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ABSTRACT 
 

Background: the first thousand days of life are a critical period of time. The impact of 

growth restriction and nutritional issues in such early age could affect 

neurodevelopment and contribute to the onset of chronic adult diseases. This is 

especially true for preterm infants who experienced intrauterine growth restriction 

(IUGR) and for preterm infants who fail to thrive during the first weeks of life and 

develop extrauterine growth restriction (EUGR). These groups of premature babies are 

interesting populations to investigate with a metabolomic approach to optimize 

nutritional intakes. 

 

Aims of the study: to identify clinical, biochemical and nutritional parameters 

associated with the IUGR condition and looking for risk factors related to extra-uterine 

growth retardation; to analyse and compare the urinary metabolomic pattern at birth of 

preterm infants with and without growth restriction at 36 weeks of postmenstrual age or 

at discharge, searching for potential predictive biomarkers of growth failure in the very 

low birth weight infants (VLBWI); to compare the urinary metabolomic profile at birth 

of preterm infants who develop retinopathy of prematurity (ROP, a disease related also 

to suboptimal nutrition) compared to preterm infants who do not develop it. 

 

Materials and Methods: we enrolled preterm infants between 23 and 32 weeks of 

gestational age (GA) and/or with a birth weight <1500 g admitted to the Neonatal 

Intensive Care Unit (NICU) of the Department of Woman’s and Child’s Health of 

Padova University Hospital with early initiation of parenteral nutrition (PN). We 

collected clinical, biochemical and nutritional parameters from birth to 36 weeks of 

gestational age or discharge. Of a subgroup of patients with and without EUGR and 

with and without ROP we collected urinary samples within 48 hours of life and 

performed metabolomic analysis.  

 

Results: from 354 newborns enrolled, 75 IUGRs were paired with 75 non-IUGRs. 

IUGR infants had lower anthropometric parameters at birth and during hospitalisation, 

they continued parenteral nutrition longer and reached full enteral feeding later. They 

showed reduced phosphoremia and almost all of them had EUGR at 36 weeks of GA or 

at discharge. We found as risk factors of EUGR also in general population lower 
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phosphoremia levels, poor energy and protein intake, prolonged parenteral nutrition and 

a delay in achieving full enteral feeding. For the metabolomic analysis 16 EUGR infants 

were selected and matched with 16 controls: they showed a different urinary 

metabolomic profile at birth, characterised especially by lower levels of anti-

inflammatory and anti-oxidant metabolites. Furthermore 6 ROP infants were selected 

and matched with 6 controls: we found a different urinary metabolomic profile with 

lower level of L-histidine and L-homoserine in the ROP group, suggesting a pro-

inflammatory state and an altered synthesis of the sphingolipids. 

 

Conclusions: growth restriction remains a serious problem in extremely preterm 

newborns, despite significant advancements in the nutritional care. EUGR is a complex 

and multifactorial condition but metabolomic analysis suggests a basal predisposition, 

which identification could be useful to tailor nutritional strategies. Similarly, ROP 

disease seems to be characterised by specific features in the metabolome at birth.   
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1. BACKGROUND 
 
1.1 Preterm newborns and nutrition 
 

The impact of nutrition and growth in the very early stages of life is a topic of great 

interest. Preterm infants (according to the WHO definition, the preterm infant is the 

baby born alive before completed 37 weeks' gestation) have limited nutrient accretion 

and reserves due to their premature delivery, immature metabolic pathways, medical 

and surgical conditions, increased nutrient demands. They are exposed too early to the 

harsh extrauterine world, which frequently prevents them from growing as much as they 

would in the final trimester of pregnancy, which is really characterized by a peak of 

fetal growth [1].  

Prevalence of preterm births has increased over the past few decades in almost all 

countries with reliable data on the trends and affects nearly 11% of all births worldwide 

(ranging from 10–12% in low-and middle-income countries to 7% in high-income 

countries) [2,3]. Complications of prematurity cause one million deaths among children 

worldwide each year, establishing themselves as the leading cause of under-five 

mortality [4]. The trend is significantly better than in previous decades, with a halving of 

preterm mortality between 1990 and 2019 [5]; over 95% of preterm infants (many of 

them born extremely preterm, < 28 weeks) who receive modern perinatal and pediatric 

care now survive into adulthood [6,7]. There has been a notable increase in survival to 

discharge for infants born between 23-27 weeks of gestational age, especially for those 

born at 23 and 24 weeks, but the crucial goal of actual obstetrical and neonatal care, in 

addition to increasing survival, is to improve neonatal outcomes and to low prematurity 

associated morbidities [6]. So, efforts can still be made especially to improve survival 

without major complications and disabilities and nutritional management of preterms 

could play an important role in this [8]. 

 The subgroup most at risk of short- and long-term complications is that of those born 

weighing less than 1500 g (Very Low Birth Weight Infants, VLBWI) and mainly that 

with birth weight under 1000 g (Extremely Low Birth Weight Infants, ELBWI). 

In this population ensuring an adequate nutritional intake to improve growth is crucial, 

because proper nutrition during this period of life significantly influences not just early 

growth and development but also the individual's long-term health and it is related with 

neurodevelopmental outcomes [9,10]. 
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Most extremely low gestational age newborns (ELGANs, infants born before 28 weeks 

of gestation) spend the equivalent of their third trimester in the neonatal intensive care 

unit (NICU). The early parenteral and enteral nutritional support received by ELBW 

infants during the NICU stay does not match fetal nutrient intakes, causing a protein and 

energy deficit lasting for weeks and potentially promoting the subsequent postnatal 

growth restriction, to which also non-nutritional factors contribute [11,12]. 

Within 24 weeks of gestation, the gastrointestinal tract develops a number of its 

structural and functional characteristics. The third trimester is when sucking, 

swallowing, gastric emptying, and intestinal motility develop, and at term, these 

activities are effectively coordinated. Preterm infant particularly suffers from 

immaturity related to digestion and motility (since these develop during the third 

trimester) and a combination of factors as immature motility functions, limited 

absorption capacity, decreased activity of digestive enzymes and increased protein 

demands in preterm infants, makes extremely challenging meeting their nutritional 

needs [13]. For these reasons, in ELGANs administration of parenteral nutrition (PN) 

starts immediately after birth, although in combination with an early start of enteral 

nutrition according to the recent European guidelines [14]. 

To face the challenge of growth failure, the literature over the years has focused on an 

aggressive nutritional approach characterised by an early and high intake of nutrients 

[15] and the main international societies dealing with paediatric nutrition have drawn up 

guidelines to standardize and improve the nutritional care of the premature infant during 

NICU stay and after discharge [14,16].  

Briefly, preterm infants need higher fluid intake compared to those born at term: in the 

first day of life fluid intakes range between 60-100 ml/Kg, with higher loads in infants 

of lower birth weight. Fluids are increased during hospitalisation and, when switching 

to enteral feeding and the baby shows stable growth, hydration of 150-180 ml/Kg/day is 

maintained [17]. All macronutrients (lipids, proteins and carbohydrates) contribute to 

determining caloric intake. According to the latest guidelines, to ensure adequate energy 

needs when using parenteral nutrition, it is recommended to start providing at least 45-

55 kcal/kg/day and to gradually increase the intake to 90-120 kcal/kg/day in the 

maintenance phase. The transition to enteral nutrition results in increased splanchnic 

metabolism and increased stool loss, therefore, with a recommended growth rate of 17-

20 g/kg/day, the energy requirement increases to approximately 115-140 Kcal/Kg/day 

[18]. About macronutrients, the recommended glucose intake for preterm infants is 4-8 



 

5 
 

mg/kg/min (5.8-11.5 g/kg/day) on the first day of life, increasing to the target dose of 8-

10 mg/kg/min (11.5-14.4 g/kg/day) taking into account the phase of illness (acute, 

stable, recovery/growing) [19].  Provision of amino acids (AA) is mandatory form the 

first day of life with at least 1.5 g/kg/day to promote an anabolic state. From the second 

day onward, parenteral amino acid intake should range between 2.5 g/kg/day and 3.5 

g/kg/day, along with non-protein intakes exceeding 65 kcal/kg/day and sufficient 

provision of micronutrients; not just the quantity is important, but also the quality, 

having some of these specific roles [20]. 

According to ESPGHAN, also lipids infusion should be initiated right after birth and 

not later than the second day of life. To date, it is not known with certainty the 

maximum amount of lipids intake in parenteral nutrition in preterm infants, however an 

upper threshold of 4 g/kg/day seems to be safe (threshold anyway lower than that 

provided with full enteral feeding). A controversial topic remains the impact of fish oil-

containing lipid emulsions on neurodevelopmental outcomes in ELBW, respect to 

soybean oil-based lipid emulsions [21]. Furthermore, together with energy and 

macronutrients, parenteral nutrition has to provide obviously adequate amounts of 

electrolytes and micronutrients (vitamins, iron and trace minerals) [22,23]. 

However parenteral nutrition can lead to complications, especially if prolonged: 

increased risk of sepsis (associated with central venous catheter infection), osteopenia of 

the premature (multifactorial and partly related to mineral precipitation in the solution), 

liver diseases such as cholestasis, growth failure due to the reduced nutritional supply of 

intravenous nutrition compared to the child's demand [24]. 

Consequently, European guidelines recommend starting early the enteral nutrition as 

minimal enteral feeding (up to 24 ml/kg/day) with a subsequently rapid increase in daily 

enteral intake of approximately 18-30 ml/kg/day if possible, with the goal of quickly 

achieving full enteral feeding [14]. 

Gold standard for infant nutrition is considered the human milk (HM). It is a nutrients-

rich fat emulsion with several immune-related substances, such as growth factors and 

regulatory cytokines, which are thought to have a protective effect and to stimulate the 

immune system, in a beneficial manner for overall health. Furthermore, it contains other 

active nonspecific components that improve its anti-infective and immune-modulatory 

qualities, including lysozyme, lactoferrin, oligosaccharides and microorganisms [25]. It 

has been effective as strategy to reduce the incidence and severity of necrotizing 

enterocolitis (NEC) and prevent late onset sepsis (LOS) in preterm infants [26], by 
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decreasing the proinflammatory cascade that leads to NEC and by introducing a variety 

of commensal microbial species. In any case, to provide sufficient nutrition, human 

milk should be fortified (particularly with protein, calcium, and phosphate) and 

optimization and individualization of HM fortification are still today topics of 

discussion. Pasteurized donor milk (DM) is the second-best option when mother's milk 

is not available and it has been shown to favour a gut microbiota composition more 

similar to breastfed infants compared to formula fed infants [27,28]. 

Nevertheless, despite significant advancements in the nutritional care of preterm 

neonates, the efforts made by international guidelines and the better compliance to 

standardized protocols, extrauterine growth restriction remains high in extremely 

premature infants even when they achieve a growth velocity rate within current 

recommendations [29–31]. 

This could suggest that it’s time to move from an aggressive approach to nutrition to a 

customized one, based on patient’s characteristics. 

This is especially true not only for preterm infants who fail to thrive during the first 

weeks of life and develop extrauterine growth restriction (EUGR), but also for preterm 

infants who experienced prenatal growth restriction (IUGR). These groups of premature 

babies who experience growth restriction are interesting populations to investigate with 

a metabolomic approach.  

