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De acuerdo con las regulaciones aprobadas por la Escuela de Doctorado
y el Comité Académico del Programa de Doctorado en Fisiologia de la
Universitat de Valéncia, la presente Tesis Doctoral se ha estructurado en
el formato de compendio de publicaciones. El ntcleo de la tesis esta
compuesto por cuatro articulos originales de primer autor, publicados en
revistas Q1 y Q2 segun la base de datos “Journal Citation Reports™.

Ademas de un tercer articulo (capitulo 3) en proceso de publicacion.
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Effect of donor human milk on host-gut microbiota and metabolic

interactions in preterm infants. Pifieiro-Ramos JD, Parra-Llorca A,

Ten-Doménech I, Gormaz M, Ramon-Beltran A, Cernada M, Quintas G,
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Categoria y posicion (JCR) 2021: Chemistry, medicinal 4/63, D1

La tesis también incluye un resumen global que consiste en un capitulo
de introduccion que expone los antecedentes descritos en la bibliografia
cientifica y su contextualizacion sobre las diferentes patologias y
condiciones fisioldgicas del recién nacido y del recién nacido prematuro
junto con un enmarque de la metodologia empleada, concretamente
metaboldmica, técnica 6mica emergente que juega un papel principal en
el desarrollo de la tesis. Un capitulo con la hipotesis y objetivos de la
presente Tesis Doctoral, un capitulo que estipula la metodologia
realizada para la consecucion de los objetivos, un capitulo que contiene
los principales resultados y un capitulo final que expone las conclusiones

generales junto con el trabajo futuro, justificando la aportacion original.






Resumen global

Resumen global
Introduccion

La aparicion de la medicina personalizada como campo en auge,
tiene como objetivo mejorar el diagndstico, la respuesta terapéutica, asi
como el prondstico de cualquier enfermedad. El acceso a biomarcadores,
basandose en métodos de analisis molecular de cualquier indole,
incluyendo pruebas a nivel genético, proteico o metabdlico, abre la
puerta a ajustar cualquier tratamiento a las necesidades de cada paciente
de manera individual y, por lo tanto, mejorar el pronostico posterior. Los
desarrollos tecnolégicos, combinados con las mejoras en técnicas
bioinformaticas, han revolucionado la metodologia bioanalitica
permitiendo el analisis “6mico” a cualquier nivel, desde mutaciones del
genoma, metilacion del DNA, expresion de RNA codificante y no
codificante, asi como proteinas y metabolitos. Estas nuevas tecnologias
generan y agrupan esta informacion con el fin de obtener una vision

global del sistema de estudio.

La metaboloémica, la metodologia usada mayoritariamente en
esta tesis doctoral, es la mas reciente de las técnicas Omicas y ha
emergido con fuerza desde principios de la década de los noventa [1]. El
término metabolome, introducido por Oliver et al en 1998, hace
referencia al estudio sistemdtico de todas las moléculas de bajo peso
molecular pertenecientes a huellas metabolicas que existen en los seres
humanos y otros sistemas vivos [2]. Es una herramienta de investigacion
emergente integrada en la biologia de sistemas, que aporta informacion
dindmica y que permite estudiar el conjunto de metabolitos presentes en
un medio bioldgico, lo que la convierte en una herramienta fundamental
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en diferentes campos tales como la fisiologia, el estudio de enfermedades,
el descubrimiento de nuevos farmacos, la nutricién y la biomedicina. El
fenotipado metabolico es de especial utilidad en la fase de generacion de
hipdtesis y para la busqueda de nuevos biomarcadores en matrices
biologicas. Los metabolitos endogenos al igual que otras sustancias
provenientes del medioambiente, de la nutricion, de los toxicos y/o
farmacos son tipicamente estudiados en analisis metabolomicos. Para la
deteccion de estas sustancias, los analisis metabolomicos se dividen en
tres vertientes diferenciadas; en analisis metabolémico no dirigido, semi-

dirigido y dirigido.

Los métodos analiticos basados en wuna estrategia de
metabolémica dirigida fueron de los primeros en desarrollarse y
consisten en la cuantificacion de un numero relativamente pequefio de
metabolitos, tipicamente de una o varias vias metabdlicas y/o
bioquimicas relacionadas entre si, conocidos a priori. Existe una gran
cantidad de literatura en la que se describen protocolos optimizados para
la preparacion y el analisis de clases especificas de metabolitos en
multiples matrices biologicas. Las principales ventajas de utilizar este
enfoque de estudios de metaboldémica dirigida son su especificidad,

reproducibilidad, alta sensibilidad y alto rendimiento.

Por otro lado, el desarrollo de técnicas analiticas de alto
rendimiento cada vez mas sensibles ha renovado el interés en la
metabolomica no-dirigida. Se utilizan varias plataformas analiticas
complementarias para analizar los cambios en las concentraciones y
flujos metabolicos. Entre ellas se encuentra la resonancia magnética

nuclear 'H ("H-RMN) [3], espectrocopia *C-RMN [4], espectrometria
I
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de masas de infusion directa (DI)-MS [5], cromatografia de gases (GC)-
MS [6], electroforesis capilar (CE)-MS [7] y cromatografia liquida (LC)-
MS [8]. Debido a la gran diversidad de propiedades fisicoquimicas y
concentraciones que varian en varios Ordenes de magnitud entre los
metabolitos enddgenos, no existe una Unica técnica analitica que permita
medir completamente el perfil cualitativo o cuantitativo del metaboloma.
A pesar de ello, la LC-MS se esta convirtiendo en la principal tecnologia
aplicada en el campo debido a su mayor sensibilidad, selectividad,
capacidades de deteccion, rango dinamico y rendimiento en
comparacion con las otras técnicas. Los métodos de LC-MS no-dirigidos
apuntan a la deteccion global de todos los metabolitos de bajo peso
molecular en las muestras de estudio. La capacidad de deteccion de LC-
MS conducen a enormes cantidades de datos y esto hace que la
instrumentacion evolucione rapidamente hacia equipos mas sofisticados.
Una de las principales dificultades del desarrollo de métodos analiticos
siguiendo una estrategia metaboldmica no-dirigida radica en la
naturaleza heterogénea de los metabolitos de cualquier sistema bioldgico,
de los cuales presentan un amplio intervalo de polaridades, tamafios
moleculares, carga a pH fisioldgico, etc. Esta gran diversidad de
propiedades quimicas de los metabolitos y los amplios rangos de
concentracion en los que pueden encontrarse en las muestras biologicas
estudiadas, hace necesaria la utilizacion conjunta de distintos métodos

para abarcar completamente su estudio [9].

En LC-MS es posible determinar la relacion de la masa frente a
la carga de las moléculas presentes en una muestra (m/z). Primeramente,
la cromatografia liquida separa componentes mediante diferentes

mecanismos de interaccion entre una fase estacionaria y una fase movil.
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La fase movil normalmente estd compuesta por dos disolventes de
diferente polaridad. Se usa un gradiente para que la polaridad se
incremente o se disminuya segun se desee. La fase estacionaria es
frecuentemente una columna solida donde moléculas de 18
hidrocarburos, estdn unidos a una superficie de silice porosa y que
efectua la retencion de diversos analitos. En cuanto a la espectrometria
de masas, esta medida se lleva a cabo mediante la ionizacion de las
moléculas, separacion de los iones resultantes de acuerdo con su relacion
m/z y deteccion de las abundancias de los mismos. El desarrollo de
técnicas de ionizacion suave como el electrospray (Electrospray
lonization, ESI) y la utilizacion de detectores de alta resolucion como el
detector de tiempo de vuelo (7ime Of Flight, TOF) o los basados en la
trampa de iones Orbitrap han permitido el estudio de biomoléculas con
exactitudes de masa inferiores a 1 ppm en m/z y limites de deteccion por
debajo del rango nanomolar (nM) para algunos compuestos [10,11].
Dada la gran resolucion y sensibilidad de la instrumentacion actual
empleada en los estudios metabolomicos, se puede llegar a generar miles
de senales analiticas para cada muestra, con la dificultad que conlleva su
manejo e interpretacion [12,13]. Por este motivo, como se muestra en la
ilustracién 1, el procesamiento y analisis de los datos obtenidos en
metabolomica es un reto [14] y el desarrollo de herramientas
bioinformaticas ha sido una pieza clave para el avance de la
interpretacion e integracion de los resultados obtenidos [15]. Por otro
lado, el uso del analisis estadistico multivariante estd muy extendido en
metaboldmica, principalmente aplicado a la seleccion de los metabolitos
mas importantes de entre todos los detectados, que permiten diferenciar
distintos grupos de muestras. También existe otra dificultad asociada y

reside en la identificacion de los metabolitos a partir de las sefales
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generadas por las diferentes técnicas analiticas. Se suele llevar a cabo
mediante la comparacion de los datos experimentales con bases de datos
tanto generadas a partir de patrones puros y, asi como librerias

espectrales ya establecidas [16].

De manera mas reciente, se han descubierto la presencia y
estabilidad de unos pequefios RNAs no codificante, denominados
microRNAs que se encuentran de manera intracelular pero también de
manera circulante en diferentes biofluidos. Esto ha abierto nuevas lineas
de investigacion para estudiar su uso como biomarcadores, e incluso
como dianas terapéuticas. Los microRNAs son una familia de RNAs
pequefios no codificantes, con una longitud entre 19 y 25 nucleotidos,
que juegan un papel muy importante en la regulacion de la expresion
génica postranscripcional. Estos pequefios moléculas, tienen la habilidad
de unirse a la region 3’UTR de los mensajeros pudiendo asi silenciarlos
mediante la escision o la desadenilacion [17]. Se ha descubierto que estos
microRNAs juegan un papel muy importante a nivel del desarrollo y
funcién del sistema nervioso central y por lo tanto en el desarrollo de
enfermedades neurologicas. Todo ello, hace sospechar, que podrian
tener un papel importante en el diagnostico de lesiones cerebrales, como
ya se han descrito en muchas otras situaciones patoldgicas como el

infarto de miocardio o paro cardiorrespiratorio, entre otros [18,19].
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metabolomico.

Sin embargo, sea cual sea la modalidad utilizada, esta Tesis
Doctoral, se enfrenta a muestras englobadas a la poblacion neonatal. A
dia de hoy, la asfixia perinatal asociada a encefalopatia hipoxico-
isquémica o la prematuridad, son aspectos fisiopatologicos a los cuales
se enfrenta la neonatologia por su importancia en cuanto a la incidencia,
mortalidad y morbilidad. Aun asi, pocos estudios sobre la evolucion del
metaboloma se han llevado a cabo con nifios con EHI durante la
hipotermia terapéutica [20,21]. Pero no solamente en situaciones en las
que la EHI juega un papel principal. En el caso de la nutricion del
prematuro o en intervenciones tan delicadas como la septostomia
auricular con baldn graduado (del inglés Ballon Atrial Septostomy, BAS)
en recién nacidos con transposicion de grandes arterias (del inglés,

Transposition of Great Arteries, TGA), la busqueda de biomarcadores,
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mejores métodos de diagnodstico o mejores tratamientos son necesarios

para la viabilidad de estos delicados pacientes.

