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ABSTRAK

Pemakanan parenteral (PN) telah menjadi standard penjagaan bayi pramatang untuk
merapatkan jurang pemakanan sebelum pemakanan enteral (EN) dimulakan. Cadangan
semasa untuk PN adalah berdasarkan pertambahan nutrien intrauterin dan kandungan
susu ibu. Sama ada anggaran ini mencukupi untuk keperluan metabolik luar rahim pada
bayi pramatang masih tidak jelas. Ulasan ini mengkaji bukti yang ada mengenai hasil
metabolomik yang membandingkan kedua-dua PN dan EN dalam bayi pramatang. Hanya
artikel asal yang melaporkan hasil metabolomik dalam bayi pramatang yang menerima
kedua-dua PN dan EN dimasukkan. Selepas proses saringan, 6 artikel asal [China (n=1),
Norway (n=1), Sweden (n=2), Mexico (n=1) dan Amerika Syarikat (n=1)] dipilih untuk
ulasan ini. Kajian terlibat memperihalkan profil metabolomik dalam kalangan 525 bayi
yang menerima PN dan EN dalam sampel serum (n=2), air kencing (n=3) dan sampel
darah kering (n=1) menggunakan 'H-NMR (n=4), GC-MS (n=1), UHPLC-MS/MS (n=1)
sebagai kaedah analisis. Metabolit termasuk glukosa, asid amino dan ‘acylcarnitine’ rantai-
pendek diperkaya dalam biobendalir bayi menerima PN, mencadangkan lebihan bekalan.
Secara perbandingan pelbagai jenis kolina, asid amino dan metabolit lipid yang penting
untuk pertumbuhan dan perkembangan lebih banyak terdapat dalam bayi yang diberi EN
secara eksklusif. Semua kajian terlibat meringkaskan perbezaan metabolomik yang ketara
yang diperhatikan pada bayi pramatang semasa mereka beralih daripada PN kepada
EN penuh. la meningkatkan pemahaman kita tentang bagaimana formulasi pemakanan
semasa menyumbang kepada kecukupan, lebihan atau kekurangan penghadaman nutrien.
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Penyelidikan masa depan harus mengutamakan usaha kolaboratif untuk mewujudkan
pangkalan data julat rujukan metabolit penting berdasarkan umur. Ini akan membantu
dalam membangunkan pelan pemakanan yang diperibadikan mengikut keperluan khusus
bayi pramatang, berpotensi meningkatkan pertumbuhan dan perkembangan mereka
dalam jangka panjang.

Kata kunci:  Metabolomik serum; intervensi pemakanan; metabolit; pemakanan
enteral; pemakanan parenteral; pramatang

ABSTRACT

Parenteral nutrition (PN) is the standard of care for preterm infants to bridge the
nutritional gap before enteral nutrition (EN) is established. Current recommendations
for PN are largely based on intrauterine nutrient accretion and breast milk constituents.
Whether this estimation sufficiently meets the extrauterine metabolic needs of preterm
infants remains unclear. This review examines the available evidence on metabolomic
outcomes comparing both PN and EN in preterm infants. Only original articles reporting
metabolomic outcomes in preterm infants receiving PN and EN were included. After
the screening process, six original articles [China (n=1), Norway (n=1), Sweden (n=2),
Mexico (n=1), and the USA (n=1)] were selected for this review. The studies examined the
metabolomic profiles of 525 infants receiving PN and EN from their serum (n=2), urine
(n=3), and dried blood spots (n=1) samples using 'H-NMR (n=4), GC-MS (n=1), UHPLC-
MS/MS (n=1) as analytical platforms. Metabolites including glucose, amino acids and
short-chain acylcarnitine were upregulated in the biofluids of PN-fed infants, suggesting
an oversupply. In contrast, a diverse range of choline, amino acids and lipid metabolites
essential for growth and development were enriched in the exclusively EN-fed infants. This
scoping review summarised the significant metabolomic differences observed in preterm
infants transitioning from parenteral to full enteral feeding. It enhances our understanding
of how current nutritional formulations contribute to sufficiency, excess or lack of nutrient
assimilation. Future collaborative research should aim to establish a database of age-
related reference ranges for essential metabolites. This will aid in developing personalised
nutrition tailored to the specific needs of preterm infants, potentially improving their long-
term growth and development outcomes.

Keywords:  Enteral nutrition; metabolites; parenteral nutrition; prematurity; serum
metabolomics; nutritional intervention

INTRODUCTION its capacity to track dynamic changes over

Metabolomics is an emerging field within the extrauterine transition using minimal
the “omics” sciences that has garnered biofluids (Fanos et al. 2018; Nicholson &
significant interest in neonatology due to Lindon 2008). The application of cutting-
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edge analytics has significantly enhanced
precision in neonatal care through the use
of advanced computational techniques
such as proton nuclear magnetic
resonance ('H-NMR) spectroscopy and
mass spectrometry (MS), in conjunction
with separation techniques including
liqguid chromatography (LC) and gas
chromatography (GC). These combined
techniques effectively mitigate the matrix
effects of biospecimens and increase
sensitivity,  enabling  comprehensive
analysis of the entire metabolome, namely
the small molecules (typically < 1500 Da)
or metabolites that make up a biological
system (Munjal et al. 2022; Naz et al.
2014). Over the past decade, researchers
have characterised and quantified an array
of metabolites in neonatal biofluids, such
as urine, blood, faeces and saliva. Such
knowledge provides valuable insights
into the intricate physiological interplay
with nutrition, pharmacological treatment,
environmental influences and genetic
effects. It supports associations between
metabolites and various morbidities,
thereby enabling the development
of precise intervention and treatment
strategies to enhance outcomes for
newborns and premature infants.

Preterm birth is defined as infants
born alive before 37 completed weeks
of gestation and one in ten infants is
born preterm globally (Blencowe et
al. 2013; Liu et al. 2012; WHO 2023).
The gestation of borderline viability is
progressively lowered to 22 and 24 weeks
(Isayama et al. 2024; Kim et al. 2024). The
increased extreme prematurity results
in specialised nutritional intervention
requirements for these infants. While
early nutritional interventions aim to
simulate intrauterine nutrient accretion,
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the complex metabolic needs of the
extremely or the “fetal” neonate may not
be sufficiently met because of extrauterine
energy losses from transepidermal water
loss and compounded by extra energy
requirements for essential bodily functions
such as respiration.

Parenteral nutrition (PN) is considered
as a nutritional emergency for these
extremely preterm infants who cannot
feed enterally due to gut immaturity.
These infants are often in a catabolic state
due to their critically ill conditions while
receiving intensive care support. Although
PN is crucial and life-saving, it remains
unclear whether the composition of PN
formulation can serve as a surrogate for
what enteral nutrition (EN) assimilates
even for a short period in the first weeks of
life.

Numerous researchers have described
metabolomic findings in newborns who
received enteral feeding but information
from preterm infants receiving PN is
scarce. Nevertheless, the metabolomic
profile of very preterm infants receiving
EN exclusively in the first week of life is
impossible to characterise as PN with
minimal EN is the standard of care for
this gestational age group. A previous
scoping review discussed metabolomics
maturation relative to gestational age,
with changes over time in relation to
nutrition and growth (Marino et al. 2022).
Another non-systematic review discussed
metabolomics in perinatal nutrition from
the perspectives of gestational diabetes,
intrauterine growth restriction and breast
milk feeding (Pintus et al. 2023). However,
the metabolomic profile in preterm
infants exposed to PN in the early days
as opposed to those who are not has not
been highlighted. In light of the growing



Metabolomics in Preterm Nutrition

body of scientific evidence in recent nutri-
metabolomics (an integration between
nutrition and metabolomics) research in
neonates, this scoping review focuses
on the research question: “What is the
metabolomic difference in preterm infants
receiving parenteral nutrition intervention
compared to when they are on exclusive
enteral feeding?”

MATERIALS AND METHODS

Protocol & Registration

Our protocol was developed based on the
Preferred Reporting ltems for Systematic
Reviews and Meta-analysis Protocols for
Scoping Reviews (PRISMA-ScR) (http://
www.prisma-statement.org/Extensions/
ScopingReviews).

Study Eligibility

Original articles of human studies written
in English were eligible for potential
inclusion in this review. Only studies
comparing parenteral and enteral nutrition
using metabolomics as an analytical
approach were selected for this review.
Any papers that did not fit the conceptual
framework of the study were excluded.