 

1.2 Metabolomics 

 

Metabolomics is a science aimed to identify and to interpret the metabolic profiles of a 

given biological system, namely the products of interaction between gene expression 

and environment. In metabolomics, two methods can be used: untargeted profiling 

measures all metabolites in a sample (even if some detected metabolites have not yet 

been identified), and this method is preferred for hypothesis-generating studies; targeted 

metabolomics, instead, studies a fixed subset of specific metabolites and is typically 

used to verify a specific hypothesis [32].  

With an untargeted hypothesis-generated approach, metabolomic analysis enables the 

qualitative and quantitative examination of thousands of different metabolites within a 

biological sample, facilitating the identification of biomarkers and metabolic patterns 

that are characteristic of a given condition [33]. The detection and measurement of 

specific metabolites associated with a certain metabolic pathway can highlight the 
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differences between two groups (as newborns with growth restriction and controls) [34] 

or between physiological and pathological states; if qualitative and quantitative 

differences arise this could help intercept abnormal metabolic trajectories before the 

clinical manifestation of the disease. 

The most commonly used techniques to identify and quantify metabolites are platforms 

such as nuclear magnetic resonance (NMR) spectroscopy or mass spectrometry (MS). 

H-NMR spectroscopy produces different signals for each metabolite in the NMR 

spectrum, promoting the identification of proton-containing metabolites. A radio 

frequency pulse is used to excite the sample, which is placed in an NMR glass tube in a 

magnetic field. Depending on the chemical structure of the substance, the resonance is 

unique for each one due to the electrons' alternating between lower and higher energy 

spin states. The results are displayed as peaks across a spectrum, with the area under 

each peak representing the relative concentration of that particular metabolite; a precise 

quantification of the metabolite is obtained by comparing the relative concentration to a 

suitable reference signal. This technique is speed but it is less sensitive than mass 

spectroscopy and can provide misinterpretations of individual metabolites due to an 

overlap in their signal [32,35]. 

The second most commonly used technique is MS. The sample is placed in the mass 

spectrometer and irradiated with ionising beams that induce the gain or loss of charge 

by metabolites and the ions thus formed are separated on the basis of their mass-to-

charge ratio (m/z), generating a spectrum in which the different metabolites can be 

identified. To improve mass separation, liquid chromatography or gas chromatography 

often precede MS. Although MS-based platforms are more time-consuming and 

detrimental to the material, they are generally thought to be more sensitive than 1H-

NMR [36]. 

Appropriate multivariate statistical approaches (the “pattern recognition methods”) can 

interpreted datasets deriving from NMR and MS analysis.  The unsupervised approach, 

such as principal component analysis (PCA), displays data by plots that show separate 

clusters for different subject groups (e.g. healthy vs ill patients). Using a training set of 

classified samples, supervised techniques like partial least squares-discriminant analysis 

(PLS-DA) build a mathematical model that is subsequently applied to evaluate an 

independent dataset.  
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The metabolome has not yet been described entirely, but there are several databases that 

collect the human metabolites known to date: the 'Human Metabolome Database' 

(HMDB) currently has almost 250,000 metabolites different (https://hmdb.ca/).  

With the rapid development of metabolomics, its application has been implemented in 

many fields, as the study of postnatal metabolic adaptations and neonatal diseases [37,38]. 

It is mandatory for neonatologists to ensure adequate growth after birth for VLBWI, as 

it seems that malnutrition in a crucial period in early life is associated with adult 

diseases [39], but we still not know which is the best nutritional approach and how to 

understand the quality of infant’s growth. We also lack reliable biomarkers that can 

reflect the nutritional status and tell us if the growth rate of a preterm baby is 

appropriate or predictive biomarkers at birth of postnatal growth. Metabolomics can 

help us to identify markers of nutritional and clinical status in preterm newborns. 

Existing evidence from metabolomic studies on growth restriction conditions are 

outlined hereafter. 

 

1.3 Intrauterine growth restriction (IUGR) 
 

If addressing the nutritional needs of preterm newborns is complex, particularly hard is 

meeting the requirements of preterm infants who have experienced intrauterine growth 

restriction (IUGR). Intrauterine growth restriction refers to a condition in which the 

fetus is unable to achieve its genetically determined potential size and it is a prenatal 

finding of growth restriction, confirmed by a low fetal growth rate (while Small for 

Gestational Age (SGA) condition refers to a postnatal newborn’s birth weight below the 

10th centile for gestational age) and/or by the existence of particular elements such 

genetic disorders, prenatal infections, toxicity or decreased placental blood flow [40]. An 

international consensus effort has defined fetal growth restriction (FGR) <32 weeks as a 

fetus positive for at least one of the following parameters: (i) an abdominal 

circumference <3rd centile; (ii) an estimated fetal weight<3rd centile; (iii) no end-

diastolic flow in the umbilical artery; (iv) an abdominal circumference/estimated fetal 

weight ratio <10th centile combined with a pulsatility index (PI)>95th centile in the 

umbilical and/or uterine arteries) [41]. Early-onset IUGR is less frequent and more 

associated with placental abnormalities, with worse outcomes in terms of both perinatal 

mortality and morbidity compared to the late-onset one [42]. Identify IUGR during 

pregnancy is essential (it is estimated to affect between 5% and 10% of all pregnancies 
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worldwide), as this condition can significantly impact the newborn's immediate and 

long-term health [43].  For growth-restricted infants early consequences at delivery may 

include hypothermia, intrapartum asphyxia, metabolic derangements (hypoglycemia, 

hyperglycemia), respiratory complications (persistent pulmonary hypertension, 

pulmonary hemorrhage), polycythemia, stillbirth [44], while intermediate and long-term 

outcomes of IUGR include impaired physical growth, cognitive and motor 

development. Furthermore, an adversely affected fetal growth can predispose to certain 

major diseases later in life, as metabolic syndrome, obesity, coronary heart disease, 

hypertension, dyslipidemia, type 2 diabetes, and chronic lung and kidney diseases (the 

so-called Barker’s hypothesis, the hypothesis of the evolutionary origins of adult health 

and illness) [45]. In fact, the fetus adapts from a metabolic and hemodynamic 

perspective to face the adverse uterine environment and this could lead to permanent 

modifications in the function and structure of several systems, not useful for the 

postnatal life. However, the promotion of rapid weight gain through nutrition should 

generally be encouraged in the first year of life because it correlated with better 

outcomes in terms of growth and neurodevelopment [46].  

The intrauterine metabolic and endocrinological adaptation mechanisms occurring in 

the fetus exposed to IUGR are not easy to investigate and many researchers tried to 

characterize the biochemical variations associated with this condition with metabolomic 

approach (summary in table 1); the same approach has been used to characterize the 

metabolic derangements induced by others various forms of early-life malnutrition [47].  

 

Study Population 

(<32 wks) 

Sample and 

Method 

Results 

Dessì, 2011[47] 

 

26 IUGR vs 30 

AGA (preterm) 

Urine within 24 and 

at 96 h - 1H-NMR 

Higher myoinositol, sarcosine, creatine, 

creatinine 

Favretto, 2012[48] 22 IUGR vs 22 

AGA (GA: 32-41 

wks) 

Cord vein blood -

LC-MS 

Higher phenylalanine, tryptophan and 

glutamate, methionine, proline, valine, 

isoleucine, dopamine, histidine, uric acid, 

caffeine, 5-methyl-2-undecenoic acid, oleic 

acid, 1 Hydroxyvitamin D3 3-D- 

glucopyranoside, L-thyronine, 

hexadecanedioic acid 

Sanz-Cortés, 201350 20 early IUGR (GA: 

31.7 ± 2.2 wks) vs 

23 matched AGA 

Umbilical vein 

blood - 1H-NMR 

Higher VLDL, unsaturated lipids, acetone, 

glutamine, creatine; lower glucose, 

phenylalanine, tyrosine, choline 

Cosmi, 201351 4 selective IUGR Cord vein blood - Higher phenylalanine, sphingosine,  
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MCDA twins vs 4 

AGA MCDA twins 

(GA: 28-36 wks) 

LC-MS glycerophosphocholine; lower valine, 

tryptophan, isoleucine, proline, choline (not 

statistically significant) 

Moltu, 201452 16 SGA vs 32 AGA 

(mean GA: 29.9 vs 

27.5 wks) 

Urine within 1 wk - 

1H-NMR 

Higher glycine, threonine (not significant 

when adjusted for gestational age at birth) 

Liu, 201653 25 SGA (BW < 3rd 

%ile) vs 60 controls 

(mean GA: 36.8 vs 

35.9 wks) 

Blood spot between 

3 and 7 days - 

targeted LC-MS 

Higher homocysteine; lower alanine, 

methionine, ornithine, serine, tyrosine 

Priante, 202354 15 IUGR vs 19 non-

IUGR  

Urine within 48 h Derangements of pathways related to 

tryptophan and histidine metabolism, 

aminoacyl-tRNA and steroid hormones 

    

Study Population 

(>32 wks) 

Sample and 

Method 

Results 

Hernandez-

Rodriguez, 200955 

20 IUGR vs 17 

AGA newborns 

Plasma at 1, 30 and 

90 days after birth 

Higher free L- tryptophan 

Barberini, 201456 11 IUGR (+ 12 

LGA) vs 10 AGA 

(mean GA: 37 wks) 

Urine within 12 h - 

GC-MS 

Higher myoinositol (discriminatory 

metabolite between LGA/IUGR infants and 

AGA infants) 

Dessì, 201457 12 IUGR +12 LGA  

vs 17 AGA   

(GA: 34-41 wks) 

Urine within 8 h - 

1H-NMR 

Higher myoinositol, creatinine, creatine, 

citrate, betaine, glycine; lower urea, 

aromatic compounds and branched chain 

amino acids 

Marincola, 201558] 8 IUGR vs 8 AGA 

(mean GA: 36.9 vs 

37.5 wks) 

Urine within 8 h, at 

4 days, at 7 days -  

1H-NMR 

Higher myoinositol, citrate, glycine; lower 

succinate, betaine, creatinine 

Abd El Wahed, 

201759 

40 SGA vs 20 AGA 

(mean GA: 34 ± 2.4 

vs 35 ± 1.4 wks) 

Umbilical cord 

blood spot - targeted 

LC– MS 

Higher several acylcarnitines, alanine, 

arginine, aspartate, citrulline, glutamine, 

isoleucine, leucine, ornithine, 

phenylalanine, tyrosine, valine; lower 

histidine, methionine 

Wang, 201860] 15 pairs of selective 

IUGR MCDA twins 

vs 24 pairs of 

uncomplicated 

MCDA twins (mean 

GA: 35 vs 36.5 wks) 

Umbilical cord 

blood - GC-MS 

Higher methionine, phenylalanine, 4-

hydroxyphenylacetic acid, 2 aminobutyric 

acid, decamethylcyclopentasiloxane, 

tyrosine, isoleucine, eicosapentaenoic acid; 

lower adrenic acid 

 
Table 1. Summary of studies on post-natal metabolomic of preterm and term infants with fetal growth restriction. 
Wks: weeks; IUGR: intrauterine growth restriction; AGA: adequate for gestational age; 1H-NMR: proton nuclear 
magnetic resonance spectroscopy; SGA: small for gestational age; LC-MS: Liquid Chromatography Mass 
Spectrometry; GA: gestational age; MCDA: Monochorionic-Diamniotic; GC-MS: Gas Chromatography Mass 
Spectrometry; BW: birth weight 
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These studies show the capacity of metabolic phenotyping to investigate the 

biochemical perturbations induced by exposure to intrauterine growth restriction, also if 

the non-homogeneous populations (preterm and term infants), the different analytical 

approaches (NMR or MS), the large numbers of metabolites generated and the small 

sample sizes make it difficult to interpret the data. From these studies, as 

metabolites/metabolic pathways of interest which emerged in IUGR we find for 

example: increased urinary concentrations of myoinositol, precursor for several 

secondary messaging pathways related to intracellular insulin signalling and component 

of structural and signalling lipids such as phyosphatidylinositol, which plays an 

essential role in glucose metabolism and its aberrance is associated with insulin 

resistance [58]; metabolites such as sarcosine, creatine and creatinine, which increase 

can indicate a hypercatabolic state accompanied by reduced protein synthesis [48]; 

derangements of tryptophan-kynurenine shunt, methionine-cysteine and histidine-

carnosine pathways, and glucocorticoids/sexual hormones metabolism, as shown in a 

previous work by our group [54]. 