Aun asi, al estudiar una cohorte de pacientes tan delicado,
conlleva a una serie de inconvenientes que hay que tener muy en cuenta.
Por un lado, la obtencion de la muestra puede ser muy complicada
debido a procedimientos invasivos en estos pacientes tan delicados
frente a la obtencion de la misma muestra en una persona adulta. Por otro
lado, muchas veces la obtencion de la muestra se produce en situaciones
extremadamente complejas. Escenarios donde se produzca un parto
prematuro o patologias muy importantes en perinatologia como la asfixia
perinatal, hacen que estos pacientes se encuentren en una unidad de
cuidados intensivos (UCIN), en una camilla de reanimacion o durante
complejos tratamientos como puede ser la hipotermia terapéutica y en
consecuencia, la obtencion de las muestras sea mas complicado de lo

habitual.

Encefalopatia hipoxico-isquémica

Una de las patologias que son objeto de estudio en el ambito
neonatal y parte importante de esta Tesis Doctoral es la encefalopatia
hipoxico-isquémica (EHI). Esta patologia es uno de los contribuyentes
mas importantes a la discapacidad neuroldgica en la edad pediatrica,
donde en paises desarrollados la incidencia es de alrededor de 1,6 por
1000 recién nacidos, mientras que el riesgo es 10 veces mas alto en
paises subdesarrollados. La EHI es un proceso evolutivo de dafio
causado que se puede dividir en varias fases. El primer insulto isquémico
y/o hipéxico, es la consecuencia neurologica de la alteracion del flujo
sanguineo y/o el intercambio gaseoso durante el parto [22,23]. La

Vil
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disminucion de la perfusion cerebral y la oxigenacion desencadenan una
secuencia de alteraciones metabolicas cerebrales que provoca que se
active el metabolismo anaerdbico y concluye en el descenso de la
produccion de adensin trifosfato (ATP) mientras que paralelamente se
produce un aumento de los niveles de acido lactico. Esto va a provocar
una cascada de mecanismos moleculares que serdn nocivos para el recién
nacido. La falta de produccion de ATP conlleva que las bombas sodio
potasio (Na*/K") dependientes de ATP empiecen a fallar, provocando el
fallo del transporte a través de membrana provocando la acumulacion de
diferentes iones y la aparicion de edemas citotoxicos [23]. La
excitotoxicidad empieza a aparecer entre las neuronas cerebrales, en la
cual empiezan a liberarse diferentes neurotransmisores como el
glutamato. La peroxidacion de los 4cidos grasos libres a causa de los
radicales libres de oxigeno provocan un mayor dafio celular. Por lo que
el conjunto del fallo energético, la acidosis provocada junto con la
liberacion de glutamato y la peroxidacion lipidica conllevan a la muerte
celular y caracterizan la fase de insuficiencia primaria de la EHI. El
tiempo en el que se produce el dafio y la intervencion clinica son
imprescindibles para la recuperacion. Esta tiene una ventana temporal de

unos 30-60 minutos después del insulto isquémico de la primera fase.

Posteriormente, en la reanimacion, el proceso pasa por una fase
latente que dura hasta 6 horas en la cual se observa una recuperacion del
metabolismo oxidativo, inflamacion y activacion de cascadas
apoptoticas. La fase secundaria, caracterizada por insuficiencia
energética que intensifica la lesion cerebral debido a la formacion de
edemas citotoxicos, la excitotoxicidad provocada, la aparicion de

convulsiones y el fallo energético asociado que afecta a la actividad

viI



Resumen global

mitocondrial, provocado la muerte celular. Por tltimo, en la reperfusion,
se consigue aumentar los niveles de oxigeno en las mitocondrias, pero
debido al sistema de oxidacion inmaduro de los recién nacidos, se
produce una muerte celular tardia, remodelado de las células neuronales
danadas y una astrogliosis que se pueden dar a los meses del dafio [23].
Todos estos eventos vienen ilustrados en la ilustracion 2. Los recién
nacidos que han sufrido EHI tienen una mayor incidencia de afecciones
graves como pardlisis cerebral, deterioro cognitivo, restriccion del
crecimiento y epilepsia [24]. Mejoras en la reanimacion, incluida la
comprension de los papeles relacionados con el estrés oxidativo (OS), la
introduccion de la hipotermia terapéutica (del inglés, Therapeutic
Hypothermia, TH) como tratamiento estandar y el empleo de nuevas
técnicas de monitorizacion representan los principales hitos en la gestion
de la EHI. Esta terapia terapéutica ha supuesto un punto de inflexiéon en
cuanto al pronostico de pacientes con EHI. Ademas, los estudios con
RMN muestran que el dafo cerebral hipoxico-isquémico se caracteriza
por un dafio en estructuras cerebrales de la sustancia gris, donde los
ganglios basales, el tdlamo o partes del cortex son de las mas afectadas.
Aquellos recién nacidos con afectaciones en estas estructuras pueden
presentar paralisis cerebral y epilepsia, afectando de manera mas grave
a nivel motor. Por lo tanto, la EHI juega una problematica fundamental
en la medicina perinatal. Consiguientemente, la busqueda de nuevos
biomarcadores de diagnostico y prondstico precoces y precisos puede
permitir anticiparse a estos acontecimientos y seria de gran ayuda
reconociendo una transicion hacia estrategias de tratamiento

personalizado.
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Ilustracién 2. Cascada de eventos celulares sobre la encefalopatia hipoxico-

isquémica donde se representa los sucesos patologicos a lo largo del tiempo.

Nutricion y prematuridad

La nutricion en el ambito de la prematuridad también es objeto
de estudio en esta Tesis Doctoral. Actualmente la prematuridad es la
principal causa de mortalidad neonatal en paises desarrollados y en
cuanto a morbilidad a largo plazo, se ha relacionado con un peor
neurodesarrollo, mayores tasas de ingresos hospitalarios y dificultados
de aprendizaje y socioemocionales [25]. Aunque las muertes neonatales
en prematuros disminuyeron en los ultimos 20 afios en paises
desarrollados, la prematuridad atin se considera una de las principales
causas de mortalidad neonatal. La prevalencia de complicaciones graves
como la retinopatia del prematuro (ROP), la displasia broncopulmonar
(DBP), la enterocolitis necrotizante (ECN) o la leucomalacia
periventricular (LPV) se han mantenido practicamente sin cambios o
incluso aumentada en neonatos muy prematuros [26,27]. Es una
poblacion especialmente vulnerable, por lo que una nutricién adecuada
forma parte importante en estos momentos cruciales para la viabilidad

del recién nacido prematuro. Diversos estudios han puesto en relieve que
X



Resumen global

la leche materna (LM) es el mejor alimento para los recién nacidos y
lactantes por sus multiples beneficios, incluyendo la prevencion de
infecciones, un mejor desarrollo neurolégico y visual y la prevencion de
enfermedades cronicas [26,28]. A su vez, la LM es un complejo y
dindmico biofluido que influye directamente en la colonizacioén de la
microbiota intestinal y la maduracion del sistema inmune. Su
composicion Unica y especifica para la especie humana aporta
numerosos compuestos esenciales para el crecimiento y desarrollo como
proteinas, lipidos y/o anticuerpos que no pueden ser administrados
mediante leche de formula artificial. También aporta una amplia gama
de compuesto como carbohidratos, oligosacaridos (prebioticos),
microorganismos (probioticos), 4cidos grasos, inmunoglobulinas,
citoquinas, anticuerpos, lisozimas, lactoferrina y otros factores
inmunomoduladores [29]. Cuando no existe posibilidad de proporcionar
LM de madre propia o ésta es insuficiente, organizaciones como la
Academia Americana de Pediatria (AAP), la Sociedad Europea de
Gastroenterologia, Hepatologia y Nutricion pediatrica (ESPGHAN), o la
Organizacion Mundial de la Salud (OMS) recomiendan como Ia
alternativa mas beneficiosa para el recién nacido prematuro Ia
alimentacion con leche materna donada (LMD). Uno de los beneficios
mas importantes demostrados de la LMD es el efecto protector frente la
inflamacion intestinal aguda, también conocida como ECN. Ademas,
existen evidencias de que la LMD favorece la tolerancia alimentaria y, a
largo plazo, tiene un efecto protector cardiovascular [30]. La
preservacion de la LMD mediante pasteurizacion proporciona ademas
otros beneficios potenciales relacionados con la presencia en la LMD de
oligosacaridos y acidos grasos poliinsaturados de cadena larga, con

destacada actividad antiinflamatoria e inmunomoduladora [31]. En
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Noruega, todos los recién nacidos que no disponen de leche de madre
propia reciben LMD. Desde un punto de vista econdmico, el estudio de
coste-efectividad, centrandose exclusivamente en el ahorro al prevenir

casos de ECN, favorece el uso de LMD [32].

Por otro lado, las primeras semanas de vida constituyen el
periodo mds dindmico desde el punto de vista bacteriano en el
ecosistema gastrointestinal. Esta descrito que la diferencia entre el tipo
de parto (i.e., vaginal o cesarea) influye en la colonizacién neonatal [33],
pero no estd descrito como la diferente alimentacion materna puede
también influenciar la presencia de un tipo de bacterias u otra. Esta
presencia resulta critica para la modulacion inicial del sistema nervioso
como para el funcionamiento de importantes rutas metabdlicas y/o la
creacion de un ambiente reductor que permita el desarrollo posterior de

bacterias anaerobias estrictas.

El Banco de Leche Materna del Centro de Transfusion de la
Comunidad Valenciana (CTCV) centraliza la gestion de leche materna
de la Comunidad Valenciana y es uno de los dieciséis existentes a escala

nacional.

En las instalaciones del banco de leche se recibe, procesa y
distribuye la LMD altruistamente donada por madres, para que se
beneficien los recién nacidos hospitalizados que la necesiten, a los que
se ofrece gratuitamente bajo prescripcion médica. Sin embargo, el uso
de la LMD también tiene una serie de limitaciones. La LM sin fortificar,
de madre propia o donada, no permite alcanzar la tasa de crecimiento

extrauterino deseada si se compara con féormula o con LM fortificada
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[34]. Ademas, la variabilidad de la composicion de la LM dificulta
conocer exactamente la composicion de componentes bioquimicos y
nutricionales que aporta al recién nacido. También la influencia de los
métodos de conservacion y procesamiento (pasteurizacion) en las
caracteristicas de la leche o la posibilidad de transmitir infecciones son
otros de los aspectos a tener en cuenta [35]. Para minimizar el impacto
de estas limitaciones se han puesto a punto protocolos que regulan de
forma precisa cada uno de los pasos del proceso de donacion de LM y
métodos de analisis de la composicion de la LMD de manera que la LMD
sea una alternativa valida a la LM de madre propia, cuando esta no esta

disponible.

Transposicion de grandes arterias

Por ultimo y también como objeto de estudio de esta Tesis
Doctoral, se ha profundizado sobre otra patologia implicada en el recién
nacido. El procedimiento TGA, también conocida como transposicion
completa, es una malformacion cardiaca congénita caracterizada por una
concordancia auriculoventricular y discordancia ventriculoarterial. Se
estima que su incidencia estd sobre los 35000-5000 nacimientos y
presenta sobre el 5-7% de todas las patologias congénitas que afectan al
corazon [36]. Su fisiopatologia consta de una malformacion dependiente
del ductus arterioso (DA) y del foramen oval (FO). Sin estas dos
conexiones cardiovasculares, las circulaciones sistémicas y pulmonares
cursan en paralelo, sin poder hacer el intercambio gaseoso a nivel
pulmonar, por lo que se produce una situacion hipoxémica que requiere
tratamiento. La BAS sigue siendo un procedimiento esencial en recién

nacidos con TGA. Esta intervencidén solo se realiza en centros de
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referencia y consigue una mezcla intercirculatoria restrictiva que mejora
considerablemente la oxigenacion y previene un dafio multiorganico.
Esta intervencion implica la reduccion de la hipoxia generada por el
circuito sanguineo cerrado y un aumento en la saturacion de oxigeno [37].
Aunque gracias a todo esto, la mortalidad asociada a esta patologia ha
disminuido [38] y muy poco se sabe sobre el impacto que tienen estos

procedimientos sobre el recién nacido.