Search Strategy

A literature search was conducted via
PubMed, Scopus and Web of Science to
identify studies relevant to metabolomics
and neonatal nutrition (parenteral and
enteral) in infants/neonates based on
the search string: “term OR preterm OR
prematur* OR baby OR babies OR infant*
OR neonat* OR “preterm infants” AND
“parenteral nutrition” OR intravenous
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AND “enteral nutrition” OR enteral OR
milk OR feed* OR oral AND metabolomic
OR metabol* combined keywords. The
reference list of relevant review papers was
manually screened to identify potential
articles that may have been missed in the
database literature search. The final search
results were then exported into EndNote
and screened for duplicates, relevant
research areas and keywords.

Study Selection

Two reviewers jointly developed a form
for data charting to determine which
variable to extract and independently read
all abstracts to classify them as potentially
included or rejected. The primary reviewer
conducted data extraction independently
and the summary of evidence table was
cross-checked by the second reviewer.
Extracted data were iteratively discussed
with the team to ensure consistency in
results synthesis.

Data Extraction

The extraction of data was carried out
by two researchers (SKC and FCQ).
We abstracted data based on article
characteristics, including authors
and study publication year, study
characteristics (eg. country of study site),
characteristics of study participants (e.g.
sample size, mean gestational age), study
designs (analytical platform, biofluid
sampling, nutritional types, intervention,
comparison),  metabolomic  findings
(eg. relative abundance of metabolites,
impacted pathways) and study limitations.
If there were disagreements between
the two reviewers, a third reviewer was
consulted for the final decision.
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Data Synthesis

The summary of findings was presented
in an evidence table and narrative format
to meet our research goals. The studies
were comprehensively summarised based
on authors, year of publication, journal
of publication, study location, study
designs, patient characteristics, analytical
platforms, biofluid sampling, sampling
schedule, description of parenteral
and enteral nutrition regime and the
corresponding  metabolomic  findings.
Outcomes were categorised based on the
significant metabolic pathways affected
and the upregulation and downregulation
of metabolites in neonates receiving
parenteral versus full enteral nutrition (EN).

Chuo S.K. et al.

RESULTS

Selection of Articles Including Both
Parenteral and Enteral Nutrition as
Nutritional Types

Based on the PRISMA-ScR algorithm, we
identified 3,866 studies on metabolomics,
parenteral nutrition and enteral nutrition
in newborns from searches conducted
on PubMed, Scopus and Web of Science,
as of 16 July 2024 (Figure 1). A total of
1,894 papers were subjected to title
or abstract review for inclusion after
removing duplicates. Eleven full-text
articles were evaluated for eligibility. Six
articles discussing metabolomics in PN
and EN in animals were excluded because

[ Identification of studies via databases J

Records identified from Databases,
(n=3,866):

PubMed (n = 1,136)

Scopus (n= 1,685)

Web of Science (n= 1,045)

A 4

Title/abstract review
(n=1,894)

A\ 4

Full-Text Articles to be Assessed for
Eligibility (n=11)

———— | Reports excluded

Records removed before screening:
Duplicate records removed
-by Endnote (n =1,362)
-manually (n=610)

Records excluded
Out of scope by title/abstract
(n=1603)
Not Original Articles (n=277)
Not Published in English (n=3)

Animal Studies (n =6)

<
<

A

Studies included in review

(n =6)

Included [Eligibility ][ Screening ] [ Identification

Included from citation/reference
(n=1)

FIGURE 1: PRISMA 2020 flow diagram for new systematic reviews which included
searches of databases and registers only
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it was uncertain if the animal species’
metabolism was comparable to that of
human neonates. One original article
was included from hand-searching in the
reference list of a review paper (Marino
et al. 2022; Moltu et al. 2074). Finally,
six studies conducted in preterm infants
[China (n=1), Norway (n=1), Sweden (n=2),
Mexico (n=1), and the USA (n=1)] were
included in this review, as summarised in
Table 1.

Characteristics of Articles
(i) Study population and sampling
methods

The number of infants in each study
ranged from 34 to 314 (Esturau-Escofet
et al. 2022; Guardado et al. 2023). Two
studies sampled infants from more than
one centre (Guardado et al. 2023; Moltu
et al. 2014). Across all included studies,
the infant metabolome was profiled in
the biofluids of 525 preterm infants (two
studies using samples from the same
cohort were considered once) (Nilsson et
al. 2021; Nilsson et al. 2022). Urine was
used as the sampling method (n=3) as
its collection is simple and non-invasive.
Blood collection was also used in
metabolomics research (serum, n=2; dried
blood spot, n=1) as it is minimally invasive
compared to the collection of other body
fluids like cerebrospinal fluid and tissues.

(ii) Nutritional intervention

Studies selected for this scoping review
included subjects receiving parenteral and
enteral feeds with metabolomic outcomes.
However, one study compared the
metabolite profile between conventional
and enhanced regimens in both parenteral
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and enteral nutrition with higher energy
and protein supply (Moltu et al. 2014).
Another compared metabolomics in
preterm infants receiving both PN and
EN with extrauterine growth restriction
(EUGR) versus non-EUGR (Wang et al.
2020). Hence, only four observational
studies shared the same research question
of characterising metabolomic profiles
comparing parenteral and enteral feeding
modes. Three of the studies followed-up
the preterm infants longitudinally from PN
transitioning to full EN (Esturau-Escofet et
al. 2022; Nilsson et al. 2021; Nilsson et al.
2022). One study had a cross-sectional
design with a subgroup monitored
longitudinally through the transition from
PN to EN (Guardado et al. 2023).

(iii) Metabolomic approach

Four of the six studies utilised an untargeted
metabolomic approach (Esturau-Escofet et
al. 2022; Guardado et al. 2023; Moltu et
al. 2014; Nilsson et al. 2022). Two studies
used a targeted approach to study the
profile of amino acids (Nilsson et al. 2021;
Wang et al. 2020). Among these studies,
four employed 'H-NMR as the analytical
platform (Esturau-Escofet et al. 2022; Moltu
et al. 2014; Nilsson et al. 2021; Nilsson
et al. 2022) while two used ultrahigh-
performance liquid chromatography-
tandem mass spectrometry (UHPLC-MS/
MS), (Guardado et al. 2023; Kindt et al.
2022) and one used gas chromatography-
mass spectrometry (GC-MS) (Wang et al.
2020). The recent development of UHPLC-
MS/MS is considered the best analytical
technique for wide metabolome coverage,
complemented by extensive MS spectral
libraries, making MS-based analysis a
reliable and preferred metabolomics

71



Chuo S.K. et al.

20(1): 66-90

'’