In this recent scoping review [61] dedicated to preterm infants, following 

metabolites/metabolic pathways are highlighted: aberrance in myoinositol (as 

previously discussed), a low urinary 3-methylhistidine/creatinine ratio (shown to be 

positively correlated with body weight and tissue accretion), increased 3-

hydroxyisovalerate (3-HVA) with decreased dimethylamine (DMA) and 1-

methylhistidine which are related to gut microbiome and muscle protein turnover 

(aberrance of these metabolites can lead to poor nutrient utilisation and development of 

skeletal and lean muscle mass), lower urinary concentrations of succinic acid and 

lactose compared to term infants (with regard to energy balance). 

 

1.4 Extrauterine growth restriction (EUGR) 

 

Extrauterine growth restriction (EUGR) is the ex-utero equivalent of IUGR, a condition 

of inadequate growth during hospitalization and it is a common complication in very 

low birth weight (VLBW) preterm infants. There are several definitions of EUGR in use 

today, mainly a cross-sectional definition (weight at a given time <10th centile) or a 

longitudinal one (weight loss between birth and a given time with different standard 

deviation (SD) thresholds, usually >1SD) [62]. 
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One of the most commonly used definition for the postnatal growth restriction is to have 

body measurements (weight and/or length and/or head circumference) ≤ 10th percentile 

(z-score < -1.28) for post-menstrual age (PMA) at discharge or at 36 weeks’ PMA or 40 

weeks’ PMA (term-equivalent age) [63,64], because in literature different time points for 

assessment are also considered. Other authors consider more appropriate to define 

EUGR as the reduction in weight z score between birth and discharge >1 SD [31]. 

EUGR may concern both AGA and SGA infants at birth and despite numerous efforts 

to improve the neonatal nutrition of VLBW infants during NICU stay, the issue still 

exists. 

In fact, it may result from many factors. One of the major is the development of 

significant protein and energy deficit during the first weeks of life, which is difficult to 

reverse, deficit that increases as gestational age decreases [11]. Nutrients supply may be 

insufficient for a number of reasons (prolonged fasting for the fear of inducing 

necrotising enterocolitis, inadequacy of daily amounts of protein and lipids in relation to 

growth, insufficient fortification of mother's or donor's milk) but, furthermore, many of 

these preterms develop chronic diseases in a crucial period of life with consequent high 

caloric requirements.  

Other factors found to be independently associated with EUGR include male gender, to 

be IUGR or SGA, assisted ventilation on the first day of life and prolonged need for 

respiratory support, the development of neonatal morbidities such as bronchopulmonary 

dysplasia (BPD), necrotizing enterocolitis (NEC), late-onset sepsis, retinopathy of 

prematurity, the use of post-natal steroids and the length of hospital stay [65,66]. 

The incidence is variable depending on the definition used, the population considered 

and the characteristics of the centre, but it is significant worldwide. Data from the 

neonatal research network of the National Institute of Child and Human Development 

(NICHD) collected from extremely low GA (22–28 weeks) and VLBWI (401–1500 g) 

reported a growth failure (weight < 10th percentile for gender at PMA of 36 weeks) in 

79% of infants [67]. In the study by Figueras-Aloy, among four hundred seventy-nine 

very-preterm infants (< 32 weeks) overall, EUGR occurred in 51% at 36–34 

postmenstrual weeks and 21% persists at 2–2.5 years, while among 411 non-SGA 

infants “true-EUGR” rates were 43%. Low birth weight, hyaline membrane disease, 

bronchopulmonary dysplasia and male sex were associated with “true-EUGR” [68]. 

In a Shanghai cohort, among 138 VLBWIs admitted from February 2017 to July 2019 

growth restriction for weight accounted for 75.4% at discharge. They found that in the 
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EUGR group the cumulative enteral nutrition interruption time was long and that 

insufficient energy and amino acid intakes were prevalent. EUGR (< 10 %ile at 

discharge) incidence rate for weight was found in 57% of 416 newborns born in 22 

Japanese facilities in 2002 [69]. 

Clark et al. from a large population (data from 24371 neonates born between 23-34 

weeks PMA) showed an incidence of EUGR (growth value ≤10th percentile at the time 

of discharge) of 28%, 34%, and 16% for weight, height, and head circumference, 

respectively. As expected, the incidence of EUGR increased with decreasing gestational 

age and birth weight and factors independently associated with EUGR were male 

gender, need for assisted ventilation on first day of life and for respiratory support at 28 

days of age, a history of NEC, the exposure to steroids during hospitalization [64]. 

Growth assessment is performed according to anthropometric charts, based on cross-

sectional measurements taken in a reference group of newborns and infants at different 

ages [1] or on longitudinal studies of postnatal growth of cohorts of preterm infants. In 

cross-sectional charts, assessment is based on intrauterine growth standards without 

considering the adaptation to extrauterine life: the most used cross-sectional growth 

chart is Fenton’s (derived from a meta-analysis of 6 large population in developed 

countries, including almost four million births) [70]. Part of the Fenton metanalysis are 

the cross-sectional Italian Neonatal Study (INeS) charts, developed between 2005 and 

2007 [71], while the most recently charts with a longitudinal approach are the 

Intergrowth-21 (a prospective, longitudinal, multicentre, multi-ethnic project with strict 

selection criteria) [72]. 

An Italian group showed how using different growth charts for monitoring postnatal 

growth could lead to different rate of EUGR. 228 VLBW were included between 

January 2009 and December 2018 and the prevalence of EUGR was significantly higher 

when INeS and Fenton charts were used, compared to Intergrowth charts regardless of 

EUGR-definition (cross sectional-EUGR: Fenton 33.5%, INeS charts 40.9%, 

Intergrowth-21 23.8%) [73]. 

What emerged is that growth failure of VLBW infants seems to result from a complex 

interaction of numerous factors, including suboptimal nutrition, morbidities affecting 

nutrients requirements, administration of drugs that influence nutrient metabolism. 

If recommendations by the American Academy of Paediatrics, the Canadian Paediatrics 

Society, and the European Society of Paediatric Gastroenterology, Hepatology, and 

Nutrition assert that preterm newborns' nutritional requirements should ideally allow 
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them to replicate intrauterine growth throughout the third trimester of pregnancy, 

difficulties of feeding preterm VLBW infants are well known. Nutrients by the 

parenteral route may not meet the requirements and the concerns about enteral feeding 

as risk factor for the development of necrotizing enterocolitis frequently prompts 

neonatologists to decrease or discontinue enteral feeding. 

The impact of growth restriction and nutritional issues at such early age can affect brain 

growth and contribute to the onset of chronic adult diseases [11]. In fact, the first 

thousand days of life are a critical period of time, when lifelong health foundations are 

established and proper nutrition has a significant impact on early growth and 

development as well as on long-term health [9]. 

Neurologic outcome has a positive correlation with in-hospital growth, as the important 

study of Ehrenkranz states: growth velocity during ELBW infants NICU hospitalization 

exerts a significant effect on neurodevelopmental and growth at 18 to 22 months’ 

corrected age [10]. Similarly, within the EPIPAGE (Étude Épidémiologique sur les Petits 

Âges Gestationnels -Epidemiological Study on Small Gestational Ages) cohort follow-

up a poor neurologic outcome was linked to inadequate postnatal growth for both AGA 

and SGA preterm infants and, regardless of type of postnatal growth, SGA infants 

compared to AGA showed increased risk of cognitive problems [74]. From a recent 

review (twenty-four publications were included and nineteen examined cohort studies) 

EUGR is mainly associated with poor growth and neurodevelopment, as reduced IQ, 

visual impairment, cerebral palsy or with hyperactivity and learning difficulties in 

prepubertal age, as well as with cardiometabolic alterations in childhood [75]. 

In fact, also metabolic-type adverse effects are witnessed in ex EUGR during childhood. 

Ordóñez-Díaz et al. showed changes in cardiometabolic and inflammation set-up in 

prepubertal children, particularly a significant higher prevalence of hypertension in the 

EUGR group and a positive correlation between blood pressure values and disorders of 

glucose metabolism (higher plasma glucose and insulin resistance index). Furthermore, 

an increased blood concentrations of cytokines such as TNF-α, HGF and MCP-1 was 

found, suggesting an association between extrauterine growth retardation and a pro-

inflammatory state, which could lead to the development of metabolic syndrome in 

adulthood [76]. Similarly, in another Spanish cohort, during prepuberty age the EUGR 

group had height and body mass index values lower than the control group but higher 

systolic and diastolic blood pressure, higher glucose levels and lower high density 

lipoprotein cholesterol (HDLc) [77]. Moreover, body composition of infants who reach 
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term-corrected age is different, with a lower lean mass and a higher percentage of body 

fat, than that of term infants before and after hospital discharge [78]. 

If these considerations support enhance nutritional intakes to optimize infant’s growth, 

on the other hand some studies, mostly conducted on term infants, suggest that a greater 

weight catch up growth may potentially be harmful and lead to long term effects. For 

instance, in a study by Toftlund et al. a cohort of 281 VLBW infants was followed-up at 

6 y of age: early rapid growth (increase of weight percentiles with >1 SD in either 

direction from 34 weeks of postmenstrual age until 2 months of corrected age) 

concerned 53% of the children and was significantly correlated with several metabolic 

outcomes at 6 y of age [79], while Embleton et al. did not find any association between 

infant weight gain before one year of age and metabolic outcome at a median age of 

11.5 years in a cohort of ex-preterm children [46]. In another research conducted by 

Belfort et al. a more rapid linear growth from term to 4 months was associated with 

lower odds of Intelligence Quotient < 85 in childhood but higher odds of 

overweight/obesity [80]. Thus, prematurity is per se a strong risk factor for later 

development of metabolic syndrome diseases, however it is still unclear how postnatal 

growth plays a part in this problem [39]. 

The implementation of standardized feeding guidelines allowed to show some reduction 

in the incidence of EUGR. Cornerstones have been an intense nutritional support 

through early parenteral nutrition and early enteral nutrition, followed by a progressive 

reduction of parenteral nutrition as enteral nutrition advances. Benefits of this approach 

have included a reduction in the duration of parenteral nutrition, an earlier achievement 

of full enteral nutrition, an earlier regaining of birth weight and improved 

anthropometrics at 36 weeks’ PMA or discharge [65].  

