nuclear protein and is made up of 215 amino 
acids. In a homeostatic state, HMGB1 acts as a chaperon 
of DNA [54]. Clinically HMGB1 plays an important role 
in various types of diseases such as autoimmune, 
infectious, and inflammatory. HMGB1 is considered to 
be an alarmin or damage-associated molecular pattern 
molecule, which reaches extracellular space through 
active secretion or passive release immediately after 
tissue injury, thus triggering and mediating consequent 
inflammation and immune response [55]. After the cell 
injury, HMGB1 translocates to the cytoplasm from 
nuclei, and consequently to extracellular space. HMGB1 
is also actively secreted by inflammatory cells like 
macrophages or monocytes and NK-cells during tissue 
injury [56]. The functions of HMGB1 could be divided 
on the basis of its localization (intracellular, extracellular 
space) and modifications. Different physiological 
functions of the HMGB1 protein are based on its redox 
forms [36]. Posttranslational modifications and different 
redox forms aggravate the interpretation of serum levels 
of HMGB1 [57]. HMGB1 reacts very early after  
an insult, well documented in several studies. Elevation 
of HMGB1 peaks after the mechanical brain trauma in 
plasma as early as tens of minutes to 6 h after the injury, 
however, in this study patients with isolated head injuries 
were excluded [58]. Systemic HMGB1 levels in vivo in 
mice model started at 8 h and increased substantially 
from 16 to 32 h after lipopolysaccharide administration 
[59]. After the brain injury, HMGB1 is quickly released 
from affected neurons through a mechanism mediated by 
the N-methyl D-aspartate receptor. The half-life of 
HMGB1 is contingent upon its redox state, with 
a calculated duration of 17 min in serum [60]. HMGB1 
protein induces an inflammatory response in the 
experimental traumatic brain injury model by increasing 
the expression of TLR4 and RAGE receptors, which 
leads to brain edema and neuronal apoptosis [61]. 
Although HMGB1 is not specific for neuronal tissue 
injury, its sudden and extensive increase has been 
considered also in other neurological diseases including 
seizures and epilepsy [62]. A clinical study on pediatric 
epilepsy patients showed that levels of HMGB1 and 
TLR4 in the severe epilepsy group were significantly 
increased compared to both the control group and the 

mild epilepsy group. Moreover, patients in the mild 
epilepsy group also significantly differed from those in 
the control group, indicating that the overexpression of 
HMGB1 and TLR4 is related to the severity of epilepsy 
[63]. Serum levels of HMGB1 are negatively correlated 
with neurological function scores of epileptic patients but 
positively correlated with seizure frequency and the 
number of epileptiform discharges. This finding thus 
suggests that serum HMGB1 levels can be considered 
also as a prognostic marker for epileptogenesis [64]. 
 
Temporal profiles of molecular biomarkers 
in the serum after the brain injury 
 

Understanding the temporal dynamics of serum 
molecular biomarker levels associated with brain injuries 
holds the potential to facilitate precise diagnoses by 
healthcare practitioners. An extensively researched 
biomarker, S100B, demonstrates a rapid surge shortly 
after traumatic brain injury (TBI) and boasts a relatively 
short half-life of approximately one hour [65]. This 
kinetic behavior positions S100B as a potential diagnostic 
tool for excluding TBI in circumstances where 
neuroimaging methods are unavailable [66]. In contrast, 
sustained elevated levels of serum NSE are attributed to 
its neuron-specificity, rendering it valuable for predicting 
neurological outcomes following systemic hypoxic 
insults [67]. In a study involving a pediatric population, 
serum UCH-L1 exhibited a peak at 8 h post-brain injury, 
followed by a rapid decline [68]. 

The release of inflammation markers into the 
bloodstream from various peripheral sources contributes 
to the complexity of using HMGB1 for precise 
assessment of neuronal injury. However, in combination 
with more specific yet less sensitive biomarkers such as 
NSE, which elevates at later stages post-TBI, HMGB1 
can offer valuable insights [69]. The observed serum 
peaks of the aforementioned biomarkers are illustrated in 
Figure 3. 

Emerging findings from animal models suggest 
that S100B, along with NSE and GFAP, is transported 
into the bloodstream through glymphatic drainage, 
independent of blood-brain barrier (BBB) permeability 
[68]. Notably, larger molecular weight biomarkers 
experience reduced renal clearance, leading to prolonged 
serum elevation. Serum S100B, distinctively, 
demonstrates leakage after BBB disruption, further 
positioning it as a potential marker of BBB permeability, 
contrasting with NSE (Fig. 4) [70]. 
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Fig. 3. Serum time profiles of selected molecular biomarkers of the brain injury (serum peaks) – information from text. 
 