Como ya se ha comentado, la intervencion septostomica ayuda a
promover la mezcla la sangre desoxigenada con la oxigenada a nivel
auricular en pos de la supervivencia del recién nacido, si bien es cierto
esta intervencidn provoca un aumento repentino en la oxigenacion de la
sangre arterial estimulando la aparicion de estrés oxidativo, muy nocivo
para la fisiologia del recién nacido. Sin embargo, son muy escasos los
trabajos de como afecta a nivel metabolomico los cambios producidos
por esta intervencion. Ademas, puede ser relevante qué cambios
metabolicos relacionados con el oxigeno pueden verse afectados para

buscar nuevas estrategias de prevencion, diagnostico y tratamiento.
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Hipotesis y objetivos

La hipotesis de partida en la que se basa la presente Tesis
Doctoral es la caracterizacion exhaustiva del metaboloma del recién
nacido que proporciona informacion de utilidad para el estudio de

diferentes situaciones fisiologicas y patologicas en el periodo neonatal.

Para ello, el objetivo tratard de proporcionar herramientas
preparadas para llevar a cabo estudios metabolomicos integrales que
aborden preguntas de investigacion relevantes en el campo de la
perinatologia, como el descubrimiento e identificacion de biomarcadores
para la medicina personalizada y la exploracion de una respuesta
holistica a nivel fenotipico.

Para ello se estudiaran diferentes situaciones clinicas relevantes
para la salud del recién nacido:

e Descubrimiento de biomarcadores para la prediccion temprana de
lesion cerebral neonatal.

e Evaluacion del impacto de la dieta en el crecimiento y desarrollo de
los recién nacidos prematuros.

e (Cambios metabdlicos en recién nacidos con cardiopatias congénitas
asociadas a la intervencion quirdrgica.

Los articulos que conforman la presente Tesis Doctoral, en el
formato de compendio de publicaciones, se han dividido en tres
secciones donde se desarrollan los diferentes trabajos realizados en cada
uno de ellos.

En la primera seccion, titulada “Biomarcadores para la
prediccion temprana de lesion cerebral neonatal” se incluyen los

trabajos donde se profundiza en la determinaciéon de biomarcadores
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precoces en una cohorte de recién nacidos con EHI. En el caso de las
determinaciones en plasma, se desarrolla una metodologia donde se
combina, por un lado, LC-TOFMS y GC-MS vy el desarrollo de
diferentes métodos mediante LC-MS/MS para la determinacion
cuantitativa de un panel de biomarcadores que abarcan los metabolitos
de la ruta de la biosintesis de esteroides, biomarcadores de hipoxia,
metabolitos de la ruta de triptofano. Asimismo, se analiza mediante GC-
MS la determinacién cuantitativa de metabolitos implicados en el
metabolismo energético. Del mismo modo, se evalua la expresion de
microRNAs mediante secuenciacion de tiltima generacion. Por otro lado,
utilizando muestras de orina, se combina metodologia que engloba LC-

TOFMS, CE-MS y la determinacion de un panel de aminoécidos.

En la segunda seccion titulada “Evaluacion del impacto de la
dieta en el crecimiento y desarrollo de los recién nacidos prematuros”
se incluye el trabajo donde se intenta esclarecer la relacion entre la
nutricién y el metaboloma urinario de los recién nacidos prematuros y la
leche materna. Para ello se desarrollaron metodologias de LC-TOFMS
para la orina de los recién nacidos prematuros, asi como la leche
empleada y secuenciacion de la expresion de rRNA 16S bacteriano

mediante plataforma ///umina en las muestras de heces de los prematuros.

En la tercera seccion titulada “Monitorizacion del cambio
metabodlico en neonatos con cardiopatias congénitas tras una
intervencion quirurgica” las muestras de plasma obtenidas de nifios con
cardiopatias congénitas se emplearon metodologia LC-TOFMS, asi
como la determinacion de un panel de biomarcadores relacionados con

la peroxidacion lipidica mediante LC-MS/MS.
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Metodologia

La metaboldmica, en su vertiente no dirigida, forma la columna
vertebral en el desarrollo de los diferentes trabajos presentados en la
presente memoria de la tesis doctoral. Todas las metodologias de
metabolémica desarrolladas en esta tesis, exceptuando el capitulo 3,
parten desde un enfoque no dirigido. Posteriormente en algunos casos,
se han afiadido otras metodologicas 0micas, en su mayoria diferentes
enfoques metabolémicos o la combinacion con otras técnicas Omicas
donde todas ellas han sido resumidas en la Tabla 1. Para ello, todas las
metodologias aplicadas en los diferentes trabajos que presenta esta tesis
han sido adaptados para trabajar con el menor volumen posible, asi como
diferentes preprocesados necesarios para poder emplear este tipo de
metodologia en los pequefios volimenes de muestra habitualmente

obtenidos del neonato.
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Tabla 1. Resumen de la metodologia utilizada en los diferentes capitulos

de la presente tesis doctoral.

Seccion Capitulo Metodologia Modalidad y biofluido
Metabolic Phenotypes of
Hypoxic-Ischemic Metabolomica  Analisis metabolémico no dirigido
Encephalopathy with no dirigida LC-QTOFMS en plasma.
Normal vs. Pathologic =~ Metabolomica Cuantificacion de succinato y
Magnetic Resonance dirigida piruvato por GC-MS en plasma.
Imaging Outcomes
Analisis metabdlomico no dirigido
Non-invasive monitoring o LC-QTOFMS en orina.
. Metabolomica g e
Biomarcadores of evolving o dirigida Analisis semidirigido por CE-
ara la urinary metabolic patterns gic TOFMS en orina.
P . . . Metabolomica . y .
prediccion in Hypoxic-ischemic diricida Cuantificacion de aminoacidos por
temprana de encephalopathy £ UPLC-MS en orina.
lesion cerebral ) ) )
neonatal Cuantificacion de metabolitos de la
ruta de biosintesis de esteroides,
Targeted Metabolomics ~ Metabolomica b1omarcadores de h1po?(1a:

. . metabolitos de la ruta del triptofano
data and miRNA-seq dirigida or UPLC-MS en plasma
assessment from HIE Secuenciacion p P ’

h ng:g:ﬁ;?; ?rlel:gtnn%en t micr(?}iN As Cuantificacion de metabolitos del
yp metabolismo energético por GC-MS
Secuenciacion de microRNAs por
[llumina en plasma.
Evaluacion del
impacto de la
c;fjelti'tr?zie;teol Effzfitugt;)ioﬁl:;_hf?an Metabolomica  Analisis metabolémico no dirigido
g . . & . no dirigida por LC-QTOFMS en orina y leche.
desarrollo de microbiota and metabolic o s,
I e . . . Secuenciacion Secuenciacion de 16S rRNA por
os recien Interactions 1n preterm .
; . 16S rRNA [llumina en heces.
nacidos infants
prematuros
Monitorizacion
del cambio A reductive metabolic
metabolico en switch protects infants . Analisis no dirigido por LC-
. Metabolomica
neonatos con with oL QTOFMS en plasma.
. , . no dirigida
cardiopatias congenital heart defect > .
b . . Metabolomica . ., .
congénitas tras undergoing atrial o Cuantificacion de biomarcadores
. dirigida R
una septostomy against de peroxidacion lipidica en plasma.
intervencion oxidative stress.
quirurgica
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Metabolomica no dirigida

Teniendo en cuenta las diferentes partes que forman la Tesis
Doctoral, la seccion “Biomarcadores para la prediccion temprana de
lesion cerebral neonatal” que comprenden los capitulos 1, 2 y 3, las
muestras se obtuvieron de una cohorte dentro del ensayo clinico
multicéntrico espafiol HYPOTOP [39]. Es en esos pacientes donde, en
el capitulo 1, un total de 188 muestras de sangre fueron procesadas, se
resuspendieron las muestras con una disolucion con patrones internos y
se inyectaron en un sistema UPLC-TOFMS Agilent 1290 Infinity
UHPLC. Para la separacion cromatografica se usoé una columna UPLC
Acquity BEH Cis (2.1 mm % 100 mm, 1.7 pum, Waters, Wexford, Ireland)
con un caudal de trabajo de 400 puL min!. Se usaron diferentes
condiciones para el gradiente de fase moviles. Los datos obtenidos del
espectrometro de masas en modo full-scan MS se emplearon con un
rango de 100 a 1700 m/z con una frecuencia de escaner de 6 Hz,

funcionando en modo de ionizacion tipo electrospray positivo.

Por otro lado, en la metodologia aplicada en el capitulo 2, un total
de 293 muestras de orina también de la cohorte HYPOTOP fueron
procesadas y se inyectaron en el sistema Agilent 1290 Infinity UPLC el
cual iba equipado con una columna UPLC BEH Cis (100 X 2.1 mm, 1.7
um, Waters, Wexford, Ireland) para la separacion cromatografica. Se usé
un gradiente de fase movil A y B. Los datos obtenidos en modo full scan
MS se obtuvo con un rango de m/z comprendido entre 100 y 1700 m/z

en modo de ionizacion electrospray positivo.

En lo que atafie al estudio sobre la nutricion y la prematuridad,

incluido en la seccidn “Evaluacion del impacto de la dieta en el
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crecimiento y desarrollo de los reciéen nacidos prematuros”, el
procesado de las muestras de recién nacidos prematuros de orina que se
llevo a cabo en el capitulo 4, un total de 40 muestras fueron procesadas.
Ademas, un total de 27 muestras de leche, fueron también procesadas.
En ambos tipos de muestra se utiliz6 un sistema 1290 Infinity UPLC de
Agilent Technologies (Santa Clara, CA, USA). El analisis de las
muestras fue diferente dependiendo de la matriz bioldgica. En el caso de
las muestras de orinas, la separacion cromatografica se utiliz6 una
columna UPLC BEH Cis (100 X 2.1 mm, 1.7 pm) de Waters (Wexford,
Ireland). El caudal de trabajo se establecio en 400 uL min'!y se utilizo
un gradiente binario de fases moviles A y B. En cuanto a las muestras de
leche, se empled una columna Kinetex C18 (50 X 2.1 mm, 1.7 mm)
de Phenomenex (Torrance, CA, USA) con un gradiente binario de fases
moviles A y B. Todos los pardmetros de andlisis restantes se

establecieron como se describe para el analisis de orina.

Por ultimo, la seccidn “Monitorizacion del cambio metabodlico en
neonatos con cardiopatias congénitas tras una intervencion quirurgica”,
dentro del capitulo 5, se emplearon 12 muestras de plasma del estudio
prospectivo de recién nacidos con TGA pertenecientes al Children’s
Hospital, Helsinki University Hospital. Las muestras fueron procesadas
e inyectadas en un equipo Agilent Technologies (Santa Clara, CA, USA)
1290 Infinity UPLC y para la separacion cromatografica se utilizd una
columna UPLC Acquity BEH Cis (2.1 X 100 mm, 1.7 um, Waters,
Wexford, Ireland). Se utiliz6 un gradiente binario de fase movil A y B.
Los datos obtenidos del espectrometro de masas en modo full-scan MS
se consiguieron con un rango de 100 a 1700 m/z, funcionando en modo

de ionizacidn tipo electrospray positivo. El procedimiento también se
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llevo a cabo en modo de ionizacion electrospray negativo repitiendo el
mismo procedimiento que con el modo de ionizacidén electrospray

positivo.