From the literature practices associated to better growth outcomes were earlier initiation 

of trophic feedings, earlier advancement of feedings and earlier full enteral feedings, 

greater use of breast milk and earlier breast milk fortification, discontinuation of PN at a 

higher feeding volume, while higher enteral nutrition interruption rate, a lower average 

energy intake in the first day after parenteral nutrition termination and an overall lower 

energy and protein intake favour EUGR [81,82]. 

Nonetheless, the intensive nutritional support doesn't work for everyone and even when 

extremely premature infants reach a growth velocity rate that is within current 

guidelines, growth restriction remains high [29].  Furthermore, Stephens et al. found that 

higher protein (gradually increased up to 3.5 g/kg per day) and energy intakes (about 60 
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+/- 8 kcal/kg per day) mostly given by parenteral nutrition during the first week of life 

were significantly associated with better cognitive outcomes at 18 months of corrected 

age [83] and similarly the study by Shim et al. assessed the effects of advanced energy 

intake through increased protein, lipid and glucose (compared to a conventional 

nutritional regimen) on determining a better language development [84]; contra, 2018 

Cochrane meta-analysis, which examined parenteral amino acid intake in preterm 

infants and its impact on neurodisability, suggests no reported benefit [85] and other 

studies not only suggests that higher energy intake early in life might not improve long-

term neurodevelopment in VLBW infants, but could even negatively impact on it [86].  

This could suggest that one size does not fit all and that extrauterine growth restricted 

infants are not all the same; consequently, although with equal and intense nutritional 

treatment, growth failure may occur. Furthermore, we lack significant biomarkers to 

assess the adequacy of nutritional status and growth during NICU stay. 

Some interesting results are emerging from investigations on the metabolic pathways 

implicated in EUGR pathophysiology. Tozzi et al. described a hypermethylation pattern 

of the IC1 (Imprinting Centre 1) gene prevalent in EUGR infants, resulting in an 

overexpression of IGF2 (Insulin-like Growth Factor 2), a reprogramming mechanism to 

promote a catch-up growth through an increase in Insulin-like growth factor 2 (IGF2) 

expression [63]. Dudzik et al. found significantly reduced levels of amino acids and 

phospholipids in plasma of EUGR patients [87], while Fan et al. showed differences in 

the bacteria colonising the gut of non-EUGRs compared to EUGRs, with a detection in 

the former of bacteria typically associated with the tryptophan and indole metabolic 

pathways [88]. 

As the metabolic profile of the individuals reflects a snapshot of their current metabolic 

state and their adaptations to nutritional restrictions, there is great potential to tailor 

nutritional interventions to this information, with the aim to build prognostic biomarker 

panels and facilitate a bedside approach to guide preventive and interventional 

strategies. 

 

1.5 Retinopathy of prematurity (ROP) 

 

One of the main causes of childhood blindness in the US and Europe is still retinopathy 

of prematurity (ROP), a common complication in preterm infants [89]. It belongs to the 

category of vasoproliferative retinal disease and the incidence of severe ROP in 
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extremely preterm infants born in high incomes countries ranges between 10% and 35% 

[90]. ROP consists of two phases, the cessation of the normal retinal vascular 

development and the retinal neovascularization hypoxia-induced [91]. Actually, the 

diagnosis of ROP depends mainly on fundoscopy screening via indirect 

ophthalmoscopy or fundus imaging and the current treatments are designed to limit the 

neovascularization of the retina during the later phase of the disease and include laser 

photocoagulation and anti-VEGF injections in the eye. 

The two most well-known risk factors for the development of the disease are 

prematurity and oxygen exposure [92] but ROP occurs even when oxygen administration 

is strictly controlled [93]. In fact, prenatal and perinatal factors, demographics, medical 

interventions, comorbidities of prematurity, nutrition and genetic factors, contribute to 

this disturbed retinal vascular development, but probably other risk factors that play a 

role are still unknown [94]. 

As previously discussed, extremely preterm infants are also at high risk of malnutrition 

and severe postnatal growth failure during the first weeks of life: this poor weight gain 

has been linked strongly to the development of ROP, implying that inadequate nutrition 

may be a significant contributing element [95]. In fact, as showed by Stoltz Sjöström et 

al., in a population-based cohort of extremely preterm infants born before 27 gestational 

weeks in Sweden, low energy intake during the first 4 weeks of life was an independent 

risk factor for severe ROP. From a pathogenetic perspective, they suppose that a low 

energy intake in the first weeks of life can promote a decrease in IGF-1 alone or in 

combination with a decrease in other angiogenic stimulating factors, or a lack of 

nutrients to the developing vessels, which can result in failed vascularization [96].  

Currently, only few metabolomics-based studies of ROP have been reported, whose two 

preclinical studies: using GC-MS technology, Lu et al. conducted a comparative 

metabolomics investigation of two stages of oxygen-induced retinopathy (OIR) in a rat 

model, identifying proline and “arginine and proline metabolism” pathway as potential 

biomarkers for OIR [97]; in the second one, Singh et al. elucidated the mechanism 

underlying HIF (hypoxia-inducible factor)-mediated protection against ROP in a mouse 

model using untargeted metabolomic approach [98]. 

In addition, recently some studies investigated the metabolome in human ROP subjects. 

Zhou et al. conducted an untargeted metabolomics analysis from plasma of ROP 

patients treatment-requiring (n = 38, requiring intravitreal anti-VEGF injection or laser 

photocoagulation treatment; samples were collected right before the treatment) and age-



 

18 
 

matched infants (n = 23, without ROP or with spontaneously regressed ROP) via 

UHPLC-MS: the most different metabolites belonged to the “protein digestion and 

absorption” and “aminoacyl-tRNA biosynthesis” pathways [99]. Another targeted 

metabolomics study with ultra-performance liquid chromatography-tandem mass 

spectrometry on blood samples from ROP and non-ROP infants (81 premature infants 

<34 weeks of gestational age) identified glycine, glutamate, leucine, serine, piperidine, 

valine, tryptophan, citrulline, malonyl carnitine (C3DC) and homocysteine as 

discriminant metabolites; particularly, higher blood levels of C3DC and glycine has 

been hypnotized to be promising biomarkers to predict the occurrence of ROP [100]. The 

sample sizes of these study cohorts were relatively small and gender difference was not 

considered in the experimental design, but interestingly, altered metabolites could be 

potential biomarkers for the diagnosis and prognosis of ROP and the metabolomic 

profiles might provide hints to discover new therapeutic approaches for the treatment. 

In another multicenter, retrospective, case-control study, the authors collected plasma 

from 57 ROP cases and 57 matched non-ROP controls and through a non-targeted ultra-

high-performance liquid chromatography–tandem mass spectroscopy they found a 

significant metabolic perturbation in the plasma of ROP cases, that is an increase in the 

levels of lipids, nucleotides and carbohydrate metabolites and lower levels of peptides. 

Especially a cluster of metabolic pathways (glycometabolism, redox homeostasis, lipid 

metabolism, and arginine pathway) strongly correlated with the development of ROP 

[101]. Changes in blood lipids have been associated with ROP in another paper by 

Nilsson et al., which included 47 infants born < 28 gestational weeks. Serum samples 

were collected from cord blood and at different postnatal days (1, 7, 14, and 28) and 

postmenstrual weeks (PMW) (32, 36, and 40) and by LC-MS/MS serum sphingolipids 

and phosphatidylcholines were extracted and analyzed. The serum concentration of all 

investigated lipid classes showed distinct temporal patterns between birth and 40 weeks 

of gestational age. Among sphingolipid species, low postnatal level of sphingosine-1 

phosphate was associated with development of severe ROP, independent of gestational 

age at birth and weight standard deviation score change [102]. 

Therefore, there is an urgent need for biomarkers for early ROP diagnosis and targets 

for preventative treatment interventions to limit disease progression. 
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2. AIMS OF THE STUDY 
 

- To identify clinical, biochemical and nutritional parameters associated with the 

intrauterine growth restriction condition (IUGR) and assessing postnatal growth 

of VLBW infants, looking for factors related to extra-uterine growth retardation; 

- to analyse and compare the urinary metabolomic pattern at birth of preterm 

infants with and without growth restriction at 36 weeks of postmenstrual age or 

at discharge, searching for potential predictive biomarkers of growth failure in 

the VLBW infants during early life; 

- to compare the urinary metabolomic profile at birth of preterm infants who 

develop retinopathy of prematurity as a postnatal complication compared to 

preterm infants who do not develop it. 
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3. STUDY DESIGN AND METHODS 

 
3.1 Our setting 

  

Almost 450 newborns per year are admitted to the Neonatal Intensive Care Unit (NICU) 

of the Women’s and Children’s Health Department of Padova University Hospital. 

Among these patients, about 90-100 are VLBW Infants (birth weight < 1500 g).  

 

3.2 Study design  

 

This is a prospective monocentric observational study.  

 

3.3 Population 

 

We enrolled preterm infants between 23 and 32 weeks of gestational age and/or with a 

birth weight <1500 g born and then admitted to the Neonatal Intensive Care Unit 

(NICU) of the Department of Woman’s and Children’s Health of Padova University 

Hospital, with an accepted informed consent for participation of a legally acceptable 

representative and early initiation of PN. Exclusion criteria comprised infants with 

major congenital abnormalities or chromosomal abnormalities, with known or suspected 

congenital metabolic diseases, those with hemodynamic instability not allowing early 

enteral feeding, those experiencing asphyxia, newborns who had received transfusions 

before urine collection, and those with refusal of consent. 

 

3.4 Collection of data 

 

Clinical data evaluation 

For each enrolled subjects the following data were collected: intrauterine growth 

restriction (IUGR), diagnosed by expert obstetricians on prenatal ultrasonographic 

anthropometric and doppler parameters; extrauterine growth restriction (EUGR), 

defined as a weight below 10th %ile at 36 weeks postmenstrual age or at discharge or at 

transfer to other facilities; demographic data (gestational age, birth weight, birth weight 

%ile, sex, ethnicity); pregnancy and delivery (premature rupture of membranes 

(pPROM), multiple pregnancy, type of delivery, antenatal steroids administration); birth 
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(Apgar score at 5 minutes); respiratory support (need for surfactant, days of mechanical 

ventilation, BPD diagnosis, need for post-natal steroids), hemodynamically significant 

patent ductus arteriosus (need for medications and/or surgery); intraventricular 

hemorrhage and grade; early and late onset sepsis (EOS, LOS); necrotizing enterocolitis 

(NEC); retinopathy of the prematurity (ROP) and need for laser therapy); cholestasis; 

growth parameters during NICU stay (maximum weight loss, time to regain birth 

weight, extrauterine growth as Z-score from birth to 36 weeks PMA; maximun azotemia 

and maximum creatinine during the first month of life; nutrition: mean energy and 

protein intake in the 1st week of life and mean energy and protein intake in the 1st 

month of life, days of parenteral nutrition, time to full enteral feeding, type of feeding 

(defined as proportion of human milk versus formula: > 80% of human milk; 80% < 

human milk > 50%; < 50% of human milk); drugs: spironolactone-hydrochlorothiazide, 

furosemide, fentanyl, ibuprofen, paracetamol; death during NICU stay. 