 

 
 
Fig. 4. Blood-brain barrier environment after hypoxic insult. Blood-brain barrier represents a specific milieu in the organism. Each 
symbol represents a different neuronal biomarker excreted into the interstitium after hypoxic insult. From the interstitium markers pass 
through the blood-brain barrier to the blood where they are detected. 
 
 
Current application of molecular biomarkers 
of the brain injury in newborns 
 

Clinical utilization of serum biomarkers is 
restricted in the present to traumatic brain injury by 
international guidelines. Emergency guidelines use clinical 
imaging (CT) and recently added blood biomarkers in acute 

assessment of traumatic brain injury. In 2018, the FDA 
approved the assessment of serum levels of both GFAP and 
UCH-L1 reliable for use in the emergency department to 
screen for traumatic intracranial abnormalities and facilitate 
urgent clinical decisions regarding acute head CT scanning. 
Scandinavian guidelines also recommended the use of 
S100B for traumatic brain injury [71]. However, the efficacy 
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in urgent pediatric care has to be confirmed by larger studies 
in the pediatric population. An innovative assessment and 
design of the new French study is now enrolling patients in 
Clermont-Ferrand, France [72]. The efficacy of biomarkers 
to assess the extent of brain injury after the hypoxic-
ischemic insult in newborns is less documented in the 
literature. Hypoxic-ischemic brain injury in newborns is 
a special but still frequent and serious acute condition in 
pediatric emergency medicine. Early and right diagnosis 
including estimation of the extent of the brain injury is 
therefore critical in decision making for immediate treatment 
by therapeutic hypothermia. 

Higher serum IL-6 and G-CSF at birth in hypoxic-
ischemic patients were associated with the development of 
moderate to severe hypoxic-ischemic encephalopathy [73]. 
Elevated GFAP, IL-1, IL-6, IL-8, tumor necrosis factor, 
interferon γ, and vascular endothelial growth factor in the 
serum at 6-24 h were also associated with abnormal 
neurological outcomes. The rationale for the use of 
molecular biomarkers for the estimation of hypoxic-
ischemic injury at birth is strengthened by the fact that 
neuronal biomarkers in cord serum correlated with the 
severity of HIE and outcomes [74]. However, systemic 
hypothermia therapy can decrease serum UCH-L1 levels 
and increase serum GFAP levels in neonates with HIE 
which handicapped them from monitoring the brain injury 
development during the therapy. Based on their diagnostic 
value of brain injury, GFAP and UCH-L1 are still promising 
to be novel early biomarkers of brain injury after hypoxic-
ischemic insult at birth [75]. Protein S100B in neonates 
suffering from hypoxic-ischemic insults showed elevated in 
umbilical cord blood at birth as well. The S100B 
concentrations were positively associated with the severity 
of the disease and the risk of suffering from 
neurodevelopmental sequelae and even death [76]. 

In contrast, another study refused the correlation of 
HIE severity with the levels of biomarkers in cord sera of 
newborns. The cord sera of 15 neonates with hypoxic-
ischemic encephalopathy were analyzed for UCH-L1 and 
GFAP. No differences in cord blood UCH-L1 and GFAP 
concentrations were found between HIE neonates and 
controls, and no associations were found between the 
biomarker concentrations and the severity of disease, or 
whether the condition developed into a permanent or fatal 
injury [77]. This controversy has to be solved by performing 
new well controlled clinical studies before the decision on 
the reliability of the molecular biomarkers in evaluation of 
the hypoxic ischemic injury in newborns can be made. 
 

