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Abstract
Background  Current diagnostic criteria for hypoxic–ischemic encephalopathy in the early hours lack objective measurement 
tools. Therefore, this systematic review aims to identify putative molecules that can be used in diagnosis in daily clinical 
practice (PROSPERO ID: CRD42021272610).
Data sources  Searches were performed in PubMed, Web of Science, and Science Direct databases until November 2020. 
English original papers analyzing samples from newborns > 36 weeks that met at least two American College of Obstetri-
cians and Gynecologists diagnostic criteria and/or imaging evidence of cerebral damage were included. Bias was assessed 
by the Newcastle–Ottawa Scale. The search and data extraction were verified by two authors separately.
Results  From 373 papers, 30 met the inclusion criteria. Data from samples collected in the first 72 hours were extracted, 
and increased serum levels of neuron-specific enolase and S100-calcium-binding protein-B were associated with a worse 
prognosis in newborns that suffered an episode of perinatal asphyxia. In addition, the levels of glial fibrillary acidic protein, 
ubiquitin carboxyl terminal hydrolase isozyme-L1, glutamic pyruvic transaminase-2, lactate, and glucose were elevated 
in newborns diagnosed with hypoxic–ischemic encephalopathy. Moreover, pathway analysis revealed insulin-like growth 
factor signaling and alanine, aspartate and glutamate metabolism to be involved in the early molecular response to insult.
Conclusions  Neuron-specific enolase and S100-calcium-binding protein-B are potential biomarkers, since they are corre-
lated with an unfavorable outcome of hypoxic–ischemic encephalopathy newborns. However, more studies are required to 
determine the sensitivity and specificity of this approach to be validated for clinical practice.
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Introduction

Perinatal asphyxia (PA) can lead to severe brain injury and 
is the most frequent cause of hypoxic–ischemic encepha-
lopathy (HIE), occurring in 1–8/1000 live births [1]. Several 
conditions might lead to an interruption of the blood flow to 
the brain, resulting in an insufficient supply of oxygen and 
nutrients to the brain required to maintain the high energy 
demands of this organ [2]. Briefly, after the initial insult, 
energy failure results in an impairment of active membrane 
transport and, consequently, membrane depolarization and 
glutamate release. Its accumulation in the synaptic cleft leads 
to increased excitotoxicity, culminating in cytotoxic edema, 
activation of inflammatory and apoptotic pathways, and 
finally neuronal death [3]. These events may lead to perma-
nent sequelae in the neonatal brain, namely, epilepsy, cerebral 
palsy, mental disability, motor and sensorial impairment, or 
even death [4].

There are no accurate and objective tools with high 
sensitivity and specificity to diagnose newborns suffering 
from HIE. Some complementary blood tests have been 
proposed to evaluate liver and renal function and sup-
port the diagnosis, but they lack neuronal specificity [5]. 
According to the American College of Obstetricians and 
Gynecologists (ACOG) [6], if more than one of the fol-
lowing criteria is met, the newborn is more likely to suffer 
from a peripartum hypoxic–ischemic event: (1) appear-
ance, pulse, grimace, activity, respiration (APGAR) score 
below 5 at 5 and 10 minutes; (2) fetal umbilical artery 
pH less than 7.0 and/or base deficit equal to or greater 
than 12 mmol/L; (3) neuroimaging evidence of acute brain 
injury seen on magnetic resonance imaging (MRI) or mag-
netic resonance spectroscopy (MRS), and (4) presence of 
multiorgan failure. However, imaging is usually performed 
in the first two weeks of life and is not suitable for a rapid 
diagnosis [5].

The therapeutic window to treat HIE is limited to the first 
6 hours of life, before the beginning of inflammatory and 
apoptotic pathways [7]. Presently, therapeutic hypothermia 
(TH) is the treatment standard for moderate to severe cases 
of HIE, consisting of cooling either the newborn’s whole-
body temperature (keeping it between 32 °C and 34 °C) or 
selectively the head for up to 72 hours. This approach aims 
to slow the metabolic rate and the accumulation of inflam-
matory cytokines, lowering the activation of intracellular 
pathways leading to programmed cell death. Furthermore, 
innovative treatments are emerging, including drugs, such 
as topiramate, erythropoietin, and stem cells, which are not 
yet used as standard guideline treatments [8]. The lack of a 
definitive test to diagnose HIE might lead to a misdiagnosis 
and a lack of proper treatment choices that can have an irre-
trievable impact on these neonates’ future.