025,

Med & Health Jan 2

“penunuod

"dnos3 jonuod ayy

uey} udjoid 1ay3iy %45z

pue AS1aua 1ay31y 9,01

Ajprewnxoidde paneoas

dnoi3 uonuaniaul

ayy ‘a8esane uQ

alend  (femioN sy “Aioreioqer

pue a)esewny sy/) v ulwena Aep/Sy
‘aesen|3oxo o\w 00S| pue ‘(9-u

9eulddNs ||, “4:07) pIoe dluopiydese
2u1s01A) ‘(€-u “9:77) p1oe
‘auijoidAxoipAy  d10usEXaURSOD0P JO ARp
‘Quiuoaiy)  /3y/3w 09 i uewny
‘QupPAB,  qw o0L/(femioN ‘0jsO (%L17)
:pouad 'Sy 98I0N EI2LINN)) (AemioN vT/S VOS (Pl
jerewisod Apreg - @XIW PRV oulwy  ‘0fsO Sy Ja1xeq -1£5) 8 €801
"aUlU0a.Yy} ap|dwod 8 9'0 yum  ‘@21970uljD) Aep M4 (9°2€-0%7)
QuUPAI3 |, uoneoynioy jeuonippy  /3%/3 570 spidiq ‘uoneinyew S)99M G'8Z VD
VOV UONUBAIRU| ‘Kep d1joqgelaw :(9g=Uu) |ouo)
SA VDS oM Is| - /80T VY [ereuisod
"9|yoid "pajesajo) sem Ajddns :jonuo) SIUBJULBYY  {(%9%) +T/LL VDS
alljogelaw Aleuun [es23ua Aep/3y/Tw L1 ssasse o) pue  “(11£1-09%) S O¥6
2y} aduanjjut Jou uayMm yj|Iw uewny w (Aemion sainsodxa  AAG (9°€€-0°67)
pIp Xas sjuejul 00L/(AemioN ‘OjsO  ‘O]SO SV 98I0N |euonuinu R EEL NN TA) AWN-HL
pue ‘suoinoajul Sy 98ION BIDLINN))  1GBY Snjudsal{  3Ieydsip  JUIBYIP OM) ((bg=u) (pasAjeue gy ‘paredreun
‘uonuaARIul  @waiduinN 8 7'y Yyum ‘@/OWS) Aep  |nun eaM  INOQE Sjuejul UonUaAIRU| ‘pPaIp ¢ panuad-om)
[euonuINN - pateniur uonesyioy /333 o'z spidi]  4aylo Asana ainyewaid lonuod 9z ‘|l pajjonuod  SJUSLINN|
VW Yim psepuels quawialoul ‘Aep uay) ‘ayi jo  woyy sajdwes ‘300SL > ‘uonualdul pasiwopuel ‘AemIoN
pale[a1100 sadueyd [enba “yjiw uewny /38 '€ vV NEEWNSH] auun Md YIm uioq ¥7) uado  “(#107) [e
AI|OqRION - :sdnoun yog UONUBAIR| auln asAjeue o SjuBjUI W 0S  [euoneAIdSO 19 njjow
dwi) paystignd
Suijdweg so1suv1dRIRYD ‘uoneso
sSuipuiy Nd Jo ‘a)dweg juaned ‘eudud) sIPquINN sonAjeuy ‘rea\
Jlwojoqels N3 jo uonduosaqg uondunsaq jo adA| wiy Apnig uoisnduj Apmsg ‘A3ojopoyronw ‘loyiny

(N3J) uonuinu [esajus pue (Nd) uonuinu [esaualed Suiaieoas syueyul wuaiaid i ajiyoid ayjoqelaw Suiquosap salpms 1| 379V.L

72



Med & Health Jan 2025, 20(1): 66-90

Metabolomics in Preterm Nutrition

“penunuod

Juawadeuew [euonINu
19)19q 10§ PaIaPISU0D (|
Isnw Jey) uondunysAp

ona8iaus ue unedipul "Aep/3y/3w 00Z-001 "S9OUIAYIP (16-S°LE)
‘wsijogelaw 9s0)oe|ed pue ‘Aep/3y 94,01 21eu0dN|3 WNID|Ed Jlwojogelaw wo [ y3ivy
9|2Ad pioe olAxoqiedy  /qw ogl o) dn ‘Kep/3/3w ale aJay) (0¥8Z-0%9) 8
aI9M Judawieal) Nd (@uosuyof (G d)e)ns wnisaudew Jyleym 1091 Surdwes
0) pajejas skemyed peapy ‘3y/3ow Q| duiz aulwieep e ydiam Apoq
pajoedwi Jsow ay | @SoINewdl 3y O)NJJIONd ‘@)1 jo skep z|
(10<! Jlweguy)  /jw €0 SJUSWa| 90 paa@das oym  durjdwes [eniu
‘60°0>d) sisAjeue Aemyied B|NwiLIO} 8w g auniused suonpuod || Je ade adelane
wua)ald (sxy0am 3%/3 €0 auiweln|3 A|[e2n1d yim (8¥-z) (VDS Tl
asojoe| ‘@D ‘aso)oe(ed 7€ VI 01 By -a8reyosip sulogmau WD §0F IYSIBY VDV 7T
‘21euons |, N3 - yuiq wouy /3 T°£1 seyeupAyoqued jaun wiaaud (St67-0t2) 8 ‘N3 65 salljogeldn
‘areshinqosiouiwe-¢ - uawa|ddns se) (@PId4OWS 10 1D7  Apeam uay) pasijeydsoy /8S1 Mg (9¢€ ‘Nd 8% “HAWN-H. ‘00IXaN
‘u1solAjA190e-N| Mlw uewny  JOW® NIANN4OdIT)  ‘uoissiwupe  wouy sajdwes  -gg) syeam |¢  :sajdwes ‘pa1adieun (Tzoe) 18
‘ajeuoon)|3 ‘@soon|3 ,:Nd - louop “yjiw 3/8 g°¢ spidy| ‘%01 uodn auun VD Ylim uloq £01)  ‘2nuad-9|3uls 19 19J00s]
SO)I[OCRIDW | UMO SJOUYIOW  @NIWVATT) /S + vV Luun asAjeue o sjuBjul WIS ¥€  ‘[RUONRAIDSO -neinisj
"uw/33/3w g-¢
“B|nwIo} esonxad N3 |Ind 'L
paseq-pioe Auewsn ‘aelul ‘N3
oulwe ‘ejnwlo} ‘uaunsjapy e2ipapy  Adiaus [ejo) 0] Nd wouy
paskjoaphy  uneig %0z 15740 J0 %05  uomisuenay 816l F /g7l
APAisuaixe  uipunjodiy) Aep/3y/3 ¢ payoeas  3uunp sjuejul  AAG ‘SY99M QG|
(€0°0=d 2€°0=1) ‘e|nwuoy 0} Aep/3x/3 |-5°0 Aq AS1oua wida.d ul F€6'87 VO
aeul udoid pue (goo=d pasAjoipAy  uay) ‘Aep/3y/3 | spidiq [esoug suawiSal ((0Z=U)
‘6£°0=1) AS1au? [esm)Ud Ajrened JeuryH palels  uonunu pue ¥DNI-UON
a3eJaAR )M paje|a110d ‘e|nwuioy  feySueys ynyeail %9 N3 210)9q sajljogelaw
Apamsod €] ye suynmy - jueyur wieyead uonoalur py ounwy  ‘(p/3Y/3 0t VYV U9amiaq B //1 Fo8lL
auijoud ‘auifea ‘auidna| i uewny punoduwo) J111eIPa ) -G'¢ spioe UOIRIDOSSE AN ‘SY9aM (06°|
‘aulsolAy ‘auiueejAuayd ‘Aep/3y/ 1w Aep/3%/3 0'-G°¢€ 0 oulwe) ay) pue 6967 VD
‘auiuolydw ‘auiuidre 081-091 0} |, Aep/3%/3 0'1-5°0 Aq Nd yimosd ((0z=u) ¥DN3
‘Quiuoalyl P L Ajlenpesd ‘Aep J Aep/3y/8 z-6'1L vV aqers ‘1 Jood yum SW-DD SoLIeIPa
auIuoaIY ‘Ui P €] /331w 0 > Kep/33/7w0g ST pajerosse 800sL> (30N ‘(soNjogeldw Ul s1anuo.y
yDN3  Suipasyoiydon  Aq |, ‘Aep/Sy/qwi g e Jo H bT> L A[2I[ 1SOW  AAG PUB S}99M  -UOU OF VYV) paiasie) ‘eulyd
JOSH YIM paJeIDosSy - Se pajeld|o) se 31| JO H T > pauels 9odg sajljogelaw Ze>vyouloqg  ‘YnNn3  ‘enuad-s|duis (0207)
s3)ljogePW VYV gl - yuiqg e ueis !Nd Pasi[enpIAlpu]  poojq pauid VYV AJluspl 0] Sjuejul wialald 07) 0¥ ‘[euoneasssqO e 19 Suepp
~§uinunuos

73



Chuo S.K. et al.