Conclusions 
 

Although many efforts in prevention have been 
made to minimize the incidence of brain injury due to 
various causes, it still represents a significant health and 
socio-economic burden. Early diagnosis and estimation of 
the extent of the injury are crucial in deciding on the 
treatment. Although neuroimaging methods such as CT or 
MRI provide reasonable results, in some cases and situations 
they burden several crucial disadvantages. Thus, in the past 
decades’ dramatic progress in our understanding of 
molecular processes ongoing after brain injury led to the 
design of various candidate molecules which were suggested 
to serve as biomarkers of the condition. In this review, we 
provided an overview of current knowledge on serum 
biomarkers of brain injury which has been already tested in 
both animal models and human brain pathologies. We 
covered specificities, time profiles and available 
experimental and clinical data from the literature for brain 
injury-specific serum biomarkers namely NSE, UCH-L1, 
S100B, GFAP, and HMGB1. Although it has not been 
possible to identify a molecule that can serve as a universal 
serum biomarker of brain injury till now, it seems, however, 
that a combination of two markers of different mechanisms 
provides reasonable results. Indeed, the FDA in 2018 
approved an easy diagnostic test evaluating brain injury 
based on a combination of rapid detection of serum levels of 
UCH-L1 and GFAP. It has been shown reliable for adult 
patients where it can help in the triage of patients needing 
CT. However, in pediatric and especially newborn patients 
this method has not been confirmed, and thus seeking 
relevant biomarkers still remains. Since unstable newborns 
could not be transferred to the radiological department for 
MRI or CT imaging, reliable serum biomarkers thus could 
dramatically improve early diagnostics, treatment, and 
finally the outcome of injured neonates. 
 
Conflict of Interest 
There is no conflict of interest. 
 
Acknowledgements 
This work was supported by projects from MEYS of the 
Czech Republic Nr. OP VVV CZ.02.1.01/0.0/ 
0.0/16_026/0008401 UK Prague and Nr. LX22NPO5107: 
Financed by EU – Next Generation EU. Thanks to 
designer Lucie Hrdinová from MEDDI hub a.s. 
 
 
 



S470   Tefr Faridová et al.  Vol. 72 
 
 
References 
 
1. Wilde EA, Wanner IB, Kenney K, Gill J, Stone JR, Disner S, Schnakers C, ET AL. A Framework to Advance 

Biomarker Development in the Diagnosis, Outcome Prediction, and Treatment of Traumatic Brain Injury. 
J Neurotrauma 2022;39:436-457. https://doi.org/10.1089/neu.2021.0099 

2. Robb MA, McInnes PM, Califf RM. Biomarkers and Surrogate Endpoints: Developing Common Terminology 
and Definitions. JAMA 2016;315:1107-1108. https://doi.org/10.1001/jama.2016.2240 

3. Richter S, Winzeck S, Czeiter E, Amrein K, Kornaropoulos EN, Verheyden J, Sugar G, ET AL. Serum biomarkers 
identify critically ill traumatic brain injury patients for MRI. Crit Care 2022;26:369. https://doi.org/10.1186/s13054-
022-04250-3 

4. Herrera CA, Silver RM. Perinatal Asphyxia from the Obstetric Standpoint: Diagnosis and Interventions.  
Clin Perinatol 2016;43:423-438. https://doi.org/10.1016/j.clp.2016.04.003 

5. Gururaj A, Sztriha L, Dawodu A, Nath KR, Varady E, Nork M, Haas D. CT and MR patterns of hypoxic ischemic 
brain damage following perinatal asphyxia. J Trop Pediatr 2002;48:5-9. https://doi.org/10.1093/tropej/48.1.5 

6. McDonald BC, Saykin AJ, McAllister TW. Functional MRI of mild traumatic brain injury (mTBI): progress and 
perspectives from the first decade of studies. Brain Imaging Behav 2012;6:193-207. 
https://doi.org/10.1007/s11682-012-9173-4 

7. Alderliesten T, de Vries LS, Staats L, van Haastert IC, Weeke L, Benders MJ, Koopman-Esseboom C, 
Groenendaal F. MRI and spectroscopy in (near) term neonates with perinatal asphyxia and therapeutic hypothermia. 
Arch Dis Child Fetal Neonatal Ed 2017;102:F147-F152. https://doi.org/10.1136/archdischild-2016-310514 

8. Roldán M, Kyriacou PA. Near-Infrared Spectroscopy (NIRS) in Traumatic Brain Injury (TBI). Sensors (Basel). 
2021;21:1586. https://doi.org/10.3390/s21051586 

9. Sarnat HB, Sarnat MS. Neonatal encephalopathy following fetal distress. A clinical and electroencephalographic 
study. Arch Neurol 1976;33:696-705. https://doi.org/10.1001/archneur.1976.00500100030012 

10. Bustamante-Hervás C, Valverde E, Vega-Del-Val C, Schuffelmann S, Arnaez J. Inter-observer reliability for 
amplitude-integrated EEG in the newborn with perinatal asphyxia. (In Spanish) An Pediatr (Engl Ed)  
2021:S1695-4033(21)00116-8. https://doi.org/10.1016/j.anpedi.2021.01.014 