Es muy importante tener en cuenta, que el analisis de los datos
en el contexto de la metabolomica no dirigida ha tenido un peso
importante en los diferentes capitulos que conforman esta tesis doctoral.
En los diferentes estudios, los datos crudos procedentes del UPLC-
TOFMS fueron convertidos a formato mzXML usando Protewizard
antes de generar una tabla de picos usando el software XCMS. Los
parametros seleccionados para la extraccion y el alineamiento de la tabla
de picos se basaron en la precision/exactitud del tiempo de retencion
(TR) y la m/z de patrones internos seleccionados. Después de la
deteccion, deconvolucién e integracién cromatografica de las muestras
identificandolas mediante m/z y TR se obtuvieron diferentes matrices de
muestras vs variables. Ademas, la integracion automatica fue evaluada

comparandola con la integraciéon manual de los patrones internos.

Por otro lado, es muy tipico que en los datos obtenidos a partir de
experimentos de LC-MS a gran escala, se pueden distinguir diferentes
fuentes de varianza, que ademas de la variacién bioldgica, se puede
observar variacién instrumental que se origina a partir de cambios
menores como el volumen de inyeccion o cambios graduales en la
respuesta instrumental durante la medicion de lotes de muestras. Por lo
que, cabe destacar que en los diferentes capitulos de la tesis doctoral, se
llevd una correccion del efecto intra lote utilizando el algoritmo Radial
Basis Function Kernel for a Support Vector Regression based correction
(OC-SVR).
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Para el resto de calculos se empleo la hoja de célculo Microsoft
Excel 2016 de Microsoft (Redmon, EE.UU) y el software matematico
MATLAB de Mathword (Natrick, EE.UU) a través de scripts y
funciones propias desarrolladas asi como funciones incluidas en el
paquete PLS Toolbox de Eigenvector Reserach Inc (Wenatchee,
EE.UU). Por ultimo, se necesitdo de las herramientas online
proporcionadas por MetaboAnalyst 4.0 asi como de la herramienta de

integracion AMON.

Metabolomica dirigida

Otra de las metodologias importantes dentro de esta tesis doctoral,
es la metabolomica en su vertiente dirigida, es decir, la cuantificacion de
diferentes compuestos mediante la generacion de una calibracion de
patrones y posteriormente la interpolacion de cada uno de los
compuestos medidos. Esta metodologia ha servido dentro de esta tesis
doctoral, como sustento y confirmacion de la existencia y cuantificacion
de diferentes compuestos con el objetivo de encontrar biomarcadores
utiles dentro de cada una de las patologias estudiadas. Cada uno de los
métodos cuantitativos que se desarrollan en ambos capitulos tiene sus
propias peculiaridades sobre el procesado de la muestra. Se han
empleado diferentes preprocesados con el objetivo de hacer las muestras
compatibles con las diferentes técnicas instrumentales empleadas. Asi
como la preconcentracion de la muestra debido al menor volumen
obtenido de estos delicados pacientes, la adicion de patrones internos, la

estabilizacion del compuesto o eliminacion de la matriz innecesaria.
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Dentro de la seccidon “Biomarcadores para la prediccion
temprana de lesion cerebral neonatal” se utilizaron métodos
cuantitativos. En el capitulo 2, un total de 237 muestras de orina
pertenecientes al ensayo clinico HYPOTOP se utilizaron para la
cuantificacion de una bateria de aminodcidos. 70 uL de agua (Optima
LC-MS, Fisher Scientific) se afiadieron junto a 5 pL de orina. Estas
muestras se prepararon con una derivacion (AccQ TagTM Ultra
Derivatization Kit, Waters), siguiendo las instrucciones facilitadas. Se
prepararon muestras de blanco y QC que se mezclaron a lo largo de la
secuencia. El equipo utilizado fue un sistema 1290 Infinity UPLC de
Agilent Technologies (Santa Clara, CA, USA) con una columna
cromatografica UPLC CORTECS C18 (150 X 2.1 mm, 1.6 pum) de
Waters (Milford, MA, USA). El modo de ionizacién utilizado fue
electrospray positivo. El caudal de trabajo fue de 500 pL min*!' con un
gradiente binario. Tanto la adquisiciéon como el procesado de los datos
se realizd con el software MassHunter Workstation (version B.07.00,

Agilent).

Sin embargo, en el caso de la determinacion de los compuestos del
metabolismo intermediario energético del capitulo 1 y el capitulo 3, las
muestras tuvieron que procesarse mediante dos pasos de oximacion-
sililacion y procesadas mediante un método validado para GC-MS para
posteriormente inyectarlas en un equipo de cromatografia de gases 6890
GC 5973N electron impact quadrupole MS system de Agilent (Santa
Clara, EEUU.) equipado con una columna HP-5MS de Agilent
Technologies (Santa Clara, Ca, USA). La cromatografia de gases se llevo

a cabo con una corriente de He constante y un caudal de 1200 pL min™!
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junto con una temperatura de inyeccion de 260 °C junto con un volumen

de inyeccion de 1 pL.

Por otro lado, en el capitulo 3, un total de 359 muestras de
plasmase utilizaron del ensayo clinico HYPOTOP donde se evaluaron
un total de 34 compuestos divididos en 4 métodos cuantitativos y
validados. Para la cuantificacion de 10 compuestos de la ruta de
biosintesis de esteroides, se siguieron los diferentes pasos protocolizados
mediante el kit comercial CHS™ MSMS Steroids Kit de PerkinElmer
(Waltham, MA USA). Se utilizaron 100 uL de muestras plasmaticas que
después de varios pasos de procesado de la muestra y se analizaron
mediante un Sistema Acquity-Xevo TQOS usando una columna C8 (2.1 X
10 mm, 1.7 um, Waters, Wexford, Ireland). Por otro lado, para la
determinacion de biomarcadores de hipoxia, se desarrolld un método
cuantitativo en el que se consiguieron analizar 7 compuestos diferentes.
Para ello, 10 pL de muestra se afiadieron a 7ul. de una mezcla de
patrones internos. Posteriormente las muestras fueron centrifugadas y
evaporadas hasta llevar a sequedad mediante miVac centrigual vacuum
concentrator. El analisis se llevo a cambio mediante un sistema Acquity
UPLC-MS/MS acoplado a un detector de espectrometria de masas Xevo-
TQ operando con un modo de ionizacion del tipo electrospray positivo
(ESI") (Waters, Manchester, UK). La columna cromatografica usada fue
un Acquity UPLC BEH Cs (100 X 2.1 mm, 1.7 um) con una fase moévil.

En el caso de la determinacion de compuestos de la ruta del
triptéfano, 23 metabolitos se consiguieron medir, afiadiendo 50 puL de
muestra en 150 pL de CH3OH para la precipitacion proteica.

Posteriormente las muestras fueron centrifugadas en varias tandas y
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llevadas a sequedad mediante miVac centrigual vacuum concentrator.
Las muestras fueron resuspendidas en disolucidon con una mezcla de
patrones internos. El equipo utilizado para el andlisis fue Acquity-Xevo
TOS system de Waters (Milford, MA, USA)y la columna cromatografica
usada fue Acquity HSS T3 Cis (100 x 2.1 mm, 1.8 pm). Se us6 un

gradiente de fases moviles A y B.

Ademas se llevd a cabo la determinacion de compuestos del
metabolismo intermediario cuya metodologia se ha descrito

anteriormente.

En la ultima seccion la ultima seccion “Monitorizacion del
cambio metabolico en neonatos con cardiopatias congénitas tras una
intervencion quirurgica” también se llevé a cabo una metodologia de
metabolémica dirigida, en el capitulo 5, un total de 63 muestras se
obtuvieron de un estudio prospectivo con pacientes con TGA en el
Children’s Hospital, Helsinki University Hospital. El método
cuantitativo desarrollado para la medicion de compuestos relacionados
con la peroxidacion lipidica, las muestras se sometieron a una extraccion
en fase solida (del inglés, Solid Phase Extraction, SPE) mediante una
fase estacionaria Discovery® C18 de la casa comercial MerK (Darmstadl,
Alemania). Finalmente, las muestras se inyectaron en un sistema

Acquity-Xevo TQOS de Waters (Milford, MA, USA).

En el caso de los métodos dirigidos, el analisis de los datos se llevo
a cabo mediante diferentes software segun el sistema de medicion
utilizado, las muestras que se inyectaron en los sistemas de LC-MS/MS

se utilizo el softwares MassLynx™ de Waters (Milford, MA, EEUU)
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mientras que las muestras analizadas por GC-MS se utilizd el software
MassHunter Workstation de Agilent (Santa Clara, EEUU) para la
integracion cromatografica, la generacion de los calibrados y las

interpolaciones tanto de los datos obtenidos.

Ademas, como ya se ha comentado en el punto 3.1, para los
calculos oportunos se emplearon la hoja de calculo Microsoft Excel de
Microsoft (Redmond, EEUU), asi como el software de programacion
MATLAB en sus versiones actualizas a través de scripts y funciones
desarrolladas por el laboratorio, asi como funciones incluidas en el
paquete PLS Toolbox 8.0 de Eigenvector Research Inc (Wenatchee,
EEUU).

Otras metodologias

A parte de la metabolémica, como metodologia “6mica” central
de esta tesis, también se han utilizado otras metodologias
complementarias que han servido para cubrir un espectro diferente de
compuestos que pueden dar una informacion complementaria. En este
caso, dentro de la seccion “Biomarcadores para la prediccion temprana
de lesion cerebral neonatal” se utilizd la transcriptomica para la
secuenciacion de los microRNAs plasmaticos del capitulo 3. Las
muestras de plasma de los diferentes recién nacidos se extrajeron el RNA
siguiendo las pautas de kit comercial miRNeasy serum/plasma de Qiagen
(Hilden, Alemania). Se utilizaron 100 uL de muestra donde, después de
todos los pasos estipulados en el manual, se obtuvieron 14 pL de RNA.
Posteriormente, las muestras de RNA sufrieron una serie de pasos antes
de proceder a la secuenciacion. Primero de todo, se determino la
integridad del RNA mediante 3 métodos distintos. Después del control
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de calidad necesario, se construyeron las librerias mediante el kit Small
RNA sample Pre Kit. . Por ultimo, se procedié a la secuenciacion
mediante la plataforma Illumina (San Diego, EEUU). Todos los pasos
de secuenciacion se llevaron a cabo en la empresa Novogene (Beijin,
China). Una vez obtenidos los datos crudos, se realizo una colaboraciéon
junto con la universidad de Cranfield (Cranfield, UK) para el
procesamiento de los datos obtenidos. Un total de 1788 microRNAs se

obtuvieron de la cohorte inicial.