20(1): 66-90

'’

025,

Med & Health Jan 2

penunuod

(sp1oe A1y AxolpAyip ‘@1ejAxoqiedip
‘pajeinies ureyd-3uo| :sauniuiedjAde ¢)
Spaay [eJaIUD Ul paydLua Apuednyiudis
sAemyiedqns g pue (apnoajonu

9 AS19ud) skemyed Jofew g

:sishkjeue Aemyie -

auniuedjAoe

Z1LD ‘oreuayiojued ‘suiyiuloljAiede

-B)jop-N ‘a18)|ns auipuAdjAyiaw-z ‘skep
-AxoipAy-¢ ‘a1euodlie] ‘a1euoaly) 60 +0'8C
‘DU0)OB| J1IIID0S! ‘DJeUO|AX/a1eUoqRIe Surjdweg jo
‘ajeuoxA| ‘autuejejAuayd-jAuroons-N ady ‘8 1€1
‘ajey|ns auouinboipAyjA1aoe F 708 M9
‘auide.edse [A1a0e-N ‘oredipejAylow-¢ ‘syPam €|
‘9)eJ|Ns-¢ PIde DICI0dSe F097VD
‘p1oe d10ZUgAX0IPAYIP-9°C (N3) ‘shep
‘ayey|ns-t pIoe 21nisy N3 - 6'0F €8¢
auniulesjAoe Surjdweg jo
6D ‘auiuejejAuaydjAieoe-N ady ‘8 191
‘aulsoiA)jA1aoe-N ‘ereuoon|3d F 044 M9 (N3
‘louayuedxap |, :Nd+ ‘seam Q'L F €9 ‘Nd 08
Nd Ul 1ay8iy 21om snjels “BuIpasy N3 £'STVD (Nd) :dO¥d
3uipas) yum pajedosse Apuedyiudis B|nwio} [N} 12)je sAep '$11040D :dO¥d ‘siskjeue
VV 07 J0 1IN0 (BUIRIsAd) | AluO - /yj|iw Iseauq 7010 < pue [e21u1d ay) woyy
(ueydoydAn ‘auiuoaiy)  paxiw %/°9 paddois sem  juspuadapul ‘shkep 0'¢ F papn|oxa
‘audna| ‘uisA|) VY [BIIUSSSD d1om Sy[1w 1sealq Nd 210joq omywoy |9z Suidwes alom
3saY} JO + ‘NJ U0 syueyul ut Jaysiy AAISN|OXd sAep G spagy jeidua  Joady ‘318 s1dalgns g
QU9M sNJeIs SUIPas) YIIM pajeldosse %C 0L ‘(syurod awin SA Nd.L F8// M4 3 Jo SW
Apueoyiusis vy 0z 8y jo || - (St -7) Moyod uosiueul  ‘syPIM 'L ¥ sAeposZ  /SIW-DT1dHN
paj-N7 ul4aydly  syeam e NJ [eutpnu8uo ainewaid  9°GZ vD (NI) VEEYINETe| ‘pa1edieun
2I9M 353U} JO 9 YDIYM JO ‘SUlWR)IA 1IN} %6°98) A]pwanxa sSkep ¢ F sajyoid sanuad g
pue $10108J0D 919M SNIels SuIpasy Yum dO¥d  "payads @y woyssidwes ¢z Suidwes  jeupmiduo]  :(€102-0107)
pajeosse sajjogelaw doy 0z 2yl Jo g - {(Loyod Jou  Jo 0g-€7 Aep) auunuo  Jo a8y ‘S 49| yum gz dO¥d
N3 ul payouua  [euipniSuol) s|relap ajdwes | solwojogelaw F 869 Md ‘N3 ‘S91)UBD GZ  SAN|OGEIDW
SI0W BI9M SN|OGRIDW JO %88 - Alwisearq - ‘yaiq yo ‘[euonoss [BqO[3  ‘SYPM ZLF €9 'Nd 801 (€102-0107) ‘vsn
(50°0>d) smeys Su1paay yum aAIsNPXD  shep 7> -$501D) pajedielun  7'67 VD (Nd)  4dNSTOL) $INSTOL  ‘(€207) e 12
paJeIdosse sa)I|oqelaW (%1S) 609/60€ - 4¥NSTOL payels Buun wiopad o) INSTOL ¥LE ‘JeuonealdsqQ  opeprenn
~8uinunuoo

74



Med & Health Jan 2025, 20(1): 66-90

Metabolomics in Preterm Nutrition

T pPANUIUOD

CO:NUC_tOu_
pasifenpiAlpul

ureyd-wnipaw
%0€ ‘|10 ueagAos

“€0000=d)  ‘ejnwuoy wied %0€] PIAIHOWS
WM €€°0 Aq P pjnom  /(s3P3M € VN 10 [(uspamg ‘ejsty IYWN-H.
/ ANd e aurjoyd o) dnjuawsjddns ‘qy [B21pay Iv1xegq) "sjuejul el ‘(duiuoiylpw
wnas ‘spinyy [esauaied SB) 3|1 Jouop |10 uBaqgAOS 9%,0T wieeld  |esslUL [Ny ‘aure)aq
ur %l A1ens - pasuna)sed “yjiw pue |10 Ajpwanxa ul 01 (€61 ‘aurjoyo 231y
£ ANd 18 S|PAd) uewinp ‘Aep/3y 3AI|0 9%08] 218jOUID auluolydw  -g'l) sAep pa198ie
auluoIyldW pue gz /1w 081-091 0) PasIWOpPURI 919M pueauedq 0l ‘S vze 21u8d
ANd 18 aulelsaq wnias 01 Aep/3y/w s103lqgns :spidi 'SHPIM ‘aurjoyd 08/ M4 -9|3uis ‘(jetn uonnN
b vlpue ZaNd 0701 A9l | &mﬁ\wv_\._rc oY ‘9¢ ‘t¢ 2914 JO0  SYPIM §°| pajjonuod Jo [euinof
Je 2UIOYd WnJas 4 UBWINY Pa’y/JW 06 - 08 18 31| JO H +T > VW PUB  S[PAS| WNIss  F $°G7 VD pasiwopuel e ueadoing
uedIudis pey (%) pinj -1 YUM B[ JO  paleIS (%] 9500N|D ‘8T vl [euipniBuo]  yum uloq ‘Apmg eday ‘uUspamg
|ejo0)/[esa)ualed uelpaw HE > 1e paliels  pue JBJOUIWEA UIRIUOD) /'l ANd ay) sjuejul 'uuo( Jo 1ed) (1207)
aA0qe SUlAI9DAI SjuBjU| - spaay oydou| Nd pasipiepuelg ‘wniag aulwexa of wia)eld /8 |BUONBAISSQO  ‘|B 19 UOSS|IN
‘Aep
/34/3 7 01 uays ‘Aep
aejul A319ud Sj|iw douop  /33/3 | 1@ 31| Jo HT1-9
[esaquad (Uelpawi<) ySiy pue |eusaiew 1e [(uspamg ‘ejesddy)
UBY) SUIUOBIY) PUB  Yl0q 10J SIsA[eue ‘gy 1qey sniussal) ‘sanipiqiow
|0192A|3 ueaw Ajrep 3|lw uo paseq |10 YsI} %G| pue ‘[1o pue uoninu
19y31y pjoj-om) pey UONEDIILIO)  DAI|O %G ‘SOpLIdA|3L ‘98e jejeuisod
87-1 ANd el AS1aua pasijenplAlpul UleYD-WNIPaW %0€ VD
|BJ2IUD (URIPAW>) MOT-  ‘BNWIO) Wwis)a.d ‘|10 ueaqAos %,0¢] 01 spJedai ul
2UIUNEeaID ‘BUIUOBIYY  “(SF9M +E VWA PIdIIHOWS 10 [(Uapams awojogePw
‘|0122413 yum 01 dn juawa|ddns elsty ‘qy [e21papy ay) asA|eue
paie|a1100 AjpaneSau SB) 3|1 Jouop 19)xeg) |10 uBagAOS pue age (sa|dwies
‘auIsoIA) 3 sudNajosI  pasunalsed 1w %Q0C PUE |10 dAIjO 1uajeAInba €06 ‘g1=u IYWN-H,
YlM paje|aliod uewinp ‘Aep/3y %08] 218j0ulD 0} wia) 0 Yyuiq ‘syjPam /g ‘paradieiun
AjpAnisod axejul /1w 081-091 pasiwopuel 1M woly Ssyuejul Svzz  vDi9g=u  ‘anuad 9Suis
A319ud [RIDUD %, - 01 Aep/3y/w s10alqgns :spidi wiereld  F 08/ M4 ‘S39aM ‘(e
auisolAl  0z-01L AqQ ‘Aep/3yj/1w 'S3P9M Of APpwanxa  ‘syeeam | 97-ST [2ge|-uado  9dUBIdSOINAN|
Quioyd | NI+ Uewny pasy/qw 06-081 IO HHZ > ‘9€ ‘7€ VWA josajyoud  FHGZ YD YD EE=U pasiwopuel B ul s1anuoi4
auIYlIuIo ‘BuIuoaly | -1 YUM Bl JO  palBIS {(%0] 9S00ON|D  pue g7 ‘¢ a)jogedw  YlMm uIoq ‘syjoam ‘Apmg eSay ‘Uspamg
‘|0122A1D |, :Nd HE > 1e paliels  pue JB/OUIWEA UIRIUOD) /'l ANd wnias ay) sjuejul GZ>VD) BUUOQ JO LRY) (2z07)
'sa)ljogeldw |- spaay oiydou| Nd pasipiepuelg ‘winiag Ss9SSe O wiaeld /8 |BUONBAISSQO  ‘|B 19 UOSS|IN
~§uinunuod

75



Med & Health Jan 2025; 20(1): 66-90 Chuo S.K. et al.

research method for biological samples.