About feeding regimens, after birth all enrolled preterm infant received either human 

milk or preterm formula within two days. Standardized intravenous parenteral nutrition 

(glucose, amino acids, lipids minerals and electrolytes) was provided. Parenteral 

nutrition and volume and number of the feeds were decided by the attending physician 

following our NICU nutrition protocol. 

 

3.5 Samples collection 

 

At least 2 ml of urine was collected from each enrolled patients within 48 hours of life 

(T0) and at 36 weeks postmenstrual age (T36) or earlier if the baby was transferred to 

other facilities or discharged to home. Urine samples were collected with a non-invasive 

method involving a sterile cotton swab placed inside the infant's diaper, with checks for 

urine presence every 30 minutes. The cotton swab was changed every 3 hours if the 

infant did not urinate or if it became contaminated with fecal material. Once the swab 

was saturated, the sample was placed in a syringe, compressed with the plunger and 

transferred into a sterile container pre-washed with methanol (MeOH). The samples 

were stored at -80°C until metabolomic analysis. At the same time points, from each 

enrolled patient also a plasma sample was collected, using a capillary sample on the 

occasion of a blood exam taken within the context of the clinical routine.  

 

3.6 Analysis of data  
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Descriptive analysis of clinical data  

Demographic and clinical data of the enrolled patients were entered into a database on 

the programme Microsoft Office Excel 2019® (Microsoft Corporation). Mean±standard 

deviation (SD) was used to express the quantitative variables and the T-Student model 

was used for their comparison or the Mann Whitney test; while qualitative variables 

were expressed as absolute number and relative percentage and the Chi-square test was 

used for their comparison. The population has been stratified for the presence or not of 

IUGR, EUGR and ROP. Significant level was set at p < 0.05. Analysis have been 

conducted by means of software R [103] and RMS library [104]. 

 

Metabolomic analysis 

The analysis was conducted at the Mass Spectrometry and Metabolomics Laboratory of 

Pediatric Research Institute (IRP), Città della Speranza, University of Padova.  

Urine samples were slowly thawed overnight at +4°C and then brought to room 

temperature. Each sample was mixed and centrifuged at 3600 g for 10 minutes at 10°C. 

Subsequently, 60 µl of the supernatant from each sample was transferred to a 384-well 

plate, with the addition of 240 µl of 0.1% formic acid (FA) solution (final volume 300 

µl, 1:5 dilution). All preparation procedures were automated using a robotic sample 

handling system, Multiprobe II Ex (Perkin Elmer). 

The untargeted metabolomic profile of the urine samples was obtained in both positive 

and negative ionization modes using an Acquity Ultra Performance Liquid 

Chromatography (UPLC) system (Waters, UK) coupled with a high-resolution mass 

spectrometer, specifically a Synapt G2 HDMS (Waters MS Technologies, Ltd., 

Manchester, UK). Data acquisition and chromatographic settings were the same as 

described by the previous study of Mardegan et al. [105]. 

Quality control (QC) samples and standard solution samples (Mix) were utilized to 

assess reproducibility and accuracy during the analysis and to examine the metabolite 

content of the samples. The QC samples were prepared from aliquots (50 µl) of each 

sample, mixed together, and diluted with a 0.1% FA solution in water, the same used for 

diluting the samples at three different dilution factors (1:3, 1:5, 1:7). 

The Mix consisted of nine compounds with known exact mass and retention time, 

injected under the same conditions as the samples to determine retention time and mass 

in the specified analytical conditions. The QC and Mix were injected at regular intervals 
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every 15 samples during the sequence, alongside blank samples (0.1% FA aqueous 

solution) to identify specific ions from the mobile phase and any contaminants. 

The samples were injected randomly (according to a sequence constructed in Excel) to 

randomize sample injections and avoid any spurious classification arising from the 

sample's position in the sequence. 

Data were processed using Progenesis QI software (Waters Corporation, Milford, 

USA), generating two datasets: one for positive ionization mode (ESI+ dataset) and 

another for negative ionization mode (ESI- dataset). The parameters for data extraction 

were optimized through preliminary processing of the QC samples. A filter of 0.5 and 

0.2 was set to import the raw data from the samples into Progenesis, respectively for 

positive and negative ionization modes, with a QC sample positioned centrally in the 

sequence as a reference for automatic alignment of all runs in the sequence. 

The sensitivity of the automatic algorithm for peak picking was set to 5, within a 

chromatographic range of 0.4 to 8.0 minutes. This process generated the so-called “rt 

mass” variables (where “rt” denotes retention time and “mass” represents the mass-to-

charge ratio, m/z, of the chemical compound). 

Probabilistic quotient normalization was employed to mitigate the effects of sample 

dilution, and any variables with a coefficient of variation in the QCs exceeding 20% 

were excluded. Variables were annotated after searching our in-house database, 

resulting in a level of annotation equal to 1 for the annotated variables. The data 

pertaining to annotated variables were autoscaled and submitted to data analysis. 

Both multivariate and univariate analyses were conducted. Specifically, Principal 

Component Analysis (PCA) was used for exploratory data analysis and outlier 

detection, whereas orthogonally constrained PLS for classification (oCPLS2C) was 

employed for comparing the groups under investigation. Stability selection based on 

variable influence on projection was performed to discover relevant and irrelevant 

variables. The reliability of the model was evaluated through repeated 5-fold full cross-

validation with 20 repetitions, accompanied by a permutation test on the class response 

involving 1000 random permutations. For univariate data analysis, metabolite 

concentrations were modelled using Multiple Linear Regression (MLR). A significance 

level of 0.05 was adopted in the data analysis. 

All data analyses were conducted using in-house R-functions implemented on the R 

4.0.4 platform (R Foundation for Statistical Computing). 
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Ethical approval for the study was obtained from the local ethics committee (protocol 

number: 4374/AO/17) and informed consent was collected from parents. 

 

  



 

25 
 

4. RESULTS 
 

4.1 IUGR condition and post-natal growth 

 

First part of the study was dedicated to identify clinical, biochemical and nutritional 

parameters associated with the intrauterine growth restriction condition (IUGR) in 

preterm newborns and assessing postnatal growth, looking for factors related to extra-

uterine growth retardation. 

For this purpose, a previous recruitment, started in January 2018, was continued until 

October 2023. All subjects were recruited in the NICU of Women’s and Children’s 

Health Department of University Hospital of Padova. 

From a total of 354 children, 75 IUGRs were paired with 75 non-IUGRs on the basis of 

gestational age and time of birth and the characteristics of the two populations were 

described and compared. 

The main clinical features of the two cohorts of subjects are presented in table 2 and 3. 

 

IUGR (n=75) 
Mean±s.d or 
Prevalence 

(absolute number) 

Non-IUGR (n=75) 
Mean±s.d or 
Prevalence 

(absolute number) 

p level 

Birth weight (g) 860±260 1128±255 <0.001 

Length (cm) 34.3±3.9 35.9±2.9 0.005 

Head circumference (cm) 25.1±2.4 26.5±2.0 <0.001 
Lower limb length (mm) 79.80±11.03 87.51±11.47 0.001 

Apgar at 5 min 7.7±1.0 7.6±1.0 0.554 
Gestational age (days) 29.1±2.1 28.9±2.0 0.501 

Sex (males) 47% (35) 41% (31) 0.204 
Multiple pregnancy 26.6% 34.6% 0.376 

Mode of delivery (CS) 97.3% 92.0% 0.276 
Small for gestational age (SGA) 70.6% (53) 14.6% (11) <0.001 

Prenatal steroids   0.318 
Complete course 86.6% (65) 78.6% (59)  

Incomplete course 8% (6) 16% (12)  
Mechanical ventilation +CPAP (days) 32.23±33.86 20.17±25.31 0.020 

RDS 92.0% (69)  85.3% (64) 1.000 
BPD 28 day 43% (32) 26% (19) 0.039 

BPD 36 weeks GA 20% (15) 9% (6) 0.096 
PDA 46.6% (35) 53.3% (40) 0.514 
IVH 10.6% (8) 6.6% (5) 0.563 

Sepsis 25.3% (19) 24.0% (18) 0.690 
NEC 5.3% (4) 6.6% (5) 1.000 
ROP 18.6% (14) 14.6% (11) 0.662 

Cholestasis 18.6% (14) 13.3% (10) 0.480 
EUGR (weight) at 36 weeks of GA 98.6% (73) 58.0% (43) <0.001 

Death 1.3% (1) 1.3% (1) 1.000 
Days of Hospitalization 72.14±36.41 57.30±27.43 0.009 
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Table 2. Clinical features and anthropometric parameters at birth. Abbreviations: CS: cesarean section; CPAP: 
continuous positive airway pressure; RDS: respiratory distress syndrome; BPD: bronchopulmonary dysplasia; PDA: 
patent ductus arteriosus; IVH: intraventricular hemorrhage; NEC: necrotizing enterocolitis; ROP: retinopathy of 
prematurity; GA: gestational age; EUGR: extrauterine growth restriction. Significant p-values are bold. 

 

Compared to non-IUGR newborns, IUGR infants had lower birth weight, total length, 

head circumference and lower limb length (Table 2). No differences were found 

between the two groups about sex, multiple pregnancies, mode of delivery, prenatal 

steroids, Apgar at 5 minutes. As expected IUGR had more days of ventilation and 

CPAP, while the other clinical outcomes were comparable. Furthermore, we found that 

98.6% of IUGR babies showed extrauterine growth restriction for weight at 36 weeks of 

GA. 

They maintained a lower weight and took longer to achieve 1800 g during their stay in 

the NICU, although their maximum weight drop was less. Their weight, total length and 

lower limb length at term corrected age continued to be lower (also head circumference 

continued to be lower but without reaching statistical significance) (Table 3). About 

biochemical data, IUGR infants showed a lower plasmatic phosphate at birth and 21 

days of life and a higher plasmatic calcium at birth, while ALP remained within normal 

physiological ranges in both groups.  

 

 

IUGR (n=75) 
Mean±s.d or 
Prevalence 

(absolute number) 

Non-IUGR (n=75) 
Mean±s.d or 
Prevalence 

(absolute number) 

p level 

Maximum weight loss (%) 9.74±7.57 11.55±6.39 0.133 
Days to regain birth weight 9.91±4.91 13.66±5.74 <0.001 

Minimum weight (g) 750.89±211.19 965.62±235.19 <0.001 
Days to reach 1800 g 60.71±21.77 45.02±19.02 <0.001 

Weight at 36 weeks GA (g) 1540±298 1939±309 <0.001 
Head circumference at 36 weeks GA (cm) 30.24±2.11 31.11±2.59 0.084 

Total length at 36 weeks GA (cm) 39.51±2.99 42.69±2.35 <0.001 
Lower limb length at 36 weeks GA (mm) 98.1±9.7 105.0±8.3 0.002 

Serum calcium at birth (mmol/L) 2.22±0.24 2.05±0.28 <0.001 
Serum calcium at 21st day (mmol/L) 2.46±0.13 2.44±0.22 0.767 
Serum phosphate at birth (mmol/L) 1.45±0.44 1.79±0.39 <0.001 

Serum phosphate at 21st day (mmol/L) 1.76±0.36 1.94±0.25 0.005 
Serum ALP at birth (IU/L) 169.69±55.50 217.00±77.89 <0.001 

Serum ALP at 21st day (IU/L) 420.06±146.31 370.54±122.69 0.072 
 

Table 3. Anthropometric, growth and biochemical parameters in the IUGR vs non-IUGR group. Abbreviations: ALP: 

alkaline phosphatase; GA: gestational age. 