11. Lacan L, Betrouni N, Lamblin MD, Chaton L, Delval A, Bourriez JL, Storme L, Derambure P, NguyenThe Tich S. 
Quantitative approach to early neonatal EEG visual analysis in hypoxic-ischemic encephalopathy severity: Bridging the 
gap between eyes and machine. Neurophysiol Clin 2021;51:121-131. https://doi.org/10.1016/j.neucli.2020.12.003 

12. Kamino D, Almazrooei A, Pang EW, Widjaja E, Moore AM, Chau V, Tam EWY. Abnormalities in evoked potentials 
associated with abnormal glycemia and brain injury in neonatal hypoxic-ischemic encephalopathy. Clin Neurophysiol 
2021;132:307-313. https://doi.org/10.1016/j.clinph.2020.09.024 

13. Lori S, Bertini G, Bastianelli ME, Gabbanini S, Cossu C, Mortilla M, Dani C. Continuous somatosensory evoked 
potentials and brain injury in neonatal hypoxic-ischaemic encephalopathy treated with hypothermia.  
Dev Med Child Neurol 2022;64:1123-1130. https://doi.org/10.1111/dmcn.15190 

14. Jiang ZD, Xu X, Yin R, Shao XM, Wilkinson AR. Differential changes in peripheral and central components of 
the brain stem auditory evoked potentials during the neonatal period in term infants after perinatal hypoxia-
ischemia. Ann Otol Rhinol Laryngol 2004;113:571-576. https://doi.org/10.1177/000348940411300711 

15. Gong X, Zhang H, Liu X, Liu Y, Liu J, Fapohunda FO, Lü P, Wang K, Tang M. Is liquid biopsy mature enough for the 
diagnosis of Alzheimer's disease? Front Aging Neurosci 2022;14:977999. https://doi.org/10.3389/fnagi.2022.977999 

16. Takano R, Misu T, Takahashi T, Sato S, Fujihara K, Itoyama Y. Astrocytic damage is far more severe than 
demyelination in NMO: a clinical CSF biomarker study. Neurology 2010;75:208-216. 
https://doi.org/10.1212/WNL.0b013e3181e2414b 

17. Massaro AN, Wu YW, Bammler TK, Comstock B, Mathur A, McKinstry RC, Chang T, ET AL. Plasma Biomarkers 
of Brain Injury in Neonatal Hypoxic-Ischemic Encephalopathy. J Pediatr 2018;194:67-75.e1. 
https://doi.org/10.1016/j.jpeds.2017.10.060 

18. Depoorter A, Neumann RP, Barro C, Fisch U, Weber P, Kuhle J, Wellmann S. Neurofilament Light Chain: Blood 
Biomarker of Neonatal Neuronal Injury. Front Neurol 2018;9:984. https://doi.org/10.3389/fneur.2018.00984 



2023  Serum Biomarkers Of Hypoxic-Ischemic Brain Injury    S471  
 

19. Nakamura T, Asanuma H, Kusuda S, Imai K, Hosono S, Kato R, Suzuki S, ET AL. Multicenter study for brain/body 
hypothermia for hypoxic-ischemic encephalopathy: Changes in HMGB-1. Pediatr Int 2017;59:1074-1079. 
https://doi.org/10.1111/ped.13377 

20. Yan XJ, Zhan CP, Lv Y, Mao DD, Zhou RC, Xv YM, Yu GF. Utility of serum nuclear factor erythroid 2-related 
factor 2 as a potential prognostic biomarker of severe traumatic brain injury in adults: A prospective cohort study. 
Front Neurol 2022;13:1013062. https://doi.org/10.3389/fneur.2022.1013062 

21. Cho KHT, Xu B, Blenkiron C, Fraser M. Emerging Roles of miRNAs in Brain Development and Perinatal Brain 
Injury. Front Physiol 2019;10:227. https://doi.org/10.3389/fphys.2019.00227 

22. Watson CN, Belli A, Di Pietro V. Small Non-coding RNAs: New Class of Biomarkers and Potential Therapeutic 
Targets in Neurodegenerative Disease. Front Genet 2019;10:364. https://doi.org/10.3389/fgene.2019.00364 

23. Mathew JL, Kaur N, Dsouza JM. Therapeutic hypothermia in neonatal hypoxic encephalopathy: A systematic 
review and meta-analysis. J Glob Health 2022;12:04030. https://doi.org/10.7189/jogh.12.04030 