(iv) Parenteral and enteral feeding
regimen

The nutritional regimen for infants
receiving PN was outlined in five studies.
The remaining study, which utilised
samples from trials conducted ten years
ago, did not define the PN regimen
(Guardado et al. 2023). In all studies,

- Choline: highest on PND 1 at 33.7
(26.2-41.2) uM, lowest on PND 7 at
18.4 (14.1-26.4) uM, and slowly P
after PND 7;

- Betaine: higher at PND 1 at 71.2
(53.2-100.8) pM than later time points
then declined to 34.2 (24.5-48.7) uM
between PND 33-74 before 1 again;
- Methionine: 25.6 (16.4-35.3 uM at
PND 1, 21.0 (16.0-29.1) uM at PND 7,
then 1 throughout the study period.

L= enteral feeding commenced at birth with
E 'g 2 minimal enteral feeding of less than 20 mL/
§2BE kg/day. The EN was gradually increased to
- c o= )

3582 a maximum of 180 mL/kg/day as tolerated.
© C E 9] g/aay

asE®T All infants primarily received human milk,
¢ = either their mother’s own milk with or
= _— © X T . . . . . .. .
STuz»d without individualised fortification or
ﬁ < L g— o . .
QE3Tr supplemented with pasteurised donor
RS el . . .

5% 32 milk until the gestational age of 34 weeks.
=TT S o5 & T .

R QE)%; -2 Specialised formula milk for preterm
5288% x5 infants was used as an alternative when
E3LJvTT

human milk was not available.

Infants receiving PN demonstrated
a significant shift in the metabolomic
profile as they transitioned from PN to
EN. The variation in infant metabolome
was distinguished by unique metabolic
signatures derived from amino acids,
lipids, carbohydrates, carboxylic acids and
vitamins (Table 2; Figure 2).

Metabolomic Alterations in Preterm
Infants Receiving Parenteral Nutrition

Four studies characterised the upregulation
of metabolites in preterm infants receiving
PN in the first weeks of life based on
serum (Nilsson et al. 2021; Nilsson et al.
2022) and urine samples (Esturau-Escofet
et al. 2022; Guardado et al. 2023). They
identified changes in (i) amino acids
and derivatives such as the acetylated

tricarboxylic acid; PMA: postmenstrual age; AA: amino acid; EUGR: extrauterine growth restriction; EN: enteral nutrition; PN: parenteral nutrition; GC-MS: gas

MS/MS: ultrahigh performance liquid chromatography-tandem mass spectrometry; SGA: small-for-gestational age; AGA: appropriate-for-gestational age; TCA:
chromatography-mass spectrometry; H: hour

Abbreviations: BW: birth weight; GA: gestational age; PMA: postmenstrual age; PND: postnatal day; 'H-NMR: Proton nuclear magnetic resonance; UHPLC-

continuing...
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TABLE 2: Altered metabolites in preterm infants on parenteral nutrition (PN) and enteral
nutrition (EN)

HMDB Superclass/Class/Sub-Class PN 4 EN

Alcohol & Polyol dexpanthenol’ pantothenate'

Amino Acids, peptides and analogues N-acetyltyrosine'? citrulline*
N-acetyl phenylalanine' tyrosine’

Benzenoids

Carbohydrates and carbohydrate conjugates

Carboxylic acids and derivatives

Cinnamic acids and derivatives
Furanones

Lipids and Lipid-like molecules

Organic sulfuric acids and derivatives
Organonitrogen compounds

Pyridine carboxylic and derivatives

gluconate'?

C5 acylcarnitine'

threonine? N-acetylasparagine'
ornithine? N-succinyl-phenylalanine'
cysteine' N-delta-acetylornithine'

methionine®
3-amino isobutyrate?

2,6-dihydroxybenzoic acid'

threonate'
lyxonate'
arabonate/xylonate'
tartronate'
lactose?
galactose?

glucose?

glycerol®

isocitric lactone'
succinate?
citrate?

ferulic acid 4-sulfate'
ascorbic acid 3-sulfate'

C12 acylcarnitine'
methylsuccinate'
3-methyladipate’

acetyl hydroquinone sulfate'
choline®s

3-hydroxy-2-methylpyridine
sulfate’

(Guardado et al. 2023), 2(Esturau-Escofet et al. 2022), 3(Nilsson et al. 2022), (Wang et al. 2020), 5(Nilsson et

al. 2021)

form of aromatic amino acids (N-acetyl
tyrosine, N-acetyl phenylalanine),
cysteine, 3-aminoisobutyrate, threonine
and ornithine; (ii) carbohydrates and
conjugates such as glucose, gluconate,
glycerol; and (i) lipid molecules,
specifically the 5-carbon acylcarnitine
(isovalerylcarnitine, pivaloylcarnitine,
2-methylbutryrlcarnitine), and (iv)
dexpanthenol (alcohol metabolites, a
derivative of vitamin B5) (Table 2). These
metabolites typically resembled the
composition of PN ingredients and the

upregulation may suggest the amount
was in excess relative to those who were
enterally-fed exclusively.

Metabolomic Alterations in Preterm
Infants Receiving Enteral Nutrition

Three studies revealed a diverse spectrum
of enriched metabolites from preterm
infants as they transitioned from PN to EN
in the serum (Nilsson et al. 2022), dried
blood spot (Wang et al. 2020) and urine
(Guardado et al. 2023). The upregulated
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N Acid Cycle ./

Organonitrogen
compound
Enriched in * choline Carbux-yl:c acids orned
Parenteral Nutrition ; i i ncneats,
Amino Acids * cifrate Enferal Nufrition
: : * citrulline
Amino Acids - o i Vitamins
ST  omithine la: ; * pantothenate
phenylalanine * cysteine N-acety. SR e
. N 1 tvrosi « 3ami + N-succinyl-phenylalanine Ry
N-acetyl tyrosine 4mino L di It
+. threonine iscbutyrate * N-delta-acetylomithine ot
. * ascorbic acid 3-sulfate
« methionine
Trophic feelisl(< 20 mL/kg/day) increment by 10-20 mL/kg/day as tolerated 160-180 mL/kg/day Huanan Milk/Fermula Milk*
Birth | o } Postnatal Day
T
Parenteral | \ ying gcids 1.5-2 g/kg/day, 7 by 0.5-1 glke/day to 3.5-4 g/ke/day Lipids - )
Nurition | 1 ipia 1g/kg/day, 1 by 0.5-1 g/kg/day to 2-3 g/kg/day * Cllagyleamitine A7 gsubpathways: N0
Dextrose  4-8 mglkg/min : r;Eth:l:“;Cd",m: '/' 2 major /” 3 acylearnitines (long-chain ‘\‘\\
Lipids Carbohydrates CMEACRAE  { pathways: 'l' saturated, dicarboxvlate, dihydroxy \‘|“|
2 1  acids) sme 1
+ C3acylcarnitine  Carbohydrates + threonate Others 1 SR l\ fafty acids) gh]klimat‘emeta!mhsm; 7
h . * lyxomate T \, nucleotide TCA cycle; leucine, isoleucineand
.......... glucose + isocitric lactone \ N vali bolism: lactoy] amino ¢
e s, « arabonate/xvlonate TR A, + valine metabolism: lactoyl amino ¢
¢ Galactose ™ * gluconate o/ + femlicacid 4-sulfate ™ . acid 2
{ mewbolism [} ______ + glycerol : g"“:"“‘e « 2,6-dihydroxybenzoicacid >~
. S + lactose Sy .
e radr i + acetyl hydroquinone T TTeemeems
¢ Tricarboxylic + galactose wilate