Several studies have been published in recent decades 
proposing hypothetical biomarkers for HIE [5, 9]. Never-
theless, to our knowledge, there is no review on the litera-
ture that collects all these data. Therefore, this systematic 
review proposes to critically assess potential biomarkers for 
the diagnosis of term newborns who have been diagnosed 
with HIE in accordance with ACOG criteria and/or MRI 
brain injury evidence.

Methods

The study design was registered on PROSPERO on 1st 
October 2021 (ID: CRD42021272610) [10]. In addition, 
this review was written in accordance with PRISMA guide-
lines [11]. The search strategy, study eligibility, and quality 
assessment were performed by IC and MC, while IC and 
MR performed data extraction. The evaluation was per-
formed independently, and disagreements were resolved by 
consensus.

Search strategy

An article search was conducted in three distinct databases 
until November 11, 2020: PubMed, Web of Science, Science 
Direct, and OpenGrey. Since HIE terminology is not consen-
sual, four different terms were used: “neonatal brain injury”, 
“neonatal encephalopathy”, “hypoxic–ischemic encepha-
lopathy” and “neonatal hypoxic–ischemic encephalopathy”. 
These terms were combined with the preposition and with 
the terms “biomarker*”, “proteomic*”, “metabolomic*”, 
restricting it to the title and abstract fields. The methods are 
described in detail in the supplementary material.

Study eligibility

Selected articles were subjected to abstract evaluation and 
three selection phases. The first approach aimed to catego-
rize the results by document type, language, species of the 
samples studied, and biomarker type. Only original English 
papers in which the research was focused on biochemical 
HIE biomarkers in human samples were selected for method 
evaluation. The studies were then classified according to 
study type, sample size, sample type, association with other 
pathologies, gestational age (GA) or age, disease, sample 
collection time, therapy, outcome assessment, and associa-
tion of the biomarkers with multiorgan failure. Only studies 
regarding term newborns collected in the first 72 hours of 
life were selected for a diagnostic criteria analysis. More-
over, studies analyzing cerebrospinal fluid (CSF) were 
excluded, since its collection from newborns may be con-
sidered unethical in many countries.
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Since diagnosis criteria for HIE are not standardized in 
all studies, to analyze a homogenous population, the diag-
nostic criteria applied were assessed in each study: APGAR 
score, fetal acidemia, MRI and multiorgan failure. Studies 
that matched at least two ACOG diagnostic criteria or had 
neuroimaging evidence of brain injury were selected for 
quality assessment and data extraction.

Quality assessment

The quality of each study was evaluated by the Newcas-
tle–Ottawa Scale (NOS) [12]. In accordance with the 
authors’ guidelines, different scales were applied depend-
ing on the study type (cohort or case–control). The scores 
for selection, comparability, and outcomes are presented 
separately.

Data extraction

Population characteristics were analyzed to infer the homo-
geneity of the populations being reviewed in this manu-
script. Information about the study location, type of study, 
gestational age and/or birth weight, diagnosis criteria, HIE 
severity assessment, complementary diagnostic exams, 
therapeutic hypothermia, sample size, sample type, and the 
biomarker described in the study was extracted. In addition, 
information about the biomarker, namely, the biomarker 
type, the technique used to analyze the biomarker, the sam-
ple size of each group, collection time, and P value (when 
available), was also extracted. The extracted data is available 
in Tables 1-3 and in the supplementary material.

Data analysis

Venn diagrams were generated on InteractiVenn [13]. A 
UniProt accession number, Human Metabolome Database 
(HMBD) or GeneCard code was manually attributed to iden-
tified proteins, metabolites, or genes, respectively. Proteins 
and metabolites identified in serum and plasma samples 
were subjected to further analysis. Protein gene ontology 
(GO) analysis was performed on the DAVID Bioinformatic 
Database [14], and images were generated using the ggplot2 
R package [15]. Metabolite pathway and mixomic analyses 
were performed on MetaboAnalyst [16].

Results

Literature search and study selection

The PubMed search resulted in 279 hits and 227 unique 
records. The Web of Science search resulted in 233 hits and 
121 unique records. The Science Direct search resulted in 145 

hits and 93 unique records. After duplicate removal, a list of 
373 unique records was obtained (Fig. 1a, b). From these, a 
total of 240 records were excluded considering nonoriginal 
records (n = 110), non-English records (n = 15), nonhuman 
studies (n = 73) and nonbiochemical, therapeutic response, 
genetic, pH, or associated with other disease biomarker stud-
ies (n = 140), resulting in 133 records for evaluation of the 
methods. During this selection phase, three articles were 
reclassified as review articles, one was reclassified as an 
imaging biomarker article, and four focused on therapeutic 
response biomarkers. Then, studies analyzing CSF samples 
were excluded (n = 7), because the collection of this fluid is 
not a common clinical practice in newborns. Works study-
ing children, adults, and newborns < 36 week GA were also 
excluded (n = 31), since this review focuses on HIE biomarkers 
for term newborns. Finally, articles in which sample collec-
tion was not within the first 72 hours after birth (n = 15) were 
excluded, as this review focuses on identifying biomarkers of 
HIE to be used as an early diagnostic tool. These steps identi-
fied 81 records, of which diagnostic criteria were analyzed. It 
was not possible to obtain diagnosis criteria information in one 
of the reports; therefore, it was excluded. Studies that matched 
at least two ACOG diagnostic criteria or had neuroimaging 
evidence of acute brain injury by MRI or MRS (n = 29) were 
selected. Regarding the manual search, one study matched all 
eligibility criteria and was considered for further analysis. In 
conclusion, 30 studies were included in this systematic review 
[17–46] (Fig. 1a).

Quality assessment

Considering the NOS, no case–control study was considered 
to be at risk of bias (Supplementary Tables 1–2). Regarding 
cohort studies, one article was considered to be at high risk 
of bias (score ≤ 3), and four were at medium risk (score < 7). 
Five articles were identified as being potentially biased 
(Fig. 1k). These articles were not excluded from further 
analysis.

Studies and population characteristics

The population characteristics are summarized in Table 1, 
and the studies included were published between 2002 
and 2020, despite the majority being released after 2014 
(Fig. 1d). In addition, most studies took place in Europe and 
America (Fig. 1c) and are prospective studies. Regarding 
population characteristics, all studies included newborns 
older than 36 weeks of gestation that matched at least two 
ACOG diagnosis criteria or neuroimaging evidence of brain 
injury to allow studying a more homogeneous population. 
Moreover, almost all studies used whole-body hypothermia 
as a therapeutic approach and MRI as a complementary exam 
(Fig. 1f, g).
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Potential biomarkers were identified in the cord blood, 
plasma, serum, whole blood, dried blood spots (DBS), and urine 
(Tables 2, 3 and Supplementary Tables 4–7). Interestingly, some 
studies used advanced cerebral imaging techniques to address the  

behavior of specific molecules during TH, while enzyme linked 
immunosorbent assay (ELISA) was the most commonly used 
technique (Fig. 1e). Although metabolites have a high number 
of identifications (due to the use of high throughput techniques) 
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(Fig. 1j), most studies have focused their attention on proteins. 
Nevertheless, recent reports indicate that RNA and microRNA 
(miRNA) are emerging as possible diagnostic targets.

Advanced cerebral imaging techniques are 
emerging as a therapeutic response monitoring 
approach

A small number of studies have evaluated the therapeutic 
response of newborns to hypothermia by evaluating the 
redox state of cytochrome oxidase [26, 41] or hemoglobin 
oxygenation [26, 30, 41] using near-infrared spectroscopy 
(NIRS) (Supplementary Table 3). In addition, the lactate/N-
acetylaspartate ratio (assessed by 1H MRS) was suggested 
as a promising severity predictor for HIE [26, 41]. However, 
additional studies are needed for more robust conclusions.

Several proteins as candidates for the diagnosis 
of hypoxic–ischemic encephalopathy are altered 
in various body fluids