 

Regarding nutritional aspects, during the first week of life IUGR infants received lower 

mean energy intake, while protein intakes were not different (Table 4). They received 
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prolonged PN. Considering enteral nutrition, they took longer to achieve full enteral 

feeding of 150 ml/kg per day; the use of human milk was comparable. 

 

 

IUGR (n=75) 
Mean±s.d or 
Prevalence 

(absolute number) 

Non -IUGR (n=75) 
Mean±s.d or 
Prevalence 

(absolute number) 

p level 

Proteins intake 1st week iv (g/kg/die) 
Mean total energy 1st week (kcal/kg/day) 

2.76±0.51 
73.42±16.17 

2.68±0.64 
79.50±16.25 

0.439 
0.032 

Mean total energy 1st month  100.98±14.88 106.37±16.90 0.052 
Total Parenteral Nutrition days 23.46±13.10 16.04±9.24 <0.001 

Days to FEF (150 ml/kg/day) 
Days of exclusive breast milk 

Mother’s own milk at discharge 

27.13±13.86 
28.74±22.48 

36% (26) 

22.45±13.34 
23.92±21.37 

37% (25) 

0.046 
0.332 
0.795 

 

Table 4. Nutritional parameters in the IUGR vs non-IUGR group.  Total energy intake regards both parenteral and 

enteral energy, expressed in kcal/kg/day; protein intake is expressed in g/kg/day; FEF: full enteral feeding. 

 

We decided to not focus on metabolomic analysis in IUGR population at birth, as this 

investigation was previously performed by our group and already published [54]. 

 

Within the population of paired newborns, we researched which parameters could 

influence the occurrence of EUGR. Table 5 highlights the significant differences 

between EUGR and non-EUGR. 

EUGR received lower energy and fluid intakes throughout the first month of life and 

lower protein intakes during the first week. EUGR were fed longer with parenteral 

nutrition and took longer to reach full enteral feeding. They took less time to recover 

their birth weight, but a longer time to reach a weight of 1800 g. The minimum weight 

achieved during the hospital stay was lower in the EUGRs than in non-EUGRs. Finally, 

phosphate at birth and at 7 days of life was lower in the EUGR group. 

 

 EUGR NON-EUGR  
Mean SD Mean SD p level 

Gestational age  29,14 2,11 28,58 1,64 0,1206 
Birth weight (g) 947,87 283,88 1168,84 246,37 <0.001 

Proteins intake 1st month  2,78 0,42 2,68 0,41 0,3070 
Mean total protein 1st week  2,94 0,53 3,17 0,44 0,0242 
Mean total energy 1st week 73,84 16,36 85,73 13,18 <0.001 

Mean total energy 1st month  101,46 14,81 111,30 18,23 0,0109 
Fluid intake 1st week  124,93 41,52 159,69 49,63 0,0013 
Fluid intake 21 days  155,27 41,89 192,43 53,43 <0.001 

TPN days 21,34 12,60 14,26 6,67 <0.001 
Days to FEF  26,91 14,30 17,47 8,23 <0.001 

Days of stop feeding 5,20 6,14 3,05 8,19 0,2803 
Days to regain birth weight 11,26 5,72 13,74 4,99 0,0209 
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Days to reach 1800 g 56,28 21,75 38,05 15,28 <0.001 
Minimum weight (g) 808,04 230,32 1023,28 235,02 <0.001 

Maximum weight loss (%) 10,65 6,90 10,50 7,71 0,9210 
Serum phosphate at birth (mmol/L) 1,51 0,43 1,97 0,33 <0.001 

Serum phosphate at 21st day (mmol/L) 1,30 0,37 1,49 0,24 0,0487 
 

Table 5. Anthropometric, growth, nutritional and biochemical parameters in the EUGR vs non-EUGR group. Total 

energy intake regards both parenteral and enteral energy, expressed in kcal/kg/day; protein intake is expressed in 

g/kg/day; fluid intake in ml/kg/day; TPN: total parenteral nutrition; FEF: full enteral feeding (150 ml/kg/d). 

 
Almost all of the IUGR in the study had EUGR at 36 weeks of GA or at discharge, so 

we sought for factors associated with weight below (EUGR1%) or above (not 

EUGR1%) the first percentile for gestational age in the IUGR population. The same 

analysis was also performed on the general population of 150 paired children. 

Newborns with EUGR1% received on average lower energy in the first week and month 

of life and in the first week also a lower non-protein energy intake. IUGR with 

EUGR1% received less fluid in the first week of life and in the general population also 

in the second and third week. EUGR1% took longer to reach 150 ml/kg/day of enteral 

nutrition, remained fasting for longer periods during hospital stay and continued 

parenteral nutrition for longer. EUGR1% babies in the general population took fewer 

days to regain birth weight, but more days to reach 1800 g of weight; they also reached 

a lower minimum weight during hospitalisation, also if the growth rate of this group 

resulted higher during the first week of life than in non EUGR1%. In the general 

population, serum phosphate at birth and at 21 days was lower in EUGR1%. 

Furthermore, in both populations a prolonged hospital stay, longer need for invasive 

mechanical ventilation and more administration of Fentanyl was found in EUGR1% 

than in non-EUGR1% (Table 6).  

 

 
Total population IUGR 

EUGR> 1 % EUGR< 1 %  EUGR> 1 % EUGR< 1 %  
Mean SD Mean SD p Mean SD Mean SD p 

Mean proteins intake 
1st month  

2,74 0,38 2,78 0,46 0,566 2,82 0,33 2,81 0,43 0,957 

Mean total protein 1st 
week 

3,06 0,50 2,91 0,53 0,098 3,06 0,62 2,93 0,55 0,390 

Mean total energy 1st 
week  

81,06 16,28 70,99 15,01 <0.001 78,06 16,72 71,30 15,62 0,117 

Mean total energy 1st 
month  

107,8 15,2 98,7 15,7 <0.001 104,6 11,4 99,2 15,9 0,089 

Fluid intake 1st week  149,7 46,1 113,0 36,4 <0.001 134,7 43,1 110,2 35,7 0,026 
Fluid intake 21 days  177,8 48,4 146,1 38,8 <0.001 168,3 43,8 148,1 41,2 0,077 
Mean NPE intake 1st 

week  
54,67 12,63 50,16 8,98 0,017 55,59 13,84 50,03 9,41 0,098 

TPN days 15,69 7,99 24,70 13,89 <0.001 19,41 10,11 25,29 13,95 0,050 
Days to FEF  20,99 11,43 29,37 14,92 <0.001 22,14 10,47 29,42 14,69 0,022 
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Days of stop feeding 3,15 6,36 6,88 6,80 0,016 3,79 5,78 7,17 7,08 0,105 
Days to regain birth 

weight 12,67 4,57 10,72 6,61 0,043 11,25 3,15 9,26 5,48 0,052 

Days to reach 1800 g 42,55 15,39 64,75 22,19 <0.001 48,22 15,07 66,78 22,09 0,001 
Minimum weight (g) 951,0 243,9 743,7 201,0 <0.001 813,2 212,1 722,3 206,7 0,101 
Total lenght 36 wks 

(cm) 42,57 2,28 39,62 3,14 <0.001 41,71 1,95 38,66 2,90 <0.001 

Head circumference 36 
wks (cm) 

31,18 2,60 30,22 2,10 0,058 30,88 1,89 30,02 2,16 0,209 

Growth rate 1st week 
(g/Kg/die) -7,53 13,69 1,73 19,38 0,002 -4,93 14,72 2,56 17,32 0,064 

Serum phosphate at 
birth (mmol/L) 1,79 0,39 1,42 0,43 <0.001 1,60 0,42 1,38 0,42 0,064 

Serum phosphate at 
21st day (mmol/L) 1,91 0,26 1,76 0,36 0,017 1,83 0,28 1,72 0,37 0,223 

Mechanical 
ventilation (days) 

5,60 13,05 13,75 25,21 0,018 4,68 7,50 14,56 25,81 0,016 

Length of stay 55,23 27,60 76,89 35,52 0,000 58,63 29,71 79,20 37,85 0,015 
Fentanyl (days) 2,38 7,39 6,18 8,23 0,037 1,50 3,06 6,48 8,58 0,008 

 

Table 6. Anthropometric, growth, nutritional and biochemical parameters in the EUGR1% vs not-EUGR1% group. 

Total energy intake regards both parenteral and enteral energy, expressed in kcal/kg/day; protein intake is expressed 

in g/kg/day; fluid intake in ml/kg/day; NPE: non protein energy in kcal/kg/day; TPN: total parenteral nutrition; FEF: 

full enteral feeding (150 ml/kg/d) 

 
4.2 EUGR condition and metabolic pattern at birth 

 

Second part of the study was dedicated to analyse and compare the urinary metabolomic 

pattern at birth of preterm infants with and without growth restriction at 36 weeks of 

postmenstrual age or at discharge, searching for potential biomarkers predictive of 

growth failure in the preterm infants during early life.  

In the population enrolled from October 2021 to October 2023, metabolic analysis was 

performed on the urine samples at birth of 49 patients. Among these subjects 14 had 

intrauterine growth retardation at birth, while 35 were AGA infants with normal growth 

in utero. At the correct age of 36 weeks (or earlier if the baby was transferred to other 

facilities or discharged), 26 patients had extra-uterine growth retardation: 16 were 

selected and matched with 16 controls (as they were comparable in terms of gestational 

age, birth weight, IUGR, sex, twins, PPROM, type of delivery, antenatal steroid 

administration, Apgar, early onset sepsis) (Table 7). 

 

 

 

 



 

30 
 

 t-test p Mann-Whitney p Fisher p 
IUGR   0.23 
BW 0.34 0.27  
GA 0.59 0.48  
sex   0.70 

PPROM   0.33 
Mode of delivery   1.00 

EOS   1.00 
Steroids   0.48 
APGAR 0.42 0.64  

Multiple pregnancy   0.70 
 

Table 7. Comparison of clinical data at birth between the group of 16 infants EUGR and 16 not EUGR with 

metabolomic analysis. 

 

The untargeted metabolomics analysis revealed a different urinary metabolomic profile 

between the 2 groups, with 9 distinctive metabolites, lower in the EUGR group (Figure 

1, 2) 

 

Figure 1: PLS for classification: boxplot describing the distributions of the predictive component tp within the two 

groups. Red, EUGR; white, non EUGR 
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Figure 2: Boxplots illustrating the distributions of metabolite concentrations. Red, EUGR; white, non EUGR 

 

4.3 ROP condition and metabolomic pattern at birth 

 

In addition, the basal urinary metabolome of another subgroup of patients was analysed, 

namely those infants who developed a condition of retinopathy of prematurity. ROP 

was diagnosed in 21 infants, of these 6 cases were matched with 6 controls as the two 

groups were comparable as regards gestational age, birth weight, IUGR, sex, twins, 

PPROM, type of delivery, antenatal steroid administration, Apgar, early onset sepsis 

(Table 8) 

 
 t-test p Mann-Whitney p Fisher p 

IUGR   1.00 
BW 0.24 0.20  
GA 0.18 0.10  
sex   1.00 

PPROM   1.00 
Mode of delivery   1.00 

EOS   1.00 
Steroids   1.00 
APGAR 0.34 0.34  

Multiple pregnancy   0.70 
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Table 8. Comparison of clinical data at birth between the group of 6 infants with ROP and 6 without ROP, selected 

for metabolomic analysis. 

 

Despite the limited sample, even in this comparison a difference in urinary metabolomic 

profile emerged between the two groups with distinct metabolites (L-histidine, L-

homoserine), found quantitatively reduced in the cases (Figure 3, 4). 

 
Figure 3: PLS for classification: boxplot describing the distributions of the predictive component tp within the two 

groups. Turquoise, ROP; white, no ROP. 
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Figure 4. Boxplots illustrating the distributions of metabolite concentrations for the selected annotated variables. 

Turquoise, ROP; white, no ROP. 

 

 

5. DISCUSSION 

 
5.1 IUGR condition and post-natal growth 

 

The first 1000 days of life are a crucial period for the growth and health of the 

individual [106]. This is particularly true with regard to more fragile infants such as 

babies born prematurely and with growth restriction.  

Clearly, at the same gestational age IUGR newborns have lower anthropometric 

parameters at birth than non-IUGR, according to IUGR definition. 

Analysis of biochemical data in the study population showed that IUGRs had higher 

serum calcium concentrations at birth and lower serum phosphorus concentrations at 

birth and at 21 days of age, which could reflect a prenatal insufficient supply of the 

mineral to the foetus. Several studies have associated the condition of IUGR with 

hypophosphatemia and hypercalcaemia in the first few days of life, especially when 

combined with an early and aggressive initiation of parenteral nutrition; a mechanism 

similar to the re-feeding syndrome observed in malnourished adults following a large 

and rapid reintroduction of food into the diet has been proposed to underlie these 

alterations [107]. The foetus with intrauterine growth acts like a malnourished: at birth, 
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intravenous administration of nutrients (in particular of high amino acid intakes) 

increases insulin blood levels, which promotes the shift of phosphate from the 

extracellular to the intracellular space, inducing hypophosphatemia. Essential for 

preserving cellular homeostasis, phosphorus is found in phospholipids, nucleotides, and 

nucleic acids, therefore its reduction in circulation may be associated with severe 

complications [108]. In addition, if hypophosphatemia is not corrected, phosphorus is 

reabsorbed into the bone with mobilisation of calcium that can lead to a hypercalcaemic 

state [107]. 

Regarding nutritional aspects, IUGR newborns received lower energy intake on average 

in the first week of life, they were fed longer with parenteral nutrition, are kept fasting 

for a longer time and reached exclusively enteral nutrition later. Given the potential link 

between NEC and intrauterine growth restriction, these findings may indicate caution of 

neonatologists with management of enteral feeding, while the most recent European 

guidelines advise that enteral nutrition be initiated as soon as feasible for the preterm 

newborn, in order to minimize the duration of parenteral nutrition and the amount of 

time required to reach the full enteral feeding [14]. Of note, in our population NEC as 

clinical outcome was not different between the two groups; instead, IUGR group 

showed more days of ventilation/CPAP, as expected, and a higher prevalence of BPD. 

Bose et al. according with our findings, indicated fetal growth retardation as an 

independent risk factor for the development of BPD, for a hypnotized mechanism of 

abnormal pulmonary angiogenesis and fetal hypoxia capable of impairing lung 

development [109]. Furthermore, the lower energy intake in the first week of life itself 

could contribute to the increased occurrence of pulmonary complications [110]. 
 

The study of growth in the two populations showed that IUGR infants during the 

hospital stay reach a lower minimum weight and regain their birth weight more quickly 

than non-IUGR infants, but they take longer to reach 1800 g. The weight and total 

length of the IUGRs were lower even when reaching 36 weeks of GA and also 

statistically significant differences in tibia length were found, while the head 

circumference resulted comparable in the two groups, probably reflecting the 

phenomenon of brain sparing [44]. 

Almost all the infants in the IUGR group did not reach the 10th percentile at 36 weeks 

of GA for weight and total length, but also most of non-IUGRs showed growth 

retardation in weight and length at the same gestational age (69% and 89% 

respectively). Although these data do not appear to be very reassuring, Karlberg and 
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Albertsson-Wikland observed that a high percentage of SGA-born children tend to 

recover in length within the first 6-12 months of life [111] while Beukers et al. found 

similar heights in a group of 12-year-old children prenatally diagnosed with intrauterine 

growth restriction compared to a group of controls of the same age [112]. 

Searching for possible risk factors for extra-uterine growth retardation within the 

population of paired newborns, we found that subjects with worse growth received 

lower caloric intake in the first week and the first month of life, lower protein intake in 

the first week and less fluid throughout their hospitalisation; they also remained fasting 

longer on average. Stephens et al. found that higher protein (gradually increased up to 

3.5 g/kg per day) and energy intakes (about 60 +/- 8 kcal/kg per day) during the first 

week of life (mostly given by PN) were significantly associated with better cognitive 

outcomes at 18 months of corrected age, but the literature does not fully agree: a recent 

cohort study by Terrin et al. suggests that higher energy intake early in life may not 

enhance long-term neurodevelopment and could even negatively impact it in VLBW 

infants [83]. Since it is still unclear the optimal provision of calories for preterm infants, 

probably an individualized determination of specific needs for macro and micronutrients 

should be assessed, taking into account both clinical condition as well as patient’s 

unique metabolic ability. 

Low postnatal protein intake has been associated with poorer growth and possibly 

worse neurological outcomes during developmental age [113], but evidences supporting 

a direct link between higher AA intake and improved neurodevelopment are 

inconclusive, as demonstrated by a 2018 Cochrane meta-analysis, which examined 

impact of parenteral AA intake in preterm infants on neurodisability [85]. About fluid 

restriction, this aspect can interfere with the distribution of nutrients in the body, 

altering their intake and predisposing similarly to poor growth [114]. 

Finally, EUGR infants received parenteral nutrition for more days and took longer to 

reach full enteral feeding. Prolonged periods of PN, even with guideline-recommended 

nutritional intakes, may prove to be important risk factors for EUGR, perhaps due to the 

severity of the disease itself underlying the use of PN [115]; similarly, delayed exclusive 

enteral nutrition may imply a severe degree of immaturity and illness of the newborn, 

which affects its growth in weight and length [116]. 

In addition, EUGRs had lower basal and 7-day blood levels of phosphate, similarly to 

what happens in IUGR population, recalling also in this case a mechanism similar to the 

one at the base of the re-feeding syndrome. 
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Ultimately, we looked for factors associated with weight below (EUGR1%) or above 

(not EUGR1%) the first percentile for gestational age in the IUGR and in the general 

population. Basically, the risk factors for EUGR already described repeat themselves. 

Furthermore, in both populations a prolonged hospital stay, longer need for invasive 

mechanical ventilation and more administration of Fentanyl was found in EUGR1% 

than in non-EUGR1%.  

 
5.2 Metabolomic pattern at birth in EUGR newborns 
 

When we compared urinary metabolomic pattern at birth, the EUGR group showed 

lower level of L-cystathionine, kynurenic acid, L-carnosine, N-Acetylglutamine, 

xanthurenic acid, aspartylglucosamine, DL5-hydroxylysine-hydrocloride, 

homocitrulline, L-aminoadipic acid respect to the non-EUGR group. We discuss the 

main metabolites below. 
 

L-cystathionine 

 

 
Figure 5. Synthesis and metabolic pathways of S-Adenosyl-L-Methionine. (1) Methionine adenosyltransferase; (2) 

Transmethylation reactions; (3) S-adenosylhomocysteinase; (4) Cystathionine β-synthase; (5) γ-Cystathionine; (6) γ-

Glutamylcysteine synthetase; (7) GSH synthetase; (8) Methionine synthase; (9) Betaine-homocysteine; (10) S-

adenosylmethionine decarboxylase (from Lu S.C., 2000) [117]. 

Cystathionine is a precursor of cysteine (Figure 5), which is a semi-essential aminoacid 

(it can be obtained from the diet or produced through the degradation of methionine). 

Cysteine plays a critical role in maintaining redox balance within cells and it is a 
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precursor of biologically active molecules such as glutathione, a strong antioxidant that 

protects cells from oxidative damage and regulate the immunological response [118,119]. 

It is involved in a number of physiological functions, such as the regulation of cell 

development, cell signalling and programmed cell death (apoptosis), in lipid 

metabolism and protein synthesis [120]. 

No less important is its implication in controlling inflammation, in fact numerous 

inflammatory and oxidative stress-related disorders, including diabetes, renal failure, 

and neurological or cardiovascular diseases, have been linked to decreased cysteine 

levels [121,122]. Lower cystathionine level in urine of infants who develop growth 

retardation might suggest a basal unfavourable balancing toward an inflammatory state. 

In this perspective, growth failure could be assimilated to other different pro-

inflammatory morbidities of prematurity such as RDS, chronic lung disease and 

perinatal brain injury, related also to inadequate antioxidant systems [123]. 
 

Kynurenic acid 

 

 
Figure 6. Tryptophan Metabolic Pathways [124] 

Tryptophan metabolism can be divided into two main pathways: the prevalent one 

namely the “kynurenine shunt” (>90% of the whole tryptophan biotransformation), in 

which the indole ring is broken to produce compounds as kynurenines, nicotinic acid, 

and the nicotinamide adenine dinucleotide (NAD+), and the second one (approximately 

10% of the whole tryptophan transformations) in which the indole ring is retained and 

tryptophan is transformed in neurotransmitters/hormones as serotonin, N-acetyl-
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serotonin, melatonin and trace amines as tryptamine and derivatives. In gut microbes, 

tryptophan is metabolized into indole and indole derivatives, as microbes express 

different enzymes (C pathway in figure 6). 

The kynurenine pathway was found to be one of the most impaired in the IUGR. One 

study showed that the expression of certain enzymes involved in the kynurenine 

pathway are reduced in the placenta of IUGR foetuses and that hypoxic environments 

reduce the expression of metabolites originating from this pathway [125]. Also previous 

findings from our group support the hypothesis that kynurenine shunt might be less 

active in IUGR [54]. 

Furthermore, kynurenic acid (KYNA) is a well-known endogenous antagonist of the 

glutamate ionotropic excitatory amino acid receptors N-methyl-D-aspartate (NMDA). 

In animal models of neurodegenerative diseases KYNA neuroprotective and 

anticonvulsive activities have been demonstrated. Because of KYNA’s 

neuromodulatory role, its involvement has been speculatively linked to the pathogenesis 

of a number of neurological conditions including those in the ageing process [126,127]. 

Lower level of kynurenic acid might suggest a similar behaviour between IUGR and 

infants who develop EUGR, as kynurenine shunt seems to be less active also in this 

group, suggesting a pathogenetic role in growth restriction of this pathway.  

 

L-carnosine 

 

Carnosine, mainly present in skeletal muscle, is produced from histidine and beta-

alanine through hydrolysis of ATP. Studies on carnosine have demonstrated its 

antioxidant action, as a chelator of metal ions and as scavenger of reactive oxygen 

species and peroxy-radicals [128]. It has been found to be able to discriminate IUGR 

infants, where it is present in lower levels in urine [54]. It is known the role of oxidative 

stress in the pathogenesis of intrauterine growth retardation, in particularly under 

conditions of inadequate placental perfusion and hypoxia [129,130], so it has been 

speculated its consumption in the IUGR groups due to its activity as an oxidative 

product scavenger. From our results, it might be speculated that the same mechanism 

could be active also in newborns who are destinated to extrauterine growth restriction.  

It's interesting that, from in vitro and in vivo experimental studies, are emerging 

evidences that administering carnosine may offer antioxidative protection by lowering 

the concentration of oxidative damage indicators [131,132]. Recognizing carnosine 
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deficiency at birth could identify the subgroup of preterm infants who can benefit from 

its supplementation.  
 

N-Acetylglutamine 

 

N-acetylglutamine is the biologically available form of L-glutamine, the most 

abundant non-essential amino acid in our organism, that plays crucial roles in cellular 

metabolism and human physiology. Being an energy source for cells, especially 

immunological, intestinal, and muscular cells, is one of glutamine’s main roles. During 

stressful situations like illness, trauma, or intense exercise, glutamine is quickly used as 

an energy substrate. Its availability is crucial for promoting protein synthesis and 

cellular metabolism in these situations [133]. 

Glutamine also acts as an important precursor for the synthesis of nucleotides and other 

amino acids, playing a key function in cellular anabolism [134]. Another important 

feature of glutamine is its capacity to regulate immunological responses: it supports 

lymphocyte proliferation and cytokine production and during periods of stress or illness, 

glutamine levels may decline, negatively impact immune function.  

Thus, our finding of lower levels of N-acetylglutamine in urine metabolome of neonates 

who develop growth retardation may indicate its higher use, potentially attributable to 

basal state of increased catabolism. 

 

Xanthurenic acid 

 

Xanthurenic acid is a member of the class of compounds known as quinoline carboxylic 

acids. It is a product of the tryptophan-kynurenine pathway. Disturbances in this 

pathway have been evaluated in a variety of clinical conditions, including immune 

suppression, cancer progression, and immune/inflammatory reactions (such as in IBD) 

[135]. The entire pathway is heavily dependent on vitamin B6 availability; 

therefore xanthurenic acid has been studied as a biomarker for B6 status [136]. Functional 

B6 deficiency can be a consequence of  dysglycemia, caused by inflammatory 

upregulation of the kynurenine pathway, ultimately leading to elevated levels of 

xanthurenic acid [137].  

 

 



 

40 
 

5.3 Metabolomic pattern at birth in infants who develop ROP 

 

The ROP group showed a lower level of L-histidine and L-homoserine in the urinary 

metabolomic profile at birth respect to infants who didn’t develop the disease.   

 

L-histidine 

 

Histidine is another essential amino acid involved in several metabolic pathways. 

Histidine (His), also known as L-histidine, is an alpha-amino acid and it is a unique 

amino acid with an imidazole functional group. The acid-base properties of the 

imidazole side chain are relevant to the catalytic mechanism of many enzymes such as 

proteases and it is a precursor for histamine and carnosine biosynthesis. 

Histidine and other imidazole compounds have anti-oxidant, anti-inflammatory and 

anti-secretory properties [138]. The efficacy of L-histidine in protecting inflamed tissue 

is attributed to the capacity of the imidazole ring to scavenge reactive oxygen species 

(ROS) generated by cells during acute inflammatory response and when administered in 

therapeutic quantities is able to inhibit cytokines and growth factors involved in cell and 

tissue damage. 

Urinary levels of histidine are reduced in paediatric patients with pneumonia, while 

asthma patients exhibit increased serum levels of histidine over normal controls [139] 

Serum histidine levels are lower and are negatively associated with inflammation and 

oxidative stress in obese women and histidine supplementation has been shown to 

reduce insulin resistance, reduce BMI and fat mass and suppress inflammation and 

oxidative stress in obese women with metabolic syndrome [140]. 

Low plasma concentrations of histidine are associated with protein-energy wasting, 

inflammation, oxidative stress, and greater mortality in chronic kidney disease patients 

[141]. Histidine may have many other possible functions because it is the precursor of the 

ubiquitous neurohormone-neurotransmitter histamine. 

3-Methylhistidine is one of the main derivatives of histidine and has been used as a 

marker of skeletal muscle protein catabolism [142]. 

Given these biological properties, low level of histidine at birth in infants who develop 

ROP respect to control might suggest a basal inflammatory state which could have a 

role in the pathogenetic process of the retinal disease.  
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L-homoserine 

 

 
Figure 7. Pathways of homocysteine and methionine metabolism [143]  

Homoserine is a more reactive variant of the amino acid serine, which is, in humans, a 

nonessential amino acid that can be derived from glycine and it is involved in 

methionine metabolism (Figure 7). 

L-Serine may be derived precisely from four possible sources: dietary intake; 

biosynthesis from the glycolytic intermediate 3-phosphoglycerate; from glycine; by 

protein and phospholipid degradation. L-serine and the products of its metabolism have 

been identified in recent years, as being necessary for some central nervous system 

processes, in addition to being crucial for cell proliferation [144]. 

L-Serine is pre-dominantly synthesized in astrocytes and not in neurons, indicating that 

serine is actually an essential amino acid for neurons, and the available data suggest that 

it is synthesized in brain tissue given the limited permeability of the blood–brain barrier 

for L-serine and glycine in adult brain [145]. It has been shown to be essential for 

morphological progress of hippocampal neurons and as a survival-promoting factor for 

the central nervous system [146]. 

Serine hydroxymethyltransferase (SHMT) reversibly catalyzes the conversion of L-

serine into glycine, reaction which is important as a source of one-carbon units for 

methylation processes and nucleotide synthesis and for generation of glycine itself, 
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serving as a neurotransmitter in the central nervous system (it is involved in both 

inhibitory neurotransmission via glycine receptors in brain stem and spinal cord and 

excitatory neurotransmission through activation of N-methyl-D-aspartate (NMDA) 

receptors).  

Furthermore, L-serine synthesis and transport is also important in providing the 

necessary precursors for multiple metabolic pathways, such as biosynthesis of 

neurotransmitters, phospholipids and complex macromolecules, such as sphingolipids 

and phosphatidylserine [147]. Growth regulation, cell migration, adhesion, apoptosis, 

senescence and inflammatory responses are just a few of the many biological cell 

processes that bioactive sphingolipids significantly influence. The sphingolipidome, or 

universe of sphingolipids, is extremely complex, with unique molecular species for each 

bioactive lipid and metabolic linkages that transform one lipid into another [148]. The 

importance of L-serine for the synthesis of sphingolipids was demonstrated in vitro, in 

cultured neuronal cells of the central nervous system where an external supply of L-

serine proved to be essential for the synthesis of sphingolipids and phosphatidylserine, 

while these lipids disappeared rapidly from neurons maintained in an L-serine-free state 

[146]. 

Given these considerations and the findings from the previously discussed paper by 

Nilsson et al. (association of changes in blood lipids with ROP), it seems to be plausible 

that lower level of serine in ROP group could be read as a risk factor for the 

development of the disease. 

 

Our study has some significant limitations. First of all the small sample size, 

particularly for the focus on ROP metabolome, related especially to technical issues. In 

fact, several urinary biological samples could not be used for analysis because they 

resulted not quantitatively or qualitatively adequate (i.e. inadequate amount of urine 

collected, incorrect timing of collection, inadequate storage, sample breakage, 

unsuccessful analysis).  In any case, in literature large-scale metabolomics studies of 

EUGR and ROP are still required and needed to verify potential biomarkers in a 

validation dataset.  

Then, a stratification of patients based for example on the cause of preterm birth was not 

possible due to the insufficient sample size. Another limitation was the lack of a 

concurrent plasma profile, as we performed metabolomic analysis only on urine 
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samples. Indeed, as possible future perspective of the study targeted metabolomics on 

blood samples could be applied. 

 Finally, to note that some of the above-mentioned amino acids (tryptophan, methionine, 

cysteine and histidine) are all exogenously provided to preterm babies through 

parenteral nutrition from the first hours of life, thus potentially influencing the urinary 

metabolome. However all included patients received the same nutritional regimen 

according to our NICU protocol, it is therefore unlikely that the emerging differences 

between the two groups are due to external supply. 

Further studies are therefore needed to better understand the metabolomic profile of 

growth restriction and ROP to tailor prophylactic and therapeutic strategies. 

 

6. CONCLUSIONS 
 

Despite significant advancements in the nutritional care of preterm neonates, growth 

restriction remains a serious problem in extremely preterm newborns. The impact of 

growth restriction and nutritional issues at such early age could affect 

neurodevelopment and contribute to the onset of chronic adult diseases, as the first 

thousand days of life are a critical period of time.  

A population facing a significant disadvantage from birth is that with IUGR, which is a 

condition difficult to manage: IUGR infants have lower anthropometric parameters at 

birth and during hospitalisation than other newborns, they continue parenteral nutrition 

longer and reach full enteral feeding later. They showed reduced phosphoremia, 

mimicking the refeeding syndrome mechanism. Therefore, almost all of the IUGR had 

EUGR at 36 weeks of GA or at discharge.  

EUGR, the ex-utero equivalent of IUGR, a condition of inadequate growth during 

hospitalization, is a common complication of VLBW preterm infants, despite numerous 

efforts to standardize and enhance nutritional support.  

Nutritional factors associated with EUGR include lower phosphoremia levels and poor 

energy and protein intake, prolonged parenteral nutrition and a delay in achieving full 

enteral feeding, factors similarly influencing growth in the IUGR infant. 

Thus, EUGR seems to result from a complex interaction of factors, as suboptimal 

nutrition and morbidities affecting nutrient requirements, but notwithstanding the 

optimal conditions and despite adherence to nutritional protocols and guidelines, it may 

occur the same. 
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This could suggest the existence of a basal predisposition and in this regard some 

interesting results are emerging from investigations on the metabolic pathways 

implicated in EUGR pathophysiology. In fact, from the metabolomic analysis we found 

a different urinary metabolomic profile at birth between EUGR and non-EUGR infants, 

with lower levels of anti-inflammation and anti-oxidant metabolites in infants which 

will become affected by growth restriction. These results could suggest a sort of basal 

fingerprint of EUGR and help to identify the group of newborns at risk to develop this 

condition; in this group consequently, a tailored nutritional support may be necessary 

and not only an aggressive one.  

Furthermore, we focused on ROP disease, as a condition related to postnatal growth 

failure, and we investigated birth metabolomic profile of ROP and non-ROP infants. 

We found a different urinary metabolomic profile with lower level of L-histidine and L-

homoserine in the group of infants who developed the disease. Lower level of L-

histidine suggests a pro-inflammatory state, while L-homoserine is essential for the 

synthesis of sphingolipids in neuronal cells of the central nervous system and its 

deficiency could be a risk factor for the development of the disease. 

Future perspective could be the use of metabolomic approach in larger populations to 

build prognostic biomarker panels and facilitate a simplified bedside approach with the 

goal of guiding preventive and interventional strategies. 
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