FIGURE 2: Enrichment in the metabolite profile in preterm infants receiving parenteral nutrition (PN)
and enteral nutrition (EN). Infants receiving PN demonstrated a significant shift in the metabolomic
profile as feeding transitioned from PN to EN. The variation in infant metabolome was distinguished
by unique metabolic signatures derived from amino acids, lipids, carbohydrates, carboxylic acids,
and vitamins. *Human milk: mother’s own milk +/-fortification, pasteurised donor milk; formula milk:
preterm, partially/extensively/hydrolysed, amino acid-based (Esturau-Escofet et al. 2022; Guardado

et al. 2023; Liu et al. 2020; Nilsson

metabolites in EN include (i) amino
acids and derivatives such as citrulline,
tyrosine, N-acetylasparagine, N-succinyl-
phenylalanine, N-delta acetylornithine;
(ii) carbohydrates, carboxylic acids and
derivatives including threonic  acid,
lyxonate, arabonate/xylonate, tartronate,
lactose, galactose, isocitric lactone,
succinate, and citrate; (iii) lipid molecules
including ~ 12-carbon  acylcarnitine,
methylsuccinate, 3-methyladipate; and
(iv) vitamin and derivatives such as
ascorbic acid, pantothenate, 3-hydroxy-
2-methylpyridine  sulfate; and (V)
micronutrients and derivatives such as
choline, benzenoid (2,6-dihydroxybenzoic
acid), cinnamic acid (ferulic acid
4-sulfate) and organic sulfuric acid
(acetyl hydroquinone sulfate). A higher
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et al. 2021; Nilsson et al. 2022)

concentration of sugar metabolites,
including lactose, galactose, succinate and
citrate, were observed in urine samples, as
reported by Esturau and colleagues (2022).
Infants who received a higher proportion
of PN were shown to experience a non-
physiological decline in serum choline
level over time, corresponding to the lack
of choline supplementation in the PN
regime. Each 1% increase in PN fluids
was associated with a reduction in serum
choline by 0.33 uM at postnatal day 7
(Nilsson et al. 2021) due to limited choline
supplementation when the infant was
parenterally-fed.

Metabolomic Patterns from
Perturbations in Metabolic Pathways
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Only two studies conducted pathway
analysis to elucidate the impact of
metabolic pathways on the observed
metabolomic differences within biological
systems (Esturau-Escofet et al. 2022;
Guardado et al. 2023). Using Parallel
Factor Analysis (PARAFAC-2), Esturau and
co-workers attributed these metabolomic
differences to the alterations in the
tricarboxylic acid (TCA) cycle and galactose
metabolic pathways (Esturau-Escofet et al.
2022). The mitochondrial TCA cycle has
a central role in cellular respiration and
energy production. Galactose metabolism
enables galactose to enter glycolysis that
contributes to energy production. The
findings indicate the disruption of the TCA
cycle in preterm infants receiving PN was
due to relatively lower concentrations of
citrate and succinate, which are important
intermediates of the TCA cycle. Similarly, a
relatively lower concentration of galactose
and lactose was observed in parenterally-
fed preterm infants as they were not
sufficiently fed with breast milk or formula
that are sources rich with these nutrients.
Using pathway enrichment analysis
with the metabolon platform, Guardado et
al. (2023) identified the perturbations of all
nine metabolomic major pathways when
comparing infants on PN versus EN. These
included energy and nucleotide major
pathways, along with eight subpathways:
three acylcarnitines (long-chain saturated,
dicarboxylate and  dihydroxy fatty
acids); glutamate  metabolism; TCA
cycle; leucine, isoleucine and valine
metabolism; and lactoyl amino acid.
This indicates metabolic alterations with
a gradual reduction of the PN dose and
volume when transitioning to full EN.
The enrichment of serum metabolites in
infants after initiation of EN was thought

Med & Health Jan 2025, 20(1): 66-90

to be attributed to the diverse nutritional
content present in breast and formula
milk, rather than the limited composition
of PN. Additionally, this process was
influenced by the intestinal degradation
and absorption of nutrients (Guardado et
al. 2023).

DISCUSSION

This scoping review described the
metabolomic  signatures  profiled in
preterm infants exposed to parenteral
nutritional intervention before full enteral
feeding can be established, versus those
more mature, exclusively enterally-fed in
the first weeks of life. There are no very
preterm infants who are fully on EN to be
compared, as such more mature infants on
EN become the reference with a view that
very preterm will mature to this stage later.
PN-exposed preterm infants demonstrated
upregulation of amino acid metabolites,
short-chain acylcarnitine, glucose, and
glycerol; as well as downregulation
of lactose and its monosaccharide,
tricarboxylic acid derivatives and choline.

As the infants transitioned from
full parenteral feeding to full enteral
feeding, a significant metabolomic shift
was observed, with a wide range of
metabolites upregulated in the amino
acid, lipid, carbohydrate, and vitamin
groups. Guardado et. al. (2023) found
that 88% of these metabolites were
more abundant in the urine of infants
who had transitioned to enteral feeding
compared to those solely on PN. This
suggests a more robust and diverse
metabolic response occurring during EN
than PN (Guardado et al. 2023). Digestive
processes and enzymatic breakdown of
dietary nutrients begin once the food is
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orally ingested along the gastrointestinal
tract. The enzymatic maturation in infants
differs between preterm and term infants.
In addition, a recent study by Henderickx
et. al. (2021) associated gastrointestinal
and beneficial microbial proteins essential
in gut maturation with gestational and
postnatal age using the metaproteomics
approach in gastric and fecal samples.
In the extreme preterm, gut immaturity
was characterised by reduced proteolytic

enzymes,
barrier proteins and
derived proteins, and

diminished

gastrointestinal
Bifidobacterium-
higher oxidative

stress proteins, as opposed to the term
counterparts (Dallas et al. 2012; Nielsen et
al. 2020; Henderickx et al. 2021; Rogido &
Griffin 2019) (Figure 3). This could explain

Chuo S.K. et al.

why preterm infants who are exclusively
enterally fed show up- or down-regulation
of a variety of serum metabolites due
to the differences in mechanical and
enzymatic processes involved in digestion,
absorption in the intestines, and also
breakdown products from colonic protein-
fermenting microbiota.

In parenterally-fed preterm infants,
nutrients are directly administered into
the blood circulation bypassing the
gastrointestinal tract. Hence, this bypasses
brush-border enzymes at the intestinal
wall and receptor uptake of nutrients into
the bloodstream, as well as the complex
processing by gut microbiota. While PN
compounding is designed to provide
the essential nutrients intravenously, it

<

PRETERM

TERM

DIGESTIVE ENZYMES
,b » Human Milk
Qo

o

» Infant Gut

., MICROBIOME
A/ » Beneficial bacterial

postnatal 6 weeks

¥ Bacterial oxidative
stress protein

INTESTINAL BARRIER
FUNCTION

» Gastrointestinal barrier
related proteins

B

Extreme Preterm

+ DProteases: trypsin, chymotrypsin, pepsin, elastase, plasmin, cathepsin D, kallikrein, glutamyl
endopeptidase. proline endopeptidase; Lipoprotein lipase, bile salt-stimulated lipase;
Antiproteases: antitry psin, antichymotrypsin:

« Activity | over time with maturation of infant degradative capacity

>

Very Preterm

» Proteases: trypsin, chymotrypsin, pepsin. elastase, enterokinase. carboxypeptidase B:

Amylase, lactase; Lipase

+ Relative pancreatic exocrine insufficiency
Protease activity at postnatal 2 weeks > 1 week age

+ 1 Pepsin/cathepsin D activity

N2> protei
%b" protein abundance at

‘ (6-10%)

> birth weight correlated to > relative abundance of
Bifidobacterium-derived protein in preterm infants

t+t

' (up to 31%) "(18-34 %)

L ¥

\ 4 4

\ 4 )

FIGURE 3: Digestive and functional differences in the gastrointestinal tract between preterm and
term infants on enteral feeding. The enzymatic maturation in infants differs between preterm and
term infants. Using the metaproteomics approach in gastric and fecal samples, gastrointestinal and
beneficial microbial proteins essential in gut maturation are associated with gestational and postnatal
age. In the extreme preterm, gut immaturity was characterised by reduced proteolytic enzymes,
diminished beneficial bacterial and gastrointestinal protein abundance and higher oxidative stress
proteins (Dallas et al. 2012; Henderickx et al. 2021; Nielsen et al. 2020; Rogido & Griffin 2019)
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may lack the diverse amino acids, lipids,
carbohydrates, and vitamins important
for optimal metabolic health. PN will
be deficient compared to intrauterine
transfer of nutrients through the placenta
and also lacking in the various nutrients
and metabolites from enteral feeding.
These findings highlight a substantial
knowledge gap regarding the optimal
parenteral nutritional regimen for preterm
infants to narrow the metabolomic gap
and meet actual metabolic requirements,
which may potentially impact growth
and development outcomes, as well as
cardiometabolic sequelae in later life
(Lurbe et al. 2014). This becomes more
concerning if a preterm infant is on PN
over a protracted period.

