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Chun et 
al/201539

Non-human 
primate model

Identify indicators of 
brain injury, repair 
and prediction of 
neurodevelopmental 
outcome

Plasma GC×GC-TOFMS •	 63 metabolites identified as potential biomarkers
•	 8 metabolites (arachidonic acid, butanoic acid, citric 

acid, fumaric acid, lactate, malate, propanoic acid, and 
succinic acid) correlated with early and/or long-term 
neurodevelopmental outcomes

•	 Citric acid, fumaric acid, lactate and propanoic acid 
correlated with combined outcomes of death or 
cerebral palsy 

•	 Circulating metabolome has the potential to predict 
neurodevelopmental outcome

Solberg et 
al/201633

Newborn 
piglets

Identify early brain 
hypoxia biomarkers

Plasma LC-TOFMS •	 Increased plasma metabolites at the end of hypoxia, 
reflecting a metabolic adaptation to prolonged 
anaerobiosis

•	 Metabolite levels returned to base line after 
resuscitation 

Sachse et 
al/201634

Newborn pigs Identify biomarkers for 
subject characterization, 
intervention effects and 
possibly
Prognosis

Plasma/Urine NMR •	 Plasma and urine metabolites showed severe 
alterations consistent with hypoxia and acidosis 2 and 
4 hours after return of spontaneous circulation

•	 Baseline plasma hypoxanthine and lipoprotein 
concentrations were inversely correlated to the 
duration of hypoxia sustained before asystole occurred

•	 No evidence for a differential metabolic response to 
the different resuscitation protocols or in terms of 
survival

Blaise et al / 
201747

Newborn mice Investigate the effects 
of excitotoxicity in 
metabolome

•	Brain tissue
•	Plasma

MS •	 No difference in plasma metabolic profile
•	 The amino acids glutamine, proline, serine, threonine, 

tryptophan, valine, and the sphingolipid SM C26:1 
were increased in the brain. Glycerophospholipids 
were decreased

•	 Metabolomics could identify excitotoxic effects
Brown et al 
/201735  

Newborn mice Investigate if 
intrauterine 
inflammation alters 
the metabolome of the 
amniotic fluid, fetal and 
neonatal brain, and if 
sex makes difference

•	Amniotic 
fluid

•	Brain

LC-MS •	 Intrauterine inflammation enhances amino acids and 
purine metabolites

•	 Hypoxanthine pathway metabolites were increased in 
amniotic fluid. They can be potential biomarkers.

•	 Fatty acids pattern differed in neonatal brain in a sex-
specific manner

NMR: nuclear magnetic resonance (spectroscopy), MS: mass spectrometry, LC-MS: Liquid Chromatography - Mass Spectrometry, GC×GC-TOFMS: 
2-dimensional gas chromatography-time-of-flight-mass spectrometry, LC-TOFMS: Liquid chromatography-time of flight mass spectrometry.

Table 2: Summary of metabolomic studies in human neonates with perinatal asphyxia-hypoxic-ischemic encephalopathy (HIE). 
Author/year Experimental 

model
Aim Biological 

fluid
Analytical 
platform

Key findings

Chu et al/ 
200656

Asphyxiated 
neonates

Study the metabolomic 
profile in urines 
of neonates with 
severe asphyxia 
and subsequent 
neurodevelopmental 
handicap

Urine High throughput 
MS

•	 Increased ethylmalonate, 3-hydroxy-3-
methylglutarate, 2-hydroxy-glutarate and 2-oxo-
glutarate were associated with good neonatal 
outcome

•	 Increased glutarate, methylmalonate, 3-hydroxy-
butyrate and orotate were associated with poor 
outcome

Walsh et 
al/201242

Newborns with 
HIE

Investigate the 
metabolomic profile

Umbilical cord 
blood

LC-MS/MS •	 29 metabolites showed alterations from 3 
distinct classes (amino acids, acylcarnitines and 
glycerophospholipids)

•	 9 metabolites were significantly altered in HIE
•	A model of 5 metabolites clearly delineated severity 

of asphyxia and classified HIE infants
•	Disruption to energy, nitrogen and lipid metabolism 

was evident in both asphyxia and HIE
Reinke et 
al/201324

Asphyxiated 
neonates

Invastigate 
pathophysiology of 
HIE

Umbilical cord 
blood 

1H NMR •	 37 metabolites were significantly altered between the 
study groups

•	Acetone, 3-hydroxybutyrate, succinate, and glycerol 
were significantly differentially altered in severe HIE

•	A model using 3-hydroxybutyrate, glycerol, 
O-phosphocholine and succinate predicted HIE 
severity

Longini et 
al/2015 21

Asphyxiated 
neonates

Evaluate the effects of 
asphyxia on newborn 
metabolites

Urine 1H NMR •	 Lactate, glucose, trimethylamine N-oxide, threonine 
and 3-hydroxyisovalerate were the metabolites more 
characterizing the asphyxiated neonates

•	 After 24-48 hours from resuscitation, asphyxiated 
neonates showed a recovery pattern but still could be 
differentiated from controls
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Metabolic derangements and biological interpretation
Recent metabolomic studies in animal models and 

neonates have confirmed the involvement of known path-
ways and revealed the contribution of other heretofore 
unknown pathways in the development of perinatal as-
phyxia/HIE. 