24. Ayres-de-Campos D, Spong CY, Chandraharan E; FIGO Intrapartum Fetal Monitoring Expert Consensus Panel. 
FIGO consensus guidelines on intrapartum fetal monitoring: Cardiotocography. Int J Gynaecol Obstet 
2015;131:13-24. https://doi.org/10.1016/j.ijgo.2015.06.020 

25. Ghi T, Eggebø T, Lees C, Kalache K, Rozenberg P, Youssef A, Salomon LJ, Tutschek B. ISUOG Practice 
Guidelines: intrapartum ultrasound. Ultrasound Obstet Gynecol 2018;52:128-139. https://doi.org/10.1002/uog.19072 

26. American Academy Of Pediatrics Committee On Fetus And Newborn; American College Of Obstetricians And 
Gynecologists Committee On Obstetric Practice. The Apgar Score. Pediatrics 2015;136:819-822. 
https://doi.org/10.1542/peds.2015-2651 

27. Locatelli A, Lambicchi L, Incerti M, Bonati F, Ferdico M, Malguzzi S, Torcasio F, ET AL. Is perinatal asphyxia 
predictable? BMC Pregnancy Childbirth 2020;20:186. https://doi.org/10.1186/s12884-020-02876-1 

28. Ganeshalingham A, Beca J. Serum biomarkers in severe paediatric traumatic brain injury-a narrative review. 
Transl Pediatr 2021;10:2720-2737. https://doi.org/10.21037/tp-20-386 

29. Riljak V, Kraf J, Daryanani A, Jiruška P, Otáhal J. Pathophysiology of perinatal hypoxic-ischemic encephalopathy 
- biomarkers, animal models and treatment perspectives. Physiol Res 2016;65(Suppl 5):S533-S545. 
https://doi.org/10.33549/physiolres.933541 

30. Michetti F, Corvino V, Geloso MC, Lattanzi W, Bernardini C, Serpero L, Gazzolo D. The S100B protein in 
biological fluids: more than a lifelong biomarker of brain distress. J Neurochem 2012;120:644-659. 
https://doi.org/10.1111/j.1471-4159.2011.07612.x 

31. Lee Y, Lee BH, Yip W, Chou P, Yip BS. Neurofilament Proteins as Prognostic Biomarkers in Neurological 
Disorders. Curr Pharm Des 2020;25:4560-4569. https://doi.org/10.2174/1381612825666191210154535 

32. Påhlman S, Esscher T, Bergvall P, Odelstad L. Purification and characterization of human neuron-specific 
enolase: radioimmunoassay development. Tumour Biol 1984;5:127-139. 

33. Thelin EP, Zeiler FA, Ercole A, Mondello S, Büki A, Bellander BM, Helmy A, Menon DK, Nelson DW. Serial 
Sampling of Serum Protein Biomarkers for Monitoring Human Traumatic Brain Injury Dynamics: A Systematic 
Review. Front Neurol 2017;8:300. https://doi.org/10.3389/fneur.2017.00300 

34. Brophy GM, Mondello S, Papa L, Robicsek SA, Gabrielli A, Tepas J, Buki A, ET AL. Biokinetic Analysis of 
Ubiquitin C-Terminal Hydrolase-L1 UCH-L1 in Severe Traumatic Brain Injury Patient Biofluids. J Neurotrauma 
2011:861-870. https://doi.org/10.1089/neu.2010.1564 

35. Jessen KR, Thorpe R, Mirsky R. Molecular identity, distribution and heterogeneity of glial fibrillary acidic 
protein: an immunoblotting and immunohistochemical study of Schwann cells, satellite cells, enteric glia and 
astrocytes. J Neurocytol 1984;13:187-200. https://doi.org/10.1007/BF01148114 

36. Tripathi A, Shrinet K, Kumar A. HMGB1 protein as a novel target for cancer. Toxicol Rep 2019;6:253-261. 
https://doi.org/10.1016/j.toxrep.2019.03.002 

37. Isgrò MA, Bottoni P, Scatena R. Neuron-Specific Enolase as a Biomarker: Biochemical and Clinical Aspects. 
Adv Exp Med Biol 2015;867:125-143. https://doi.org/10.1007/978-94-017-7215-0_9 