Ademas, en la seccion “Evaluacion del impacto de la dieta en el
crecimiento y desarrollo de los recién nacidos prematuros”, en el
capitulo 4, para las muestras fecales de 40 recién nacidos prematuros se
obtuvo el DNA fecal mediante el aislamiento de DNA usando el kit
MasterPure Complete DNA & RNA Purification kit (Epicentre, MA,
EEUU) para posteriormente proceder a la secuenciacion de la region V3-
V4 del rRNA 16S mediante el equipo MiSeq-Illumina (San Diego,
EEUU). Ulteriormente, los datos de secuenciacion fueron tratados

mediante el paquete QIMME version 1.9.0 en R.
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Siguiendo con la estructura planteada en la tesis, en la seccion
“Biomarcadores para la prediccion temprana de lesion cerebral
neonatal” se obtuvieron diferentes resultados. En el anélisis
metabolomico realizado sobre muestras de sangre, se analizaron
muestras del plasma de una cohorte de 55 recién nacidos asfixiados que
desarrollaron una moderada/severa EHI donde esas muestras fueron
obtenidas entre el nacimiento y la aplicacion de la TH. Se llevo a cabo
una evaluacion de la utilidad del lactato, piruvato y el ratio
piruvato/lactato para la prediccion de resultados. Para evaluar el
potencial del lactato, piruvato y el ratio lactato/piruvato en sangre antes
delinicio de la TH y 24, 48 y 72 horas prediciendo resultados patolégicos
de RMN, se observo que los recién nacidos con RMN patolédgico tenian
los niveles de lactato significativamente elevados a 24 y 48 horas,
mientras que el piruvato aumentaba a las 72 horas (prueba de la U de
Mann-Whitney, a = 0.05). Sin embargo, no se encontraron diferencias
significativas en el ratio lactato/piruvato. Para el enfoque no dirigido de
las muestras de plasma, se construyd un analisis de componentes
principales (PCA, del inglés Principal Component Analysis)y se vio una
fuerte estratificacion de los diferentes tiempos el metaboloma. Ademas,
para confirmar el incremento de los metabolitos plasmaticos
relacionados con la EHI relacionados con el tiempo, se realiz6 un mapa
de calor (del inglés, heat map). Aunque no se observaron patrones al
inicio de la TH, se observaron diferencias a las 24, 48 y 72 horas. Por
ultimo, se quiso averiguar a qué rutas metabdlicas pertenecian estas
variables detectadas. 11 rutas metabdlicas fueron detectadas, de las

cuales la mayoria fueron alteradas al cabo de 48 y/o 72 horas.
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Por otro lado, se realizo otro abordaje metabolomico en la matriz
biologica de orina, donde un total de 55 recién nacidos con EHI y
tratamiento mediante TH de la cohorte HYPOTOP fueron incluidos. En
total fueron 293 muestras de orinas las que se utilizaron para desarrollar
el estudio desde un punto de vista no dirigido de las cuales se recogieron
antes del inicio de la TH y 12, 24, 48, 72 y 96 horas. Usando como
referencia las primeras muestras de orina, se observo que la mayoria de
las senales detectadas mostraban una tendencia decreciente con el
tiempo (prueba de la U de Mann-Whitney, a = 0.05). Se observo que los
cambios mas pronunciados se generaron durante las primeras 48 h
después del inicio de la TH, mientras que el recalentamiento se observo
que no tuvo practicamente ningin efecto a nivel metabolomico. Estas
primeras observaciones, se volvieron a ver en un mapa de calor donde se
representaban las concentraciones de los metabolitos con una
correlacion positiva con el tiempo. Utilizando la herramienta en linea
MetaboAnalyst 4.0 y gracias a la anotacion que el algoritmo mummichog
realiz6 utilizando las variables metabdlicas detectadas (prueba de la U
de Mann-Whitney, a = 0.05), 398 variables se manejaron para ver qué
rutas metabolicas estaban alteradas. Se observaron que 32 rutas
metabdlicas alteradas en los diferentes tiempos. Con las 398 variables se
gener6 un modelo predictivo PLSDA con 4 variables latentes para
discernir entre la huella metabolica de recién nacidos que presentaron un
RMN normal (puntuacién 0) frente a un RMN patoldgico (puntuacion 1,
2 0 3) entre las 24 y las 96 horas tras el inicio de la TH. Estos modelos
fueron significativos (500 permutaciones) y se construyeron diferentes
curvas ROC (del inglés, Receiver Operating Characteristic)

multivariantes para confirmar la importancia del modelo creado.
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Por lo que respecta al capitulo 3, 359 muestras de plasma de
recién nacidos del estudio HYPOTOP fueron analizadas empleando 4
métodos cuantitativos validados por LC-MS. 34 compuestos fueron
detectados en mas del 90% de las muestras y 1788 microRNAs fueron
secuenciados mediante NGS de segunda generacion. Con el total de 34
compuestos medidos, se compararon concentraciones entre los grupos
de los recién nacidos con RMN patologico y recién nacidos con RMN
normal, y se encontraron diferencias significativas entre los grupos de
estudio (prueba de U de Mann-Whitney, a = 0.05). Se observaron
incrementos de concentracion en el grupo de recién nacidos con RMN
patologica en algunos compuestos de las diferentes rutas metabolicas.
Por otro lado, se detectaron y anotaron 1788 microRNAs en las muestras
de plasma. Se encontraron intensidades de 29 microRNAs que estaban
alteradas significativamente (prueba de U de Mann-Whitney, a = 0.05)
junto con un Fold Change (FC) > 1 comparando los recién nacidos con

RMN patolégico y RMN normal.

En lo que concierne al estudio sobre la nutricion y la
prematuridad, incluido en la seccidn “Evaluacion del impacto de la dieta
en el crecimiento y desarrollo de los recién nacidos prematuros”, varias
muestras de diferente indole fueron analizadas; 15 y 12 muestras de LM
y LMD, respectivamente, de madres de recién nacidos prematuros
recogidos del banco de leche. Asimismo, se reclutaron 20 recién nacidos
prematuros que recibieron exclusivamente LM y otros 20 recién nacidos
prematuros que recibieron exclusivamente LMD, de los cuales se
obtuvieron muestras de orina y fecales para los diferentes analisis del

estudio. En cuanto al analisis de las muestras de leche, se realizd un
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abordaje metaboldémico no dirigido mediante LC-QTOFMS. De un total
de 7109 variables detectadas, se encontraron diferencias significativas
en 1034 variables (prueba de la U de Mann-Whitney, a = 0.05) y
diferencias significativas para 21 y 199 variables con log2FC (del inglés,
Fold Change) <1 y >1 respectivamente. Se quiso observar que rutas
metabdlicas podrian estar alteradas para una interpretacion funcional. El
andlisis generado por la herramienta en linea MetaboAnalyst 4.0 junto
con el algoritmo mummichog proyectdé 13 vias donde mas de dos
metabolitos cambiaban significativamente (test exacto de Fisher, a =
0.05). Por otro lado, y ya centrandose en el recién nacido prematuro, se
quiso analizar los perfiles de la microbiota asociada, analizando las
muestras fecales. Se observaron como existian diferencias significativas
en la diversidad beta seglin la leche suministrada (PCoA, permanova con
p-valor = 0,04). Ademas, se observd un aumento en la abundancia de los
miembros de la familia Staphylococcaceae y Pasteurellaceae en el grupo
de prematuros que se alimentaron con LMD, aunque las diferencias
significativas no se mantuvieron después de la correccion mediante FDR
(del inglés, False Discovery Rate). Del mismo modo, se identificaron
cambios en 10 rutas metabdlicas mediante la prediccion funcional de las
rutas KEGG (prueba de la U de Mann-Whitney, a = 0.05), pero tampoco
fueron significativas después de la correccion mediante FDR. En el
andlisis metabolémico de las muestras de orina de estos recién nacidos
prematuros de las 10450 variables detectadas, 849 mostraron diferencias
significativas enfrentando ambos grupos de estudio (prueba de la U de
Mann-Whitney, a = 0.05) asi como 21 y 343 variables mostraron log2FC
< -1y > 1 respectivamente. Del mismo modo, 32 rutas metabodlicas
fueron detectadas y solamente 2 de ellas mostraron alteraciones

significativas comparando ambos grupos de estudio (gamma p-value
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<0.05). Utilizando estos resultados que arrojo el algoritmo mummichog,
331 variables fueron asignadas a hormonas esteroideas, de las cuales,
comparando su intensidad entre los dos grupos, se obtuvieron 19
variables que mostraban diferencias significativas. Todas ellas,
aumentadas en el grupo de recién nacidos prematuros alimentados con
LM comparado con el grupo de LMD. Del mismo modo, se procedi6 a
hacer lo mismo con las variables anotadas incluidas en la ruta del
metabolismo de pirimidinas. 101 variables fueron anotadas a dicha ruta,
sin embargo, ninguna de ellas mostré alteraciones significativas
enfrentando a los dos grupos de estudio. Ante estos interesantes
resultados, y para esclarecer el origen de las alteraciones en las rutas
metabolicas identificadas en las muestras de orina, se realizé un analisis
integrativo de los diferentes datos Omicos. Teniendo la ruta de la
biosintesis de hormonas esteroides como eje central de esta parte del
analisis, se observd que, en las muestras de leche, 73 variables fueron
asignadas a dicha ruta utilizando el algoritmo mummichog, siendo 10 de
ellas alteradas significativamente entre los dos grupos de estudio
(log2FC> 1) de manera que todas las variables alteradas pertenecian a la
leche materna. Por otro lado, se correlacionaron las variables
metabolicas anotadas como hormonas esteroideas en LM y orina
(Coeficiente de correlacion de Pearson). En las muestras de leche, los
niveles de hormonas esteroideas mostraron una fuerte correlacion entre
ellas (R = 0,9) mientras que la correlacion disminuy6 entre muestras de
orina entre si (R = 0,5) y entre muestras de orina y muestras de leche (R
= 0,38). Sin embargo, las abundancias relativas de las especies que
conforman la microbiota mostraron correlaciones débiles entre ellos
mismos (R =-0,1) con los niveles de esteroides presentes en orina y las

muestras de leche (R = 0). Por Gltimo y para explorar si la alteracion de
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las rutas detectadas en las muestras de orina, podrian ser causadas por la
microbiota intestinal, se emple6 una herramienta integrativa denominada
AMON (del inglés, Annotation of Metabolite Origins via Network) que
permite el analisis de las interacciones presentes entre los datos del
microbioma intestinal y el metaboloma, es decir determina el grado en
el que los compuestos anotados en el metaboloma urinario de los recién
nacidos prematuros pueden haber sido producidos por bacterias
presentes en las muestras fecales, producidas por el propio recién nacido
prematuro, producido por ambos o por el contrario, por ninguno de ellos.
Del conjunto de rutas metabolicas, se observd como el impacto de la ruta
de biosintesis de hormonas esteroideas, la herramienta lo atribuye al
metabolismo humano con p valores de 0.0005 para el metabolismo
humano y 1 para el microbiano. Sin embargo, los metabolitos de la ruta
del metabolismo de pirimidinas, estd mdas pronunciado por el
metabolismo bacteriano con p valores de 0,0005 para el metabolismo

humano, mientras que un 7 - 108 para el metabolismo bacteriano.

Por ultimo, e incluido en la ultima seccion “Monitorizacion del
cambio metabdlico en neonatos con cardiopatias congénitas tras una
intervencion quirurgica”, se realizd un analisis metabolomico aplicado
a recién nacidos con TGA. En este caso, un total de 12 pacientes fueron
incluidos en el estudio, empero uno de ellos perecid y dos no requirieron
BAS. A nivel clinico y de manera monitorizada, se midieron diferentes
pardmetros que sirvieron para combinarlos con los parametros analiticos
medidos y donde se pudieron hacer las comparaciones correspondientes.
Medidas como la saturacion de oxigeno periférica preductal (SpO2, del
inglés peripheral oxygen saturation,), saturacion regional de oxigeno del

tejido cerebral (rcSOq, del inglés, regional cerebral tissue oxygen
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saturation,), extraccion fraccionada de oxigeno tisular (FTOE del inglés,
fractional tissue oxygen extraction,), espectroscopia de infrarrojo
cercano (NIRS del inglés, near infrared spectrocopy), extraccion de
oxigeno cerebral (CEO: del inglés, cerebral oxygen extraction),
saturacion de oxigeno (SaOz2 del inglés, saturation oxygen) y saturacion
de oxigeno venoso central (ScO2 del inglés central venous oxygen
saturation) sirvieron para obtener informacion de todos los recién
nacidos del estudio. En cuanto a los pardmetros analiticos, fueron dos
vertientes los que se realizaron. Por un lado, se procedid a la
cuantificacion de biomarcadores de peroxidacion lipidica, de los cuales
se cuantificaron los pardmetros totales de neurofuranos, isofuranos y
neuroprostanos, pero no se encontraron cambios significativos (prueba
de la U de Mann-Whitney, o = 0.05) asi como correlaciones entre los
distintos parametros totales y la FTOE obtenida (coeficientes de
correlacion de Pearson > 0,5). Por otro lado, se realiz6 un analisis
metaboldmico no dirigido en plasma con la intencion de ver qué era lo
que sucedia en estos recién nacidos a lo largo de diferentes tiempos antes
y después del BAS. Con las variables obtenidas después del
procesamiento de los datos, se construydo un PCA para ver como se
distribuian las muestras en funcion de su covarianza. Se pudo observar
como el tiempo de recogida de las muestras antes y los diferentes
tiempos después del BAS estaba impactando en el metaboloma
plasmatico, por lo tanto, se pudo ver como el metaboloma plasmatico era
dependiente del tiempo. Posteriormente, utilizando la FTOE como
parametro clinico el cual indica el balance entre el consumo y suministro
de oxigeno, se construy6 un modelo correlacionandolo con los cambios
en el metaboloma plasmatico observado. Dicha correlacion se plasmé en

un mapa de calor y se pudieron observar dos grupos diferenciados
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(correlacion Pearson < 0.05). Por ultimo, se realizd un andlisis de rutas
gracias a la herramienta en linea MetaboAnalyst 4.0 en el cual y se
observd que 4 rutas metabolicas se alteraron significativamente

correlacionando las variables del metaboloma plasmatico con la FTOE.
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Conclusiones y trabajo futuro

A partir de los resultados obtenidos en los distintos estudios
metabolémicos en el area neonatal, englobados en la presente Tesis

Doctoral, es posible extraer las siguientes conclusiones:

e El andlisis de las alteraciones en el metaboloma plasmatico de los
recién nacidos con EHI sometidos a TH permite discriminar aquellos
con una mayor probabilidad de mostrar un patron patoldgico en
RMN.

e Existe una asociacion significativa entre el dano por EHI, establecido
a partir de resultados de RMN, y cambios longitudinales en el
metaboloma urinario de recién nacidos. Se ha observado como la TH
influye significativamente en el paciente, del mismo modo se ha
podido monitorizar el perfil metabolomico de pacientes con EHI
moderada y grave y abre una nueva perspectiva para una posible
monitorizacion de pacientes en la UCIN, asi como respaldar la
prediccion temprana de resultados.

e Ladeterminacion cuantitativa de los compuestos de la biosintesis de
esteroides, ruta metabolica del triptoéfano, biomarcadores de hipoxia
y los intermediarios energéticos, junto con la secuenciacion de los
microRNAs han revelado aspectos fisioldgicos interesantes y pueden
servir como base para profundizar en la fisiopatologia de la EHI.

e La composicion de la LMD difiere con la LM, ademas la
alimentacion de la LMD tiene un impacto significativo en el fenotipo
metabolomico y la microbiota de los recién nacidos prematuros. Los
resultados obtenidos ayudan a entender el origen de los cambios

observados en funcion de las rutas metabdlicas afectadas, aunque las
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implicaciones a corto y largo plazo deben evaluarse con estudios

adicionales.

e El andlisis del metaboloma de recién nacidos con TGA permite

observar diferencias en el suministro y consumo de oxigeno a nivel

cerebral durante la hipoxia y la normoxia. La evaluacion combinada

de los biomarcadores de peroxidacion lipidica y el andlisis

metabolomico no dirigido proporciona informacion valiosa para

comprender la fisiopatologia de esta compleja enfermedad.

Los resultados y conclusiones alcanzadas permiten generar

nuevas lineas de investigacion en el area neonatal, entre las que se

incluye:

La nueva informacion obtenida mediante los resultados de las
baterias de compuestos, la identificacion de nuevas rutas
metabdlicas alteradas, al igual que la secuenciacion de
microRNAs en recién nacidos con EHI, podria usarse en el futuro
para mejorar la capacidad diagndstica temprana y tratar
selectivamente a los recién nacidos en funcion de su condicion
de severidad.

La identificacion de nuevas estrategias para la optimizacion y
personalizacion de la nutricion neonatal a través de la
modificacion de la composicion de la LMD (fortificacion
dirigida), asi como de posibles cambios en las pautas de la
recogida, procesamiento y conservacion de la LMD.

La realizacion de un estudio prospectivo observacional en el que
se compare posibles situaciones de hipoxia postnatal
dependientes del conducto arterioso junto con la comparacion del

perfil metabolomico no dirigido antes y después de Ia
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instauracion de prostaglandinas para la dilatacion del conducto
arterioso. La informacion obtenida puede ser valida para la
evaluacion de mecanismos de adaptacion a la hipoxia y a la

normoxia post intervencion.
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Abstract

In this PhD Thesis different physiological and pathological
situations that are relevant to the neonatal field have been assessed.
Hypoxic-Ischemic encephalopathy (HIE) is a neurologic sequela of
perinatal asphyxia. In this Thesis, the aim was to improve prediction of
outcomes of HIE, which would be of key importance for developing
personalized treatment strategies and reduce neonatal mortality and
morbidity. Furthermore, breastfeeding is the gold standard for nutrition
of the term and preterm infants. For preterm infants whose mothers are
unable to provide of own mothers’ milk (OMM), pasteurized donor
human milk (DHM) is the preferred alternative. In this Thesis, metabolic
signature of preterm infants has been studied to unscramble the effect of
nutrition on their metabolism. Likewise, transposition of the great
arteries (TGA) is a congenital heart disease characterized by hypoxemia
and abnormal circulation is responsible for brain alteration and long-
term neurodevelopmental delay. Atrial septostomy causes a sudden
increase in arterial blood oxygenation leading to complex metabolic
changes. In this Thesis, the metabolic switch in infants with TGA after
atrial septostomy were assessed to shed light on the effect of the changes

in the cerebral oxygenation.

On the one hand, the purpose of studies are focused in
determination novel biomarkers in plasma and urine samples of
newborns with different severity of asphyxia employed LC-TOFMS,
LC-MS/MS, CE-MS, GC-MS and microRNA expression. Also, in a

cohort of preterm infants, the metabolic signatures have been analyzed
8



to understand the relationship between nutrition and the urinary
metabolome of premature newborns fed with human milk and donor
human milk employed LC-TOFMS in urine and milk samples and the
expression of gene microbiota in stool samples. Finally, in a cohort of
newborns with congenital heart disease, we studied the metabolic switch
in infants with TGA after atrial septostomy in order to shed light on the
effect of the changes in the cerebral oxygenation. Plasma samples were
measured employing LC-TOFMS and LC-MS/MS to identify

biomarkers of oxidative stress.

In infants with moderate/severe HIE the altered metabolomic
pathway and the metabolite panel with microRNA assessment might
support prediction of long-term neurodevelopmental outcomes of
perinatal brain injury. Observed changes in the nutritional approach
could be potentially attributed to i) diet-dependent changes in the
colonization pattern of preterm infants that might affect hormone
production, ii) changes in the hormone levels in human milk and/or iii)
the effect of pasteurization on DHM hormone levels. Based on the results,
futures studies for assessing the impact of maternal nutrition as well as
treatment and storage on human milk composition are encouraged. In
TGA cohort, we observed correlation of metabolic features with cerebral
tissue oxygen extraction (FTOE) and affected pathway with significant
differences. Although the number subjects include are limited and
require validation in follow-up studies, the results shown an important

role of oxidative stress in the physiopathology of these infants.



Hypothesis and objectives

This Doctoral Thesis is developed from the starting hypothesis, in which
it intends to the exhaustive characterization of the metabolome of the
newborn, which provides useful information for the study of different

physiological and pathological situations in the neonatal period.

Thus, the aim will be to provide tools to carry out comprehensive
metabolomics that address relevant research questions in the field of
perinatology, such as the discovery and identification of biomarkers for
personalized medicine and the exploration of a holistic response at the

global phenotype.

For this, different clinical relevant situations to the health of the newborn
have been proposed to study:
e Discovery of biomarkers for the early prediction of neonatal
brain injury.
e Assessment of the impact of diet on the growth and development
of preterm infants.
e Metabolic changes in newborns with congenital heart disease

associated with surgery.
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Section I. Biomarkers for early
prediction of neonatal brain

injury

12



13



Metabolic Phenotypes of HIE with Normal vs. Pathologic MRI Outcomes

Chapter 1. Metabolic Phenotypes of Hypoxic-
Ischemic Encephalopathy with Normal vs.
Pathologic Magnetic Resonance Imaging

Outcomes

1.1 Abstract

Hypoxic-Ischemic Encephalopathy (HIE) is one of the most relevant
contributors to neurological disability in term infants. We hypothesized
that clinical outcomes of newborns with HIE can be associated with
changes at plasma metabolic level enabling the detection of brain injury.
Plasma samples of a cohort of 55 asphyxiated infants who evolved to
moderate/ severe HIE were collected between birth and completion of
therapeutic hypothermia (TH). Samples were analyzed employing a
quantitative gas chromatography—mass spectrometry method for the
determination of lactate and pyruvate and an untargeted liquid
chromatography—time-of-flight mass spectrometry method for
metabolic fingerprinting. Brain injury was assessed employing magnetic
resonance imaging (MRI). A critical assessment of the usefulness of
lactate, pyruvate, and pyruvate/ lactate for outcome prediction was
carried out. Besides, metabolic fingerprinting identified a dynamic
perturbation of eleven metabolic pathways, including amino acid and
purine metabolism, and the steroid hormone biosynthesis, in newborns
with pathologic MRI outcomes. Although data suggest the usefulness of
lactate and pyruvate monitoring during 72 h for discerning outcomes,
only the steroid hormone biosynthesis pathway was significantly altered

14
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in early plasma samples (i.e., before the initiation of TH). This study
highlights pathways that might potentially be targeted for biomarker

discovery or adjuvant therapies to be combined with TH.

1.2 Introduction

Hypoxic-Ischemic Encephalopathy (HIE) is the neurological
consequence of impaired blood flow and/or gas exchange during birth
[40]. Decreased cerebral perfusion and oxygenation trigger a sequence
of acute cerebral metabolic alterations that characterize the primary
energy failure phase of HIE. After resuscitation, the process undergoes
a latent phase that lasts up to 6 h. This stage is followed by a secondary
energy failure phase that enhances cerebral injury and may last for days,
weeks, or even months [23].