The proteins identified in more than one body fluid and/
or cited in more than one study are summarized in Fig. 2a. 
While serum appears to be the most studied sample type, 
in which eleven different proteins were identified as poten-
tial biomarkers, only one protein was identified in urine—
S100-calcium-binding protein-B (S100B). This protein was 
reported to be elevated in newborns' urine, presenting an 
unfavorable outcome in the first 48 hours of life [35] and 
severe cases in the first 24 hours of life [44]. Accordingly, 

higher S100B serum levels during hypothermia (at 72 hours) 
were associated with a worse prognosis [28, 36] and even 
death [28, 35, 36]. For glial fibrillary acidic protein (GFAP), 
data available from the umbilical cord are not consensual: 
one study reported no differences between control and HIE 
[17], while another describes that elevated GFAP levels are 
significantly different in infants who developed severe brain 
injury compared to mild HIE [18]. Although no differences 
were found between control and HIE on plasma samples 
during TH and on rewarming [29], GFAP serum levels were 
described to be significantly higher in infants with abnormal 
MRI during the first 24 hours [17, 25]. In severe cases of 
HIE, ubiquitin C-terminal hydrolase L1 (UCHL-1) levels 
were described to be increased in umbilical cord plasma, 
but no differences were found when comparing moderate 
and severe HIE groups with the mild HIE group [18]. It is 
also unclear if serum levels of this protein are associated 
with a worse prognosis, since no differences were found 
between the HIE and control groups [22], but the levels 
were described to be elevated at 6 hours and 72 hours in 
newborns with severe MRI brain injury when compared 
with those who did not develop or developed a mild brain 
injury [25]. Interestingly, newborns with HIE showed higher 
levels of plasma neuron-specific enolase (NSE) before TH 
than controls [29]. Increased serum levels of NSE in the first 
72 hours were also found to be positively correlated with an 
unfavorable outcome [28, 35, 36], whereas one study did not 
find differences between newborns with different severity 
grades [39], and another did not have a control group [21].

Concerning the identified cytokines, no significant differ-
ences were found either in the umbilical cord serum [18] or 
the DBS [32]. Particularly for IL-6 serum levels, no control 
group was available in the study [33]. No comparisons were 
performed on erythropoietin levels in plasma or DBS [32]. 
However, a study reported that erythropoietin was increased 
in serum at 48 hours in newborns with moderate/severe HIE 
when compared to those who did not develop or developed 
mild HIE [38]. In addition, this study associated increased 
levels of erythropoietin at 72 hours with death [38]. C-reac-
tive protein (CRP) serum levels and their correlation to an 
outcome are unclear, since one study did not find signifi-
cant differences [34], and other studies did not have control 
groups to compare [33], or their levels were associated with 
microcirculatory issues [37]. Vascular endothelial growth 
factor (VEGF) serum levels were decreased in newborns 
with moderate/severe injury at 24 hours [38], a tendency also 
verified in plasma samples, where VEGF-C was decreased 
at 24 hours compared to controls [42]. Levels of VEGF in 
umbilical cord serum did not vary significantly [18].

Finally, alanine aminotransferase (ALT) serum levels 
were increased in HIE newborns with an abnormal electro-
encephalogram (EEG) in the first 6 hours of life [34] and 
continued to increase at 48 hours compared to the control 

Fig. 1   Database search results and summary of population character-
istics. a PRISMA 2020 flow diagram. Only English manuscripts that 
analyzed human samples collected within 72 h (excluding CSF) and 
studied biochemical biomarkers associated with HIE were included. 
In addition, selected studies had to match at least two ACOG diagno-
sis criteria or present neuroimaging evidence of acute brain ischemia. 
b Common articles between PubMed, Web of Science, and Science 
Direct. Only 12 articles were common between the three databases. c 
and d Concerning population characteristics, the majority of selected 
studies were performed in Europe and America and published after 
2014. f, g Almost all studies applied whole-body hypothermia and 
had MRI data available. h Studies lacked uniformity in comparison 
groups, but the severity was preferably assessed by the Sarnat scoring 
system. e, j Technique most prevalently used is ELISA, while plasma 
was the fluid with more identifications. k Summary of NOS scoring. 
CSF cerebrospinal fluid, ACOG American College of Obstetricians 
and Gynecologists, DBS dried blood spots, ELISA enzyme linked 
immunosorbent assay, miRNA microRNA, NIRS near-infrared spec-
troscopy, MRS magnetic resonance spectroscopy, FDNIRS–DCS fre-
quency-domain near-infrared spectroscopy–diffuse correlation spec-
troscopy, MS mass spectrometer, GC–MS gas chromatography–mass 
spectrometer, ESI–MS electro spray ionization MS, ILMA immuno-
luminometric assay, SIMOA single molecular array, Epo erythropoi-
etin, RT–PCR reverse transcription–polymerase chain reaction, MRI 
magnetic resonance imaging, EEG electroencephalogram, PET posi-
tron emission computed tomography, CRP C-reactive protein, NOS 
Newcastle–Ottawa scale

◂
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group [40]. Aspartate aminotransferase (AST) levels were 
also reported to be elevated in newborns with HIE at 
48 hours [40], but no difference was found in the first 6 hours 
of life [34]. However, it should be taken into consideration 
that they lack neurological specificity [47].

Together, these data suggest that additional studies are 
still required to corroborate the findings presented in this 
review regarding GFAP, UCHL-1, ALT, and VEGF. Con-
cerning urinary S100B, receiver operating characteristic 
(ROC) curves show high sensitivity and specificity to pre-
dict death and short outcomes [35]. In addition, S100B and 
NSE serum levels also showed good predictive power for 
short- [28] and long-term outcomes [36]. Therefore, these 
two proteins should be validated to provide further support 
in the diagnosis of HIE.

Metabolites are promising candidates for the diagnosis of 
hypoxic–ischemic encephalopathy but require further stud-
ies. The metabolites identified and altered in more than one 
body fluid are summarized in Fig. 2a. Plasma is the sample 
type that reported more biomarkers, while umbilical cord 
blood metabolites were only studied by one research group. 
The most studied metabolite was lactate, which was reported 
to be increased in urine in the first 6 hours of life on HIE 
compared to controls [43]. In addition, HIE newborns with 
a severe phenotype or pathological MRI showed increased 
lactate levels in the cord blood [45] and plasma [24] at birth, 
respectively. However, the levels of this metabolite were 
reported not to change significantly in whole blood [27] or 
serum [34] in the first hours of life. Creatinine and urea are 
reported to be elevated in serum samples of the HIE group at 
48 hours [40] but not in whole blood at birth [44]. In plasma, 
creatinine was reported to be significantly altered [24].

Interestingly, glucose levels were reported to be sig-
nificantly increased in the serum of newborns in the first 
hours of life with severe injury or abnormal EEG [34, 
46], but Bersani and his team did not find differences in 
plasma levels [44]. Last, glutamine, succinate, pyruvate 
and α-ketoglutarate urine levels were found to be decreased 
in HIE patients in the first 6 hours of life [43], whereas in 
plasma, glutamine and α-ketoglutarate were reported to be 
altered at 48 hours and 72 hours, and succinate was altered 
at 24 hours, 48 hours, and 72 hours [24]. Regarding pyru-
vate, its levels were elevated at 72 hours in newborns who 
presented a pathological MRI [24]. Furthermore, there are 
studies that propose ratios of metabolites as putative bio-
markers. In urine, the lactate/creatinine ratio was described 
to be significantly elevated in the first 24 hours of life [23], 
but no differences were found in the lactate/pyruvate ratio 
[24] in plasma or the free/total carnitine ratio in DBS [21]. 
Inconsistencies and the reduced number of studies impaired 
the identification of any metabolite as a putative biomarker. 

Nevertheless, lactate is a candidate that should be explored 
in future studies along with new in-depth screenings, consid-
ering that it is a systemic severity marker but not neuronal-
specific [48].

New approaches to identify other classes 
of biomarkers

MicroRNAs (miRNAs) were studied as potential biomark-
ers [31]. However, no differences were found between 
HIE patients with favorable and unfavorable outcomes in 
Let7b, miR-21, miR-29b, miR-124, and mir-155 levels in 
DBS. Alterations in the number of blood cells were also 
evaluated as an approach to identify biomarkers. Nucleated 
red blood cells in the cord blood were increased in new-
borns with moderate/severe HIE [45], but no differences 
were found in neutrophils or white blood cells in the whole 
blood [33, 40]. Platelet levels did not show significant dif-
ferences when comparing newborns with high CRP levels 
[33] but were decreased in the HIE group compared to the 
control group [40]. Furthermore, electrolyte serum levels 
were also studied. One study showed that sodium, calcium, 
and selenium levels were decreased in the HIE group, while 
potassium levels were increased [40]. Finally, studies con-
cerning alterations in the abundance of RNA for several 
inflammation markers were also reported. Proliferator-acti-
vated receptor gamma (PPARG), matrix metallopeptidase 
9 (MMP-9), interleukin (IL)-8, heat shock protein family 
A (Hsp70) member 1A (HSPA1A), and toll-like receptor 
8 (TLR8) were found to be increased in the whole blood 
of the HIE group, while C–C motif chemokine receptor 5 
(CCR5) was decreased [20]. Since these approaches to iden-
tify biomarkers are recent, due to the lack of corroborating 
evidence from different authors, no objective conclusion can 
be drawn about the use of the aforementioned analytes as 
potential biomarkers.

Plasma and serum potential biomarkers 
showed altered pathways in hypoxic–ischemic 
encephalopathy

Pieces of evidence from plasma and serum were combined 
for further pathway analysis to highlight potential mecha-
nisms. Gene Ontology (GO) of extracted proteins showed 
several biological processes and molecular functions associ-
ated with inflammatory responses, as well as insulin-growth 
factor pathways (Fig. 2b, c). Specifically, the majority of the 
proteins associated with these ontologies were decreased in 
HIE newborns [42]. Concerning metabolite pathways, argi-
nine and proline metabolism, urea cycle and lysine degra-
dation were the most significantly altered (Fig. 2d). Finally, 
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a single research group [42] studied the identified proteins, 
this is a promising target, since Insulin-like growth factor 1 
(IGF-1) has already been tested as a therapeutic approach, 
exhibiting good outcomes in a rat HIE model [55].

Regarding the direct inflammatory response, no differ-
ences were found in the analysis of a panel of cytokines 
at the protein level [18, 32]. However, when analyzing the 
RNA levels of inflammatory markers, five were increased, 
and one was decreased [33]. GO analysis also identified 
alterations in several inflammatory pathways (Fig. 2b, c). 
However, some proteins have opposite tendencies, reinforc-
ing the need to clarify the relevance of these molecules in 
the diagnosis of HIE. Nevertheless, it should be taken into 
consideration that the elevation of IL-6, for example, has 
been described to be associated with neonatal sepsis [56], 
which could lead to a misleading diagnosis.

The alanine, aspartate, and glutamate pathways were 
found to be altered in newborns with HIE. These metabolites 
were already described to be increased in brain tissue in a 
rat model of traumatic brain injury [57]. However, it should 
be taken into consideration that dysregulation of alanine 
transaminase was associated with liver dysfunction in HIE 
[58], enhancing the need to consider systemic biomarkers. 
Glutamate and alanine were also described to be elevated in 
the CSF in an HIE piglet model [58], while an excitotoxicity 
mouse model identified proline and arginine as players in 
response to injury [59]. Based on these pieces of evidence, 
future studies should focus on the characterization of these 
pathways in HIE.

Studies using advanced imaging techniques, such as 
NIRS and 1H MRS, are emerging as promising noninvasive 
approaches to monitor newborns’ response to TH [26, 27, 
30, 37, 41]. However, they refer to a low number of publi-
cations, focusing on a low number of patients and without 
healthy controls, and were classified as potentially biased 
according to the NOS scale. Although these techniques can 
provide more information about the metabolic state of the 
newborns, access to these specialized techniques might be 
easier at reference centers to treat HIE but not in all materni-
ties due to financial and logistical reasons.

One of the weak points of this review is the lack of stud-
ies with healthy newborn controls (Fig. 1i). Due to ethical 
reasons, it is not possible to obtain samples from healthy 
newborns at several timepoints. As an alternative, studies 
use non-neurological brain-injured newborns or newborns 
who have suffered an episode of perinatal asphyxia but 
did not develop/or developed a mild brain injury. In either 
case, using these populations as controls can bias the con-
clusions. Another limitation is the lack of uniformization 
of the groups between the studies (Fig. 1i), which makes 

integrating protein and metabolite data, two pathways were 
identified as being modified in HIE: alanine, aspartate and 
glutamate metabolism and arginine and proline metabolism 
(Fig. 2e, f).

Discussion

Presently, no accurate tools are available to diagnose HIE 
immediately after birth and quickly define the best thera-
peutic approach. In addition, the guidelines for diagnosing 
HIE are not standardized among all pediatric centers. While 
verifying the eligibility criteria of each study, we found huge 
discrepancies between the parameters applied to diagnose 
HIE, assessment of severity, and time of sample collection. 
Together, this reinforces the need to establish standard diag-
nostic criteria worldwide. In this review, to reduce bias, the 
population was homogenized by (1) matching at least two 
ACOG diagnosis criteria and (2) having neuroimaging evi-
dence of brain injury, since these data are unequivocal proof 
of brain damage. In addition, potentially biased studies were 
not excluded, since they did not focus on the major findings 
of this review.

This systematic review summarized the potential bio-
markers for HIE. Reported results lack high-throughput 
screenings, which hampers the identification of a larger 
number of putative biomarkers. Briefly, serum is the most 
cited fluid, and proteins are the major candidates with more 
consistent results among the different studies. In particular, 
NSE and S100B were identified as potential biomarkers for 
HIE. Interestingly, not only these proteins but also UCHL-1 
and GFAP were described as potential biomarkers for trau-
matic brain injury in adults [49], since they are also involved 
in brain damage mechanisms. NSE is a brain and peripheral 
neuroendocrine-specific enolase that is highly expressed in 
neurons [50]. The postinsult collapse of the plasma mem-
brane, as after a perinatal asphyxia event, could cause the 
release of this protein to peripheral fluids. In particular, 
after ischemic stroke, NSE protein levels were positively 
correlated with the extent of brain damage [51]. However, 
it should be considered that altered levels of this protein 
might also be associated with the diagnosis of small cell 
lung cancer, among others [52]. S100B is a calcium-binding 
protein expressed by glia, especially astrocytes [53]. This 
protein is associated with intracellular structures, but it is 
also secreted, playing a role in cell survival (in nanomolar 
concentrations), apoptosis, lipid peroxidation (in micromolar 
concentrations) and cytokine production [53, 54]. In addi-
tion, a highlighted pathway in GO analysis was the insulin-
like growth factor signaling pathway (Fig. 2b, c). Although 
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it more difficult to compare studies. Likewise, the lack 
of uniformity of sample collection time, which might be 
influenced by hypothermia, hindered drawing conclusions. 
Unfortunately, some of the studies analyzed lack transpar-
ency on the methodologies and the availability of raw data, 
which compromised data extraction and further analysis 
of the published data.

It should be noted that only a small number of studies 
performed screenings, which limits the amount of informa-
tion extracted from the samples and, therefore, reduces the 
chances of identifying a biomarker. In addition, the lack 
of raw data available (even after direct request) impaired 
a more detailed analysis to determine the sensitivity and 
specificity of the identified biomarkers and assess their 
predictive value to diagnose HIE and/or predict its sever-
ity. Therefore, future studies should present a higher con-
sistency in the diagnosis criteria, establishment of groups, 
preferably using healthy controls, and sample collection 
time, so that data presented in this manuscript can be cor-
roborated and finally get to a routine clinical application.

In conclusion, elevated serum levels of NSE and S100B 
correlated with a worse prognosis in newborns suffering 
from HIE. Nevertheless, future studies should focus on 
determining the sensitivity and specificity of these mol-
ecules before entering clinical practice. In addition, since 
other molecules were identified as potential biomarkers, 
such as GFAP, UCHL1, ALT, glutamate and lactate, we 
suggest that future studies focus on identifying a panel of 
biomarkers instead of a standalone biomarker.
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Fig. 2   Proteins and metabolites identified as potential biomarkers. a 
Representation of biomarkers that were present in more than one fluid 
and/or more than one study. Green, red and yellow triangles repre-
sent studies with evidence of significantly increased, decreased, or 
altered levels of the molecule in the HIE group. Blue circles repre-
sent molecules without significant differences, and on gray squares, 
no comparison was performed. Plasma and serum samples were then 
combined for pathway analysis. b, c Gene ontology analysis of pro-
teins, namely, biological process and molecular function. Altered 
pathways were identified using a metabolite enrichment analysis (d) 
and a combined approach of protein and metabolite analysis (mixom-
ics approach) (e). f Alterations in the alanine, aspartate and glutamate 
pathways were identified, where metabolites are highlighted in green 
and proteins in blue. Balls represent metabolites, and squares repre-
sent proteins. S100B S100-calcium-binding protein-B, DBS dried 
blood spots, GFAP glial fibrillary acidic protein, UCHL-1 ubiquitin 
C-terminal hydrolase L1, NSE neuron-specific enolase, IL interleukin, 
CRP C-reactive protein, VEGF vascular endothelial growth factor, 
ALT alanine aminotransferase, AST aspartate aminotransferase, TNF-
α tumor necrosis factor α, GO Gene Ontology
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