As expected, alternations in energy metabolites that 
indicate a shift towards anaerobic metabolism (increased 
lactate) and disturbance of the Kreb’s cycle were the most 
prominent findings of the relevant metabolomic studies. 
Due to energy depletion (ATP)18 and dysfunction of the 
respiratory chain, lactate is formed and accumulated19-21, 
as are the Kreb’s cycle intermediates (citrate, alpha keto-
glutarate, succinate, and fumarate)19,22-26. As suggested by 
data from infants with severe HIE, increased succinate 
levels may play a particular role in the development of 
encephalopathy after asphyxia, possibly through the hy-
poxia-inducible factor-1α24. Previous animal studies have 
already documented increased lactate levels immediately 
after oxygen deprivation27. Moreover, lactate measured 
within one hour after birth has been used as an early pre-
dictor of HIE development after intrapartum asphyxia28. 
It is noteworthy that even 24-48 hours after resuscitation, 
neonates suffering asphyxia seem to have their own met-
abolic fingerprint compared to controls, suggesting on-
going metabolic alternations21, seemingly due to delayed 
recovery of the Kreb’s cycle19. 

Urine NMR analysis in term asphyxiated newborns 
also showed reduced acetate21, a precursor of acetyl-co-
enzyme A, which has a central role in the metabolism of 
carbohydrates and fats by entering the Kreb’s cycle. In-
terestingly, results from animal studies imply that hypo-

 
 

Figure 1: Flow chart of the studies retrieved from Medline (PubMed) that were finally analyzed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

102 articles in PubMed 
between 2000-2017 

76 articles excluded 
(irrelevant, duplicates, not 

involving neonatal brain)  

15 animal studies 

  9 human studies  

  2 review articles 

26 relevant articles 

thermia achieves its neuroprotective effects, through the 
coordinated suppression of acetyl-CoA content, which in 
turn down-regulates the production of acetylcholine in 
specific regions of the brain29. 

Increased glucose was one of the significant changes 
observed in the urine metabolic fingerprint of asphyxi-
ated neonates20,21. Nevertheless, circulating (and probably 

Noto et 
al/201657

Asphyxiated 
neonates

Identify the 
metabolome in 
perinatal asphyxia 
and to follow changes 
over time

Urine GC-MS •	 The metabolomic profile of neonates who died after 
day 7 of life was significantly different from that of 
survivors

Ahearne et 
al/201658

Infants with 
perinatal
asphyxia and 
HIE

Investigate if 
alterations of succinate, 
glycerol, 3-
hydroxybutyrate and 
O-phosphocholine 
can predict 3-year 
neurodevelopmental 
outcome

Umbilical cord 
blood

1H NMR •	 The metabolite index significantly correlated with 
outcome, predicting severe outcome and intact 
survival 

•	 There was no correlation between the index score and 
performance in the individual Bayley-III subscales 
(cognitive, language, motor)

•	 The metabolite index was not superior to EEG or the 
Sarnat score

Deniham et 
al/201743

Asphyxiated 
neonates 
(recovering 
and developing 
HIE) 

Examine early metabolic 
alterations in infants 
recovering perinatal 
asphyxia vs. those who 
developed HIE

Umbilical cord 
blood

FT-ICR mass 
spectrometry

•	 Perturbed metabolic pathways and potential 
biomarkers specific to perinatal asphyxia and HIE 
were identified, which if measured at birth, may 
help direct treatment

Sanchez-Illana 
et al / 201750

Newborns with 
HIE

Determination of 
lipid peroxidation 
biomarkers in newborn 
plasma samples

Plasma LC-MS •	 Isoprostanoids provide predictive power of 
oxidative stress related pathologies

Sarafidis et 
al/201726

Asphyxiated 
term neonates 
with HIE

Identify metabolic 
changes in neonates 
with HIE

Urine LC-MS/MS •	Asphyxiated neonates were clearly separated from 
controls

•	Discriminant metabolites involved pyruvic acid, 
amino acids, acylcarnitines, inositol, kynurenine, 
hippuric acid and vitamins

MS: mass spectrometry, LC-MS: Liquid Chromatography - Mass Spectrometry, NMR: nuclear magnetic resonance (spectroscopy), HIE: 
hypoxic-ischemic encephalopathy, GC-MS: gas chromatography mass spectrometry, FT-ICR: Fourier-transform ion cyclotron resonance.

Figure 1: Flow chart of the studies retrieved from Medline 
(PubMed) that were finally analyzed.