HIE is one of the most relevant contributors to neurological
disability in the pediatric age. In high-income countries, the incidence of
HIE is around 1.6 per 1000 infants, while the risk is around 10-fold
higher in low-income countries [41]. Therapeutic hypothermia (TH)
initiated within 6 h of birth constitutes the standard of care for infants
with moderate or severe HIE reducing mortality and improving
neurodevelopmental outcome in survivors [42].

At present, no bedside test is available for an accurate and early
diagnosis of HIE. In the delivery room, physicians rely on prenatal
clinical information and serial Apgar scores with special emphasis on
neurological assessment. In addition, cord blood gases, metabolic
acidosis, and increased lactacidemia further reflect the severity of
anaerobic metabolism [23]. The modified Sarnat staging system grades
neonatal HIE according to the severity of the brain insult [43]. Later on,

amplitude-integrated  electroencephalography  (aEEG) and/ or
15
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multichannel EEG and cranial ultrasound will confirm the diagnosis [44].
Magnetic resonance imaging (MRI), including diffusion weighted
imaging and spectroscopy, performed 5-7 days after birth, is the
cornerstone for neurodevelopmental outcome prediction [45].
Particularly, time-dependent reductions in brain N-acetyl aspartate and
creatinine concentrations at 18—96 h and 7—14 days are able to accurately
predict adverse outcomes, whereas elevated cerebral lactate, glutamate,
and glutamine concentrations have been found to be transient [46].
However, unstable neonates may not tolerate transport necessary for
MRI or MRI scanning duration. Moreover, hypothermia may alter EEG
recordings and limit its early predictive capacity [23].

HIE has been associated with damage to the integrity of the
blood—brain barrier and, hence, brain injury could be reflected in
peripheral blood samples [47]. In the search for blood biomarkers
capable of determining the degree of brain injury and providing
prognostic information, an array of different molecules has been
proposed including neuronal tissue specific proteins, proteins involved
in the pathogenesis of traumatic brain injury, excitatory amino acids,
lipid peroxidation products, specific microRNAs, and inflammatory
markers [23,44]. Despite the potential of these markers, few small pilot
studies have validated their utility in the clinical practice [48] and none
has been added to clinical guidelines [24].

Blood lactate, a hallmark of anaerobic metabolism, has been
traditionally employed as surrogate marker for tissue hypoxia and/ or
ischemia. Pyruvate dehydrogenase controls the metabolic flux between
the tricarboxylic acid cycle and glycolysis. Under hypoxic conditions,
glucose is metabolized into lactate and exported to the extracellular

compartment [49] In infants with moderate/ severe brain injury, a very
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strong correlation was found between serum and cerebral lactate
concentrations at the basal ganglia, thalamus, and gray matter regions
during TH [49]. It has been suggested that monitoring lactate could be
useful for assessing the degree of HIE and even predict long-term
neurodevelopmental outcomes [50]. However, these speculations were
not based on adequately powered clinical studies.

Comprehensive metabolic phenotyping has been increasingly
employed for identifying possible therapeutic targets, and the discovery
of biomarkers to support treatment selection, patient stratification, and
enhanced diagnosis [24]. However, metabolomics has only been
scarcely used for progressing our understanding of the multilayer effects
of HIE and TH on the newborn [51]. '"H-nuclear magnetic resonance was
used to characterize umbilical cord blood samples from infants with
perinatal asphyxia or HIE compared to matched healthy controls,
revealing significant changes in 18 metabolites [52]. A panel of four
metabolites showed potential for predicting HIE severity according to
Sarnat staging; however, it was not found to be superior to EEG or the
Sarnat score for predicting neurodevelopmental outcome at three years
of age [53]. Umbilical cord blood of a similar cohort of newborns with
signs of perinatal asphyxia and HIE as well as matched healthy controls
was studied employing direct infusion Fourier-transform ion cyclotron
resonance mass spectrometry (MS) [54]. Eight putatively annotated
metabolites were identified to be significantly altered in newborns with
HIE and four metabolites differentiated across severity grades of HIE
based on continuous multichannel EEG monitoring at 24 h of life. In a
longitudinal study involving six infants with mild/ severe HIE, a specific
metabolic profile was identified in urine samples as compared to healthy

control subjects on Days 1 and 3 after birth [55].
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The aim of this study was to elucidate dynamic metabolic
changes in a cohort of newborn infants evolving to moderate/ severe HIE
undergoing TH in which hypoxia—ischemia-induced brain injury was
assessed employing MRI. This study describes for the first time the
evolution of the neonatal plasma metabolome of HIE covering the time
period between birth and completion of TH treatment. The objectives of
the present study were focused on preselecting disease-specific
pathways at the phenotypic level that might be suitable for enabling an
identification of those infants at risk of developing brain injury within
the infants that qualify for hypothermia treatment as well as for
monitoring the individual response to treatment and elucidating new

potential therapeutic targets.

1.3 Results

1.3.1 Patients Characteristics

Population characteristics are shown in Table 1.1. There were
only minor, non-significant differences between the control and the
pathologic group, i.e., a higher proportion of males in the control group
(59% vs. 42%) and higher proportion of C-section in the pathologic
group (64% vs. 41%). Regarding the Sarnat staging, in the normal group,
86% of infants were initially identified as Sarnat 2, whereas, in the
pathologic group, the proportion was 58% (p-value = 0.05). Although
the analysis of the effect of topiramate vs. placebo was out of the scope
of this study, the inclusion of a similar proportion of individuals from
both treatment groups (p-value = 0.7) allowed compensating for the
impact (confounder) of potential effects of pharmacological treatment

on the metabolome.
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Table 1.1 Clinical and demographic data of newborns

Parameter Normal (N=22) Pathologic (N=33) p-value
Inborn 3 (14%) 8 (24%) 0.5
Maternal age (years) 34 (5) 33 (6) 0.4
Gestational age (weeks) 38.4 (37.3,40.6) 39.0 (38.0, 40.6) 0.3
Gender (male, %) 13 (59%) 14 (42%) 0.3
Birth weight (g) 3265 (552) 3295 (697) 0.4
Length (cm) 51 (3) 51 (3) 0.4
Head circumference (cm) 34 (2) 34 (2) 0.3
Delivery mode (C-section) 9 (41%) 21 (64%) 0.2
Apgar score 1 min 2(1,4) 1(1,3) 0.6
Apgar score 5 min 4(2,5) 3(L,5) 0.3
Apgar score 10 min 5(4,06) 5(4,06) 1.0
Sarnat 2 / Sarnat 3 19/3 19/14 0.05
pH UC 7.06 (0.27) 6.97 (0.17) 0.09
BE UC -13 (10) -16 (7) 0.2
pCO2 (mmHg) UC 71 (33) 59 (33) 0.2
HCOs UC 15 (6) 13 (6) 0.2
Topiramate treatment (yes, %) 10 (45%) 17 (52%) 0.7
MR (days) 7 (5, 10) 7(7,10) 0.4

Note: values are mean (SD), median (interquartile range), or n (%); p-values have been calculated
employing the Student’s t-test for unequal variances, the Wilcoxon ranksum test (¢=0.05) or the
chi2-test (¢=0.05); UC = umbilical cord; BE = base excess; MR = magnetic resonance; inborn

refers to infants born at the hospital where hypothermia treatment was carried out

1.3.2 Plasma Lactate and Pyruvate Levels

The evolution of lactate and pyruvate plasma concentrations as
well as lactate/pyruvate with time are shown in Figure 1.1. For lactate,
as well as pyruvate median concentrations at all studied time points were
higher in newborns with pathologic MRI outcomes. In order to assess
the potential of lactate, pyruvate and lactate/pyruvate levels determined

in blood before the initiation of TH and 24, 48 and 72 h after initiation
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of TH for predicting pathologic MRI outcomes, groups were compared
employing the Wilcoxon rank sum test. Newborns with pathologic MRIs
had significantly higher levels of lactate at 24 and 48 h as well as
pyruvate at 72 h. Lactate/pyruvate did not show a clear trend with time
and was not useful for discriminating between normal and pathologic

MRI outcomes at any studied time point.
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Figure 1.1 Evolution of pyruvate and lactate concentrations and lactate/pyruvate in plasma
samples from newborns with normal (blue A and errorbars are median and percentile 25 and 75,
respectively) and pathologic (red o and errorbars are median and percentile 25 and 75,
respectively) MRI outcomes. Note: norm vs. pathologic at 0 h N=13 and 23; at 24 h N=20 and
30; at 48 h N=22 and 28; and at 72 h N=20 and 32, respectively; * and ** indicate p-vales below
0.05 and 0.01, respectively (Wilcoxon ranksum test) for comparing normal vs. pathologic MRI

outcomes.

1.3.3 Untargeted Metabolomic Analysis

Figure 1.2 shows Principal Component Analysis (PCA) scores
plot of plasma metabolomic analysis collected at the different time
points. The strong impact of time on the plasma metabolome can be
observed in direction of principal component (PC) 2 (9.5% of the total
variance). Based on this observation, further data analysis was stratified

by the sampling time point.
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Figure 1.2. PCA scores plot of plasma metabolomic fingerprints.
Figure 1.3 shows the number of features with different mean

values (t-test, a = 0.05) comparing normal vs pathologic outcomes as
determined by MRI. It can be observed that the number of altered
features increases with time. Whereas 208 (2.6%) of the total of 8122
detected features showed different mean concentrations in blood before
the initiation of TH, 24 h after the initiation of TH already 491 (6.0%)
were altered; 48 h and 72 h after the initiation of TH this value further
increased up to 1228 (15.1%) and 1330 (16.4%), respectively.
Furthermore, the pattern of affected metabolites shifted over time with
only 65 of altered features shared between blood before the initiation of
TH and 24h samples, to 279 between 24 and 48 h samples and 776
between 48 and 72 h samples. This indicates, that the alteration of the
metabolome in newborns with pathologic MRI outcomes rapidly
changes at early time points and slowly stabilizes thereafter. In Figure
1.4, heatmaps of the intensities of 2071 metabolic features that showed

different distributions between normal and pathologic groups in at least
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one of the sampling times are depicted. Visual inspection of heatmaps
confirms an increase of HIE specific plasma metabolite patterns with
time: whereas no clear patterns are observed from metabolites detected
in blood before the initiation of TH, differences are visible after 24 h and

become more evident after 48 and 72 h.

24h 48h

Figure 1.3. Venn-diagram showing the overlap among altered metabolic features in plasma

samples collected 0, 24, 48 and 72 h.

Table 1.2 summarizes the metabolic pathways significantly
altered in at least one of the studied time points and Table A.1.1 shows
the annotation of altered metabolites detected in plasma samples from
newborns with HIE and normal vs. pathologic MRI outcomes. In line
with previous observations, different pathways were affected in blood
before the initiation of TH as compared to the remaining sampling times.
Again, the number of altered pathways varies with time with 3, 2, 5 and
9 altered pathways in the first blood sample collected, and 24, 48, and
72 h after the initiation of TH, respectively. In blood collected before the
initiation of TH, purine, seleno amino acid metabolism, and steroid
hormone synthesis were affected in newborns with pathologic MRI

outcomes. Later on, additional pathways mainly related to amino acid
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metabolism were altered. Only one metabolic pathway, i.e. steroid
hormone biosynthesis, remained altered during the whole study period.
Figure 1.5 shows the steroid hormone synthesis pathway and its
intermediates highlighting metabolites detected and/or altered in this

study at the four studied time points.
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Figure 1.4. Heatmaps of altered plasma metabolic features (N=2071) in samples collected
at 0 (top, left), 24 (top, right), 48 (bottom, left) and 72 h (bottom, right). Note: norm vs. pathologic
at 0 h N=13 and 23; at 24 h N=20 and 30; at 48 h N=22 and 28; and at 72 h N=20 and 32,

respectively.
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Table 1.2. Altered pathways in newborns suffering from HIE with pathologic MR outcomes.

Total # of Hits Fisher’s Hits Fisher’s Hits Fisher’s Hits Fisher’s
Pathway metabolites Hits (total) (sig) P (sig) P (sig) P (sig) P
TO T24 T48 T72
Alanine, aspartate and glutamate
metabolism 24 19 6 0.14 5 0.9 13 0.4 16 0.04
Arginine and proline metabolism 77 50 10 0.5 21 0.4 41 0.002 41 0.003
Caffeine metabolism 21 2 2 0.04 2 0.2 2 0.4 2 0.4
D-Glutamine and D-glutamate
metabolism 11 7 1 0.8 3 0.6 7 0.03 7 0.04
Limonene and pinene degradation 59 7 2 0.4 1 1.0 4 0.7 7 0.04
Lysine biosynthesis 32 20 3 0.8 11 0.10 17 0.02 19 0.0013
Lysine degradation 47 32 7 0.4 17 0.07 21 0.4 28  0.002
Nitrogen metabolism 39 16 4 0.4 7 0.4 11 0.4 14 0.03
Phenylalanine metabolism 45 25 5 0.5 15 0.02 24 0.00009 21 0.02
Selenoamino acid metabolism 22 2 2 0.04 1 0.6 2 0.4 2 0.4
Steroid hormone biosynthesis 99 29 11 0.01 23 0.000009 25 0.004 25 0.006

Note: results with a Fisher’s P-value < 0.05 are gray-shaded.
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1.4 Discussion and conclusions

The HYPOTOP trial was designed to minimize shortcomings of
single center trials thus improving the generalizability of the
observations. This is underpinned by the homogeneity of the clinical and
demographic parameters between both study groups (normal vs.
pathologic MR outcome) as shown in Table 1. For the quantitative
determination of lactate and pyruvate, a targeted gas chromatography-
mass spectrometry (GC-MS) method was used, whereas untargeted
fingerprinting was carried out using LC-TOFMS. For lactate and
pyruvate concentrations in plasma samples collected before the initiation
of TH, poor predictive values were found, whereas during TH, lactate
(24 and 48 h) and pyruvate (72 h) were able to discriminate between
newborns with confirmed brain injury and normal outcomes as, shown
in Figure 1.1. Optimum cut-off values from receiver operating
characteristic (ROC) curves of 1.1 mM and 51.4 uM for lactate at 24 and
48 as well as pyruvate at 72 h, respectively, were obtained for the
discrimination between both groups. The difference in concentration
levels of lactate between newborns with normal and pathologic MRI
outcomes decreased over time, whereas an increase was noted for
pyruvate concentrations. Due to the high capacity for lactate transport
into and out of the brain, blood lactate has been employed as surrogate
marker for brain tissue hypoxia and/or ischemia. It has been
demonstrated that serum lactate strongly correlates with cerebral lactate
concentrations at the basal ganglia, thalamus, and gray matter regions
measured during TH in newborns with moderate to severe brain injury

[49]. In accordance with findings on blood lactate, the relative increase
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in serum lactate dehydrogenase concentration between Days 1 and 3 was
associated with central gray matter lesions [56]. Moreover, lactate and
pyruvate concentrations were found to be elevated in plasma from
newborns with HIE undergoing TH at 48 h as compared to a control
group of healthy term infants [21] and serum lactate was significantly
elevated at 72 h of life in newborns with poor neurodevelopmental
outcomes [57]. Lactate levels acquired within the first hour of life in
combination with serial measurements of lactate have been proposed as
predictors of moderate/severe HIE [58] and prolonged time to
normalization of serum lactate occurred in severe HIE with prolonged
electrographic seizures [59]. In contrast, to date, no literature is available
on blood pyruvate levels in newborn infants with HIE. In experimental
studies, both concentrations of cerebral pyruvate and lactate were found
to be elevated un hypoxia and hypoxia-ischemia [50].

A complementary analytical approach aimed at exploiting the
potentials of untargeted metabolomic fingerprinting for enhancing the
current understanding of the complex perturbations of hypoxia-ischemia
on the individual, phenotypic level and its impact on the
pathophysiology of HIE. The importance of repeated phenotypic
monitoring should be highlighted as it is well known that HIE passes
through different phases and TH induces a reduction in cerebral and
whole-body metabolism [23]. Furthermore, the transition of the neonate
from hypoxic in utero conditions to a relatively oxygen-rich environment
induces changes in the metabolome. In an animal model, 23% of the
detected metabolites showed a significant change in concentration when
comparing umbilical cord blood to blood samples drawn until after birth
[60]. In the present study, a clear effect of the time elapsed from birth

until sample collection has been observed (see Figure 1.2), with the
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pattern of injury becoming more visible as time evolves (see Figure 1.3;
Figure 1.4). This was further corroborated by the results of pathway
analysis shown in Table 1.2 and Table A.1.1, where an upward trend in
the number of altered pathways with time was observed while the pattern
of injury emerges during secondary energy failure.

We demonstrated that the early evolving blood metabolome
provides useful information for the discrimination of newborns who will
show pathologic MRI patterns after TH. In the first blood sample
analyzed in this study, collected before initiation of TH, levels of two
metabolites of the purine metabolism, i.e., xanthine and its derived
nucleoside xanthosine, were found to be altered. Purine metabolism has
been described repeatedly to be affected in animal experiments on
hypoxia/reoxygenation [61]. Furthermore, the steroids hormone
biosynthesis pathway was affected over the whole study period in
newborns with HIE and pathological MRI outcomes, but became
especially relevant during TH. In agreement with our observations (see
Table A.1.1), a significant increase of neonatal 17-hydroxyprogesterone
levels has been reported in blood samples from infants suffering from
birth asphyxia and neonatal seizures [62]. Although the influence of
drugs administered for sedation, or antibiotics and vasopressor drugs
cannot be ruled out, the observed effect might likely be linked to the
response to stress and pain that inevitably triggers a hormonal response
affecting epinephrine, norepinephrine, and cortisol levels. On the other
hand, the use of hormones has been proposed as therapeutic drugs in the
context of HIE. In experimental studies, the administration of
glucocorticoids [63] and progesterone [64] ameliorated neonatal

hypoxic-ischemic brain injury.
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At later time points in sample collected during TH, a total of eight
pathways involving amino acid metabolism, synthesis and degradation
have been observed to be perturbed when comparing between normal vs.
pathologic groups. In the literature, several reports on the perturbation
of amino acids in hypoxia and hypoxia-ischemia in experimental models
an neonates ca be found [51] and the accumulation of excitatory amino
acids (glutamate and aspartate) in cerebral tissue during the acute phase
as well as secondary energy failure have been extensively described [23].
In umbilical cord blood of newborns with HIE in comparison to a healthy
control group, alanine aspartate, and glutamate metabolism, as well as
phenylalanine metabolism, were found to be altered [54] and changes in
metabolite levels involved arginine and proline metabolism (i.e., proline
[65]), nitrogen metabolism (i.e., phenylalanine [65] and tryptophan [54]),
and phenylalanine metabolism (i.e., phenylalanine [65] and succinate
[52—54] were observed.

This study has some limitations. Although TH is a routine clinical
practice, patients need to be transferred to level III NICUs to receive this
treatment. Consequently, umbilical cord blood could not be collected
from these patients. This is an intrinsic problem of studies on infants
with HIE and the exclusion of outborn infants would dramatically
increase the time needed for the recruitment of a representative number
of subjects. In addition, this study does not include a healthy control
group or newborns with asphyxia or classified as mild HIE (Sarnat 1), as
only newborns subjected to hypothermia treatment were included. There
is risk of adverse neurodevelopmental outcome of mild HIE newborns,
but, up to now, there is no evidence to support cooling in these babies,
and therefore we consider that the study of the metabolic fingerprint of

those infants in correlation with the clinical outcomes would be of
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interest [66]. Furthermore, metabolomic coverage could be increased by
taking advantage of complementary methods and analytical platforms.
The use of complementary methodological approaches might help to
achieve a more comprehensive view of the global effects of HIE on the
plasma metabolome. Before the findings described in this study can be
translated to the clinic, an exhaustive validation of the results is
necessary involving the identification and quantification with primary
standards following guidelines of regulators such as the U.S. Food &
Drug Administration and European Medicines Agency.

We report the first metabolomic study involving human subjects
and serial sample collections in HIE for modeling brain injury as
confirmed with MRI. Herein, the time-dependent evolution of lactate
and pyruvate levels in newborns with HIE undergoing TH is shown. Our
data underpin the usefulness of blood lactate with a cut-off value of 1.1
mM between 24 and 48 h and pyruvate with a cut-off value of 51.4 uM
at 72 h for anticipating favorable/ unfavorable MRI outcomes. Although
these findings need to be validated in independent cohorts, these
biomarkers could be easily implemented within clinical routine care, as
portable devices for point-of-care testing are commercially available.
However, at very early sampling time points (before initiation of TH),
the measurement of those parameters does not support outcome
prediction. Metabolic pathway analysis revealed the time-dependent
perturbation of several pathways. Purines (i.e., xanthine and xanthosine)
were found to be altered in blood samples from newborns with
pathologic MRI outcomes drawn before the initiation of TH and the
steroid hormone biosynthesis pathway has been significantly altered
during the whole study period comprising early samples collected

shortly after birth and until completion of TH after 72 h. Hence, this
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study provides evidence of the usefulness of metabolites from both
pathways as candidate biomarkers to be evaluated in future clinical
validation studies as they might allow an early prediction of central
nervous system impairment reflected in an anatomic alteration
detectable by MRI. In depth knowledge of metabolic alterations might
furthermore support studies targeting the development of adjuvant
therapies to be combined with TH, e.g., the administration of allopurinol

and steroid hormones.

1.5 Materials and Methods

1.5.1 Study Approval

The study was approved by the Ethics Committee for Biomedical
Research of the Health Research Institute La Fe (Valencia, Spain) and
registered as EudraCT 2011-005696-17 under the acronym HYPOTOP.
Informed consent was obtained from parents of all participants and all
methods were performed in accordance with relevant guidelines and

regulations.

1.5.2 Population

A cohort of 62 newborns enrolled in the HYPOTOP trial was
included in this study according to pre-established inclusion and
exclusion criteria. The HYPOTOP trial is a randomized, controlled,
multicenter, double-blinded clinical trial aiming to assess the efficacy of
topiramate vs placebo in patients with HIE undergoing TH. A detailed
description of the HYPOTOP trial including the study design and

sample-size estimation can be found elsewhere [39].
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1.5.3 Magnetic Resonance Imaging

MRI was performed between days 4 and 8 after birth. It was carried
out using a 3T magnet system (Signa Excite®, General Electric
Healthcare, USA) and always included 3D Gradient Echo T1 weighted
MR images, coronal and axial Fast Spin Echo T2 weighted MR images,
diffusion weighted images (b0 and b1000 values), and susceptibility
weighted imaging. In most of the cases, single voxel MR spectroscopy
in thalamus, white, and grey matter was acquired using PROBE
sequence, as well as diffusion tensor imaging (32 directions). The score
used to differentiate mild from moderate and severe HIE was based on
the MR score described by Barkovich [67]. Acute hypoxic ischemic
insult in basal ganglia and thalami (BGT) was classified