In  addition to the nutritional
content, factors such as gestational age,
anthropometrics  differences, maternal
factors and clinical conditions like
jaundice, intrauterine growth restriction,
sepsis, retinopathy of prematurity (ROP)
and necrotising enterocolitis (NEC) are
also known factors that are associated
with metabolomic profiles with high inter-
individual variability (Cai et al. 2016; Clark
et al. 2014; Dudgzik et al. 2020; Embleton et
al. 2017; Mardegan et al. 2021; Overgaard
et al. 2018; Priante et al. 2022; Sarafidis et
al. 2017; Sarafidis et al. 2019; Scalabre et al.
2017; Sinclair et al. 2020; Thomaidou et al.
2019; Thomaidou et al. 2022; Vidarsdottir
et al. 2021; Wilson et al. 2014; Wilcock et
al. 2016; Yang et al. 2022; Yap et al. 2021;
Younge et al. 2019). However, a detailed
analysis of these factors is outside the
scope of this review.

The Amino acids in Metabolomics

The upregulation of amino acid metabolites

Med & Health Jan 2025, 20(1): 66-90

such as N-acetyl tyrosine, N-acetyl
phenylalanine, cysteine, methionine, and
threonine is expected in preterm infants
that receive the parenteral amino acid
composition directly into the bloodstream
(Esturau-Escofet et al. 2022; Guardado et
al. 2023; Nilsson et al. 2021; Nilsson et
al. 2022). The acetylated amino acids in
newer formulations enhance the stability
and solubility of amino acids in the PN
solution (Van Goudoever et al. 1994).
However, the upregulation of urinary
tyrosine, phenylalanine, and cysteine
metabolites suggests an oversupply,
resulting in increased excretion (Esturau-
Escofet et al. 2022; Guardado et al. 2023).
Increased serum methionine, threonine,
and ornithine levels reflect physiological
homeostasis, which may result from
various factors. Methionine is a key
methyl donor in numerous metabolic
pathways, especially in newborns with
a high methylation demand for growth,
resulting in increased transmethylation
rates of methionine (Thomas et al. 2008).
Following a high influx of methionine from
PN, the transsulfuration of methionine
to cysteine is activated to maintain an
adequate level of glutathione, an important
antioxidant (Prolla et al. 2021; Thomas
et al. 2008). High protein catabolism
produces energy in early life as part of
the extrauterine metabolic adaptations
that could contribute to the rise in serum
amino acid levels like methionine and
ornithine (Beken et al. 2021; Liu et al.
2020). A vital urea cycle intermediary is
ornithine, a non-essential amino acid. Its
accumulation in the serum could result
from an immature urea cycle due to key
enzyme deficiencies such as ornithine
transcarbamylase and arginase. This may
directly lead to inefficient conversion
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to citrulline and arginine (Boehm et al.
1988). Parenteral supplementation of
arginine, proline and glutamic acid may
further increase ornithine synthesis as a
downstream product.

Nevertheless, data on recommended
parenteral requirements of individual
amino acid as determined by the indicator
amino acid oxidation method is limited
to methionine/cysteine (47 mg/kg/day),
tyrosine (74 mg/kg/day), threonine (38 mg/
kg/day) and lysine (105 mg/kg/day) (Van
Goudoever et al. 2018). PN compounding
based onthe total protein recommendation
is restricted by fixed compositions of
individual amino acids in the PN solution.
A recent review by Prolla and colleagues
unveiled commercially available PN
amino acid solutions provide methionine,
tyrosine, threonine and lysine in amounts
varying from current recommendations by
90% (Prolla et al. 2021; Van Goudoever
et al. 2018). Although protein is essential
as a building block in newborns to
facilitate muscle and tissue growth and
development, further research is required
to investigate the potential impact of
supratherapeutic amino acid delivery,
especially in infants who require prolonged
PN. This suggests a need to review
commercial PN amino acid mixtures
in the context of supply, degradation
and assimilation to ensure nutritional
balance as “more is not always good”. In
addition, Sung et al. (2019) demonstrated
an increased risk of refeeding-syndrome
like electrolyte imbalances with severe
hypophosphatemia (<2.5 mg/dL) even
with a low amino acid initiation rate at
1.5 g/kg/day in infants born with small-
for-gestational-age (<10" percentile) and
extremely low birth weight (born with birth
weight <1000 g). This shows a necessity to
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consider tailored and precise nutritional
approach in a single infant, especially
those with high-risks (De Rose et al. 2024).
The metabolomic approach enables a
quantitative analysis of the metabolite
profile whether, there is a state of excess
or insufficiency, thus helping to navigate
adaptive measures to be undertaken to
attain optimal clinical outcomes. This may
also guide in pharmaceutical production
of more refined PN amino acid mixtures.
In enterally-fed infants, an increase in
several amino acids, including citrulline,
tyrosine, and derivatives of phenylalanine,
ornithine, and asparagine in the biofluids
have been reported (Guardado et al. 2023;
Nilsson et al. 2022; Wang et al. 2020).
The immature enzymatic activity in the
premature liver and kidney may lead to
metabolite accumulation, especially when
using specific formulations with enriched
selective amino acids (Prolla et al. 2021).
Interestingly, a paradoxical relationship
was observed between citrulline and EN,
with a negative correlation i.e. greater
gestational age, birth weight and volume
of EN are associated with lower citrulline
levels during the first week of life, but
higher citrulline levels after a few weeks
of life. This suggests fetal maturation
and growth may increase intrauterine
citrulline catabolism initially, and its
synthesis postnatally (Obayashi et al.
2024). Therefore, low citrulline levels after
the first week of life and high citrulline
levels soon after birth may be markers
for neonates requiring adaptation to their
feeding regimen. During the transitional
phase at approximately 2 weeks of life, a
lower citrulline level was associated with
low energy and protein intake (Wang
et al. 2020). As citrulline is synthesised
from glutamine in the intestines and then
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converted to arginine, low citrulline levels
could be a risk factor for NEC (Becker et
al. 2000; Feenstra et al. 2021; loannou
et al. 2012; Jawale et al. 2021; Zamora et
al. 1997). In preterm infants, tyrosine is a
conditionally essential amino acid due
to limited phenylalanine hydroxylation.
In a longitudinal study, serum tyrosine
was positively associated with the
amount of enteral energy intake, while in
another study, the N-acetylated form of
tyrosine had a significantly higher relative
concentration in the urine samples of the
PN-fed (Esturau-Escofet et al. 2022; Nilsson
et al. 2022). Enterally-fed individuals
show enhanced protein synthesis that
may be due to a more diverse nutrient
composition in breast milk or formula
milk, together with gut microbiota-
mediated metabolic responses. This may
contribute to the elevated levels of amino
acid derivatives such as N-succinyl-
phenylalanine, N-acetylornithine, and
N-succinylornithine. These metabolites
may be involved in various metabolic
pathways related to protein synthesis and
positive nitrogen balance.

The Lipids in Metabolomics

A distinctive trend was observed for the
lipid metabolites with acylcarnitines (AC),
the ester formed between the conjugation
of fatty acids and carnitine. AC acts as a
transporter for the activated long-chain
fatty acids (LCFA) from the cytosol to
cross the inner mitochondrial membrane
for beta-oxidation to produce energy
as adenosine triphosphate (ATP). While
the short-chained ACs were elevated
in the parenterally fed, long-chained
variants were elevated in the enterally fed
(Guardado et al. 2023) (Table 2). Carnitine
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supplementation is not routinely included
in parenterally-fed infants. Only one
study in this review listed the addition
of 5 mg carnitine in the PN solution
(Esturau-Escofet et al. 2022). Preterm
infants have limited intrauterine carnitine
accumulation and also its endogenous
synthesis. Its absence in PN deprives these
infants from acquiring adequate dietary
carnitine intake if they were to be enterally
fed with breast milk or formula (Cerd6 et
al. 2022). Carnitine deficiency may cause
irregularities in the fatty acid oxidation
process. This affects the infant’s ability
to utilise parenteral lipids effectively and
may result in acylcarnitine accumulation
(Ramaswamy et al. 2019; Sylvester et al.
2017). Such metabolic vulnerability may
impact especially the preterm infant due
to an increased metabolic need for rapid
growth.