38. Zaheer S, Beg M, Rizvi I, Islam N, Ullah E, Akhtar N. Correlation between serum neuron-specific enolase and 
functional neurological outcome in patients of acute ischemic stroke. Ann Indian Acad Neurol 2013;16:504-508. 
https://doi.org/10.4103/0972-2327.120442 



S472   Tefr Faridová et al.  Vol. 72 
 
 
39. Brea D, Sobrino T, Blanco M, Cristobo I, Rodríguez-González R, Rodríguez-Yañez M, Moldes O, ET AL. 

Temporal profile and clinical significance of serum neuron-specific enolase and S100 in ischemic and 
hemorrhagic stroke. Clin Chem Lab Med 2009;47:1513-1518. https://doi.org/10.1515/CCLM.2009.337 

40. Savola O, Pyhtinen J, Leino TK, Siitonen S, Niemela O, Hillbom M. Effects of head and extracranial injuries on 
serum protein S100B levels in trauma patients. J Trauma 2004;56:1229-1234. 
https://doi.org/10.1097/01.TA.0000096644.08735.72 

41. Ercole A, Thelin EP, Holst A, Bellander BM, Nelson DW. Kinetic modelling of serum S100b after traumatic 
brain injury. BMC Neurol 2016;16:93. https://doi.org/10.1186/s12883-016-0614-3 

42. Zimmer DB, Van Eldik LJ. Tissue distribution of rat S100 alpha and S100 beta and S100-binding proteins. 
Am J Physiol 1987;252:C285-C289. https://doi.org/10.1152/ajpcell.1987.252.3.C285 

43. Kapural M, Krizanac-Bengez L, Barnett G, Perl J, Masaryk T, Apollo D, Rasmussen P, Mayberg MR, Janigro D. 
Serum S-100beta as a possible marker of blood-brain barrier disruption. Brain Res 2002;940:102-104. 
https://doi.org/10.1016/S0006-8993(02)02586-6 

44. Michetti F, D'Ambrosi N, Toesca A, Puglisi MA, Serrano A, Marchese E, Corvino V, Geloso MC. The S100B story: 
from biomarker to active factor in neural injury. J Neurochem 2019;148:168-187. https://doi.org/10.1111/jnc.14574 

45. Anderson RE, Hansson LO, Nilsson O, Dijlai-Merzoug R, Settergren G. High serum S100B levels for trauma patients 
without head injuries. Neurosurgery 2001;48:1255-1258; Discussion 1258-1260. https://doi.org/10.1227/00006123-
200106000-00012 

46. da Rocha AB, Schneider RF, de Freitas GR, André C, Grivicich I, Zanoni C, Fossá A, ET AL. Role of serum 
S100B as a predictive marker of fatal outcome following isolated severe head injury or multitrauma in males. 
Clin Chem Lab Med 2006;44:1234-1242. https://doi.org/10.1515/CCLM.2006.218 

47. Calcagnile O, Anell A, Undén J. The addition of S100B to guidelines for management of mild head injury is 
potentially cost saving. BMC Neurol 2016;16:200. https://doi.org/10.1186/s12883-016-0723-z 

48. Bheda A, Gullapalli A, Caplow M, Pagano JS, Shackelford J. Ubiquitin editing enzyme UCH L1 and microtubule 
dynamics: implication in mitosis. Cell Cycle 2010;9:980-994. https://doi.org/10.4161/cc.9.5.10934 

49. Bishop P, Rocca D, Henley JM. Ubiquitin C-terminal hydrolase L1 (UCH-L1): structure, distribution and roles in 
brain function and dysfunction. Biochem J 2016;473:2453-2462. https://doi.org/10.1042/BCJ20160082 

50. Papa L, Ladde JG, O'Brien JF, Thundiyil JG, Tesar J, Leech S, Cassidy DD, ET AL. Evaluation of glial and neuronal 
blood biomarkers compared with clinical decision rules in assessing the need for computed tomography in patients with 
mild traumatic brain injury. JAMA Netw Open 2022;5:e221302. https://doi.org/10.1001/jamanetworkopen.2022.1302 

51. Wang KK, Yang Z, Zhu T, Shi Y, Rubenstein R, Tyndall JA, Manley GT. An update on diagnostic and prognostic 
biomarkers for traumatic brain injury. Expert Rev Mol Diagn 2018;18:165-180. 
https://doi.org/10.1080/14737159.2018.1428089 

52. Abdelhak A, Foschi M, Abu-Rumeileh S, Yue JK, D'Anna L, Huss A, Oeckl P, ET AL. Blood GFAP as an emerging 
biomarker in brain and spinal cord disorders. Nat Rev Neurol 2022;18:158-172. https://doi.org/10.1038/s41582-021-
00616-3 

53. Thelin EP, Zeiler FA, Ercole A, Mondello S, Büki A, Bellander B-M, Helmy A, ET AL. Serial sampling of serum 
protein biomarkers for monitoring human traumatic brain injury dynamics: A systematic review. Front Neurol 
2017;8:300. https://doi.org/10.3389/fneur.2017.00300 

54. Chen R, Kang R, Tang D. The mechanism of HMGB1 secretion and release. Exp Mol Med 2022;54:91-102. 
https://doi.org/10.1038/s12276-022-00736-w 

55. Mo J, Hu J, Cheng X. The role of high mobility group box 1 in neuroinflammatory related diseases. Biomed 
Pharmacother 2023;161:114541. https://doi.org/10.1016/j.biopha.2023.114541 

56. Gougeon ML, Bras M. Natural killer cells, dendritic cells, and the alarmin high-mobility group box1 protein: 
a dangerous trio in HIV-1 infection? Curr. Opin HIV AIDS 2011;6:364-372 
https://doi.org/10.1097/COH.0b013e328349b089 

57. Kwak MS, Kim HS, Lee B, Kim YH, Son M, Shin JS. Immunological Significance of HMGB1 Post-Translational 
Modification and Redox Biology. Front Immunol 2020;11:1189. https://doi.org/10.3389/fimmu.2020.01189 



2023  Serum Biomarkers Of Hypoxic-Ischemic Brain Injury    S473  
 

58. Peltz ED, Moore EE, Eckels PC, Damle SS, Tsuruta Y, Johnson JL, Sauaia A, Silliman CC, Banerjee A, Abraham 
E. HMGB1 is markedly elevated within 6 hours of mechanical trauma in humans. Shock 2009;32:17-22. 
https://doi.org/10.1097/SHK.0b013e3181997173 

59. Wang H, Bloom O, Zhang M, Vishnubhakat JM, Ombrellino M, Che J, Frazier A, ET AL. HMG-1 as a late 
mediator of endotoxin lethality in mice. Science 1999;285:248-251. https://doi.org/10.1126/science.285.5425.248 

60. Zandarashvili L, Sahu D, Lee K, Lee YS, Singh P, Rajarathnam K, Iwahara J. Real-time kinetics of high-mobility 
group box 1 (HMGB1) oxidation in extracellular fluids studied by in situ protein NMR spectroscopy. J Biol Chem 
2013;288:11621-11627. https://doi.org/10.1074/jbc.M113.449942 

61. Evran S, Calis F, Akkaya E, Baran O, Cevik S, Katar S, Gurevin EG, ET AL. The effect of high mobility group 
box-1 protein on cerebral edema, blood-brain barrier, oxidative stress and apoptosis in an experimental traumatic 
brain injury model. Brain Res Bull 2020;154:68-80. https://doi.org/10.1016/j.brainresbull.2019.10.013 

62. Walker LE, Frigerio F, Ravizza T, Ricci E, Tse K, Jenkins RE, Sills GJ, ET AL. Molecular isoforms of high-
mobility group box 1 are mechanistic biomarkers for epilepsy. J Clin Invest 2019;129:2166. 
https://doi.org/10.1172/JCI129285 

63. Kamaşak T, Dilber B, Yaman SÖ, Durgut BD, Kurt T, Çoban E, Arslan EA, ET AL. HMGB-1, TLR4, IL-1R1, TNF-α, 
and IL-1β: novel epilepsy markers? Epileptic Disord 2020;22:183-193. https://doi.org/10.1684/epd.2020.1155 

64. Zhu M, Chen J, Guo H, Ding L, Zhang Y, Xu Y. High Mobility Group Protein B1 (HMGB1) and Interleukin-1β 
as Prognostic Biomarkers of Epilepsy in Children. J Child Neurol 2018;33:909-917. 
https://doi.org/10.1177/0883073818801654 

65. Gyorgy A, Ling G, Wingo D, Walker J, Tong L, Parks S, Januszkiewicz A, Baumann R, Agoston DV.  
Time-dependent changes in serum biomarker levels after blast traumatic brain injury. J Neurotrauma  
2011;28:1121-1126. https://doi.org/10.1089/neu.2010.1561 

66. Townend W, Dibble C, Abid K, Vail A, Sherwood R, Lecky F. Rapid elimination of protein S-100B from serum 
after minor head trauma. J Neurotrauma 2006;23:149-155. https://doi.org/10.1089/neu.2006.23.149 

67. Rech TH, Vieira SR, Nagel F, Brauner JS, Scalco R. Serum neuron-specific enolase as early predictor of outcome 
after in-hospital cardiac arrest: a cohort study. Crit Care 2006;10:R133. https://doi.org/10.1186/cc5046 

68. Papa L, Brophy GM, Welch RD, Lewis LM, Braga CF, Tan CN, Ameli NJ, ET AL. Time Course and Diagnostic 
Accuracy of Glial and Neuronal Blood Biomarkers GFAP and UCH-L1 in a Large Cohort of Trauma Patients With and 
Without Mild Traumatic Brain Injury. JAMA Neurol 2016;73:551-560. https://doi.org/10.1001/jamaneurol.2016.0039 

69. Plog BA, Dashnaw ML, Hitomi E, Peng W, Liao Y, Lou N, Deane R, Nedergaard M. Biomarkers of traumatic 
injury are transported from brain to blood via the glymphatic system. J Neurosci 2015;35:518-526. 
https://doi.org/10.1523/JNEUROSCI.3742-14.2015 

70. Kapural M, Krizanac-Bengez LJ, Barnett G, Perl J, Masaryk T, Apollo D, Rasmussen P, Mayberg MR, Janigro D. 
Serum S-100beta as a possible marker of blood-brain barrier disruption. Brain Res 2002;940:102-104. 
https://doi.org/10.1016/S0006-8993(02)02586-6 

71. Undén J, Ingebrigtsen T, Romner B, Scandinavian Neurotrauma Committee (SNC). Scandinavian guidelines for 
initial management of minimal, mild and moderate head injuries in adults: an evidence and consensus-based 
update. BMC Med 2013;11:50. https://doi.org/10.1186/1741-7015-11-50 

72. Bouvier D, Balayssac D, Durif J, Mourgues C, Sarret C, Pereira B, Sapin V. Assessment of the advantage of the 
serum S100B protein biomonitoring in the management of pediatric mild traumatic brain injury-PROS100B: 
protocol of a multicentre unblinded stepped wedge cluster randomized trial. BMJ Open 2019;9:e027365. 
https://doi.org/10.1136/bmjopen-2018-027365 

73. Go H, Saito Y, Maeda H, Maeda R, Yaginuma K, Ogasawara K, Kashiwabara N, Kawasaki Y, Hosoya M. Serum 
cytokine profiling in neonates with hypoxic ischemic encephalopathy. J Neonatal Perinatal Med 2021;14:177-182. 
https://doi.org/10.3233/NPM-200431 

74. Chalak LF, Sánchez PJ, Adams-Huet B, Laptook AR, Heyne RJ, Rosenfeld CR. Biomarkers for severity of 
neonatal hypoxic-ischemic encephalopathy and outcomes in newborns receiving hypothermia therapy. J Pediatr 
2014;164:468-74.e1. https://doi.org/10.1016/j.jpeds.2013.10.067 



S474   Tefr Faridová et al.  Vol. 72 
 
 
75. Douglas-Escobar MV, Heaton SC, Bennett J, Young LJ, Glushakova O, Xu X, Barbeau DY, ET AL. UCH-L1 and 

GFAP Serum Levels in Neonates with Hypoxic-Ischemic Encephalopathy: A Single Center Pilot Study.  
Front Neurol 2014;5:273. https://doi.org/10.3389/fneur.2014.00273 

76. Zaigham M, Lundberg F, Olofsson P. Protein S100B in umbilical cord blood as a potential biomarker of hypoxic-
ischemic encephalopathy in asphyxiated newborns. Early Hum Dev 2017;112:48-53. 
https://doi.org/10.1016/j.earlhumdev.2017.07.015 

77. Zaigham M, Lundberg F, Hayes R, Undén J, Olofsson P. Umbilical cord blood concentrations of ubiquitin carboxy-
terminal hydrolase L1 (UCH-L1) and glial fibrillary acidic protein (GFAP) in neonates developing hypoxic-ischemic 
encephalopathy. J Matern Fetal Neonatal Med 2016;29:1822-1828. https://doi.org/10.3109/14767058.2015.1064108 

 
 
 



<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues false

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages false

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages false

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages false

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

    /CZE <>

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [595.276 841.890]

>> setpagedevice