The diverse fatty acid profile in human
milk enriches the infant metabolome with
various lipid metabolites, in the form
of C12 acylcarnitine and intermediates
such as methyl succinate and 3-methyl
adipate. Breast milk lipid composition
comprises 50% saturated fatty acids,
44% polyunsaturated fatty acids (PUFAs),
and 6% monounsaturated fatty acids
(MUFAs) (Simon Sarkadi et al. 2022). The
main long-chain polyunsaturated fatty
acids (LCPUFA) in breast milk include
26 to 28% palmitic acid (C16:0), 23 to
28% linoleic acid (C18:2) and 15 to 17%
a-linolenic acid (C18:3). Other fatty acids
include 5 to 8% myristic acid (C14:0) and
4 to 6% lauric acid (C12:0) (Simon Sarkadi
et al. 2022). Although formula milk can
be fortified with essential LCPUFAs like
docosahexaenoic acid and arachidonic
acid, the overall quality of these fatty
acids may not be equivalent to that in
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breast milk, which also varies among
individuals. As a source of dense energy
9 kcal/g), lipid plays an important role
in brain myelination, neurodevelopment
and visual outcome. Altered lipid profiles
during infancy have been associated
with increased future cardiometabolic
risks later in life (Mansell et al. 2022).
The specialised field of metabolomics,
known as lipidomics, may offer insights
into the landscape of lipid metabolites,
thus enabling strategies to refine future
parenteral lipid formulations and breast
milk substitutes for improved preterm
infant health outcomes.

The Carbohydrates in Metabolomics

Dextrose is the main carbohydrate
source in PN formulations. The direct
infusion of glucose into the bloodstream
in overwhelming quantities may exceed
the infant’s ability to utilise glucose
effectively. ~ The  elevated  urinary
gluconate, which is the oxidised form of
glucose, is the metabolomic evidence of
glucose overload (Esturau-Escofet et al.
2022; Guardado et al. 2023). Calcium
gluconate in PN may also contribute to
urinary gluconate excretion (Esturau-
Escofet et al. 2022). Additionally, preterm
infants are often subject to stressors such
as infections or critical illness that may
increase gluconeogenesis and decrease
peripheral glucose utilisation (Angelika et
al. 2023). Furthermore, parenteral glycerol
administration in lipid emulsions is also
substrate for gluconeogenesis in premature
infants (Sunehag 2003). Collectively, these
factors may exacerbate hyperglycaemia,
a common metabolic disturbance that
affects up to 80% of very low birth weight
infants (Beardsall et al. 2010). The
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parenteral glucose infusion rate is generally
accepted to be in the range of 4 to 8 mg/
kg/min. However, little is known about the
ideal glucose requirement, especially for
extremely preterm infants who are at risk
of insulin resistance. Administering excess
glucose than required may introduce an
excess of precursors of cellular damage
and glycation of albumin. There have been
reported strong associations between
hyperglycemia and the incidence of ROP
(Almeida et al. 2021; Blanco et al. 2006;
Kermorvant-Duchemin et al. 2013) The
risk of ROP is elevated by 7% with each
additional day of hyperglycemia and
2.7-fold with every 10 mg/dL increase in
mean serum glucose (Garg et al. 2003;
Mohamed et al. 2013). Moreover, an
excess of glucose entering the polyol
pathway induce oxidative and osmotic
stress that predisposes to pathological
retinal neovascularisation (Lorenzi 2007;
Tomita et al. 2021). By targeting glucose
metabolism, metabolomics can potentially
personalise the needs of these preterm
infants with varying glucose tolerance to
mitigate the associated complications and
improve health outcomes.

Urinary metabolomics in  PN-fed
infants showed downregulated lactose,
the major disaccharide found in milk, as
well as galactose, the monosaccharide
product catalysed by the enzyme lactase
(Esturau-Escofet et al. 2022). In the same
study, downregulations of two important
TCA cycle intermediates, succinate and
citrate, suggest an alteration to the energy
production pathway. This is likely due
to the absence of lactose as substrate in
PN fluids, leading to a lower metabolic
turnover reflected in the reduced urinary
levels of these compounds (Guardado
et al. 2023; Marino et al. 2022). Upon
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transitioning from PN to enteral feeds,
whereby lactose makes up the major
carbohydrate source in breast milk, the
metabolomic shift is associated with a
higher abundance of metabolites linked
to carbohydrate metabolism, including
lyxonate, arabonate/xylonate and
tartronate (Guardado et al. 2023). The
elevated levels may reflect the infant’s
adaptation to the predominant lactose
content in EN and perhaps gut maturation
stimulated by enteral feeding.

The Micronutrients in Metabolomics

Two studies showed downregulation of
serum choline in the parenterally-fed and
upregulation in the enterally-fed preterm
infants (Nilsson et al. 2021; Nilsson et
al. 2022). Choline is an organonitrogen
compound that plays a critical role in
the development of the central nervous
system, cognitive function and overall
growth in newborns. It is involved
in various physiological functions,
including cell membrane integrity and
neurotransmitter  synthesis (Sanders &
Zeisel 2007). The prematurely interrupted
placental transfer, lack of adequate
parenteral choline supplementation, and
insufficient enteral feeding led to a rapid
decline in the postnatal serum choline
concentration in infants receiving high
volumes of PN (Nilsson et al. 2021). In
contrast, enterally-fed infants receive
choline-rich feeding sources from breast
milk, formula milk and human milk
fortifiers. During the postnatal metabolic
adaptation, the utilisation and conversion
of dietary choline into compounds like
phosphatidylcholine, sphingomyelin,
acetylcholine and PUFA are enhanced.
These processes are crucial for cellular
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membrane formation, and brain and visual
development. The enhanced turnover may
exacerbate the postnatal choline deficit
(Goss et al. 2020). Inadequate choline
intake has been associated with poorer
head growth, smaller brain size, adverse
neurocognitive outcomes and growth
failure. Metabolomics holds potential
in the nutritional assessment of choline
adequacy and may guide individualised
nutrition regimes to optimise growth and
neurodevelopment outcomes (Bernhard et
al. 2020).

The Vitamins in Metabolomics

Only one study on metabolomics
associated vitamins and cofactors with
nutritional intake (Guardado et al. 2023).
Pantothenate (vitamin B5), ascorbic-acid
3-sulfate and threonate were enriched
in infants on EN and dexpanthenol (pro-
vitamin B5) was enriched in infants on PN.
The optimal requirements for vitamins
and micronutrients for preterm infants
are largely unknown. Supplementation
is also dependent on overall health and
well-being.  Although information on
vitamin and cofactor metabolism is very
lacking, metabolomic characterisation
of the vitamin and cofactor metabolites
may unravel further insights into their
physiological roles in the neonatal
population and guide supplementation.
This review provides an overview of the
current knowledge about the metabolomic
differences in preterm infants on PN as
compared to more mature preterm infants
on exclusive EN. As the preterm infant
matures, they are expected to transition
to full EN. There are some limitations
to this scoping review, such as the
limited number of studies including both
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parenteral and enteral nutritional types in
the neonatal population especially the very
preterm. Studies included vary in study
populations, study designs, methodology,
analytical platforms, biospecimens, and
data interpretation, rendering the results
inhomogeneous and not generalisable.
The regulation of metabolites is mapped to
the known biological pathways to elucidate
the intricate relationships  between
metabolites and biological processes, the
lack of standardised methodologies and
pathway databases used across different
studies may lead to inconsistencies in
interpretations and reproducibility.

CONCLUSION

This scoping review summarises the
substantial differences in the metabolomic
profile when preterm infants transition
from parenteral nutrition to enteral feeding.
Metabolomics is an emerging scientific
platform to study nutritional practice in
neonatology. Metabolomics incorporation
into nutritional science can explore how
dietary components influence metabolic
processes and potentially revolutionise
future  approaches to personalised
nutritional interventions. Knowledge of
metabolite excesses and insufficiencies
facilitate a better understanding of how
current nutritional formulations meet
the needs of this highly vulnerable
population. Future research should aim
at establishing a database of gestational
age-related reference ranges for different
metabolites  in  newborn infants.
Additionally, longitudinal studies to track
the metabolic changes in preterm infants
over time as they transition from PN to full
EN may provide a better understanding
of the dynamics involved. Such studies
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could help in formulating the ideal
composition and strategy in nutritional
therapies applied at critical windows of
opportunities for improved infant health.
By leveraging metabolomics, researchers
can develop individualised nutrition plans
that cater to the unique needs of each
preterm infant, potentially improving their
short- and long-term health outcomes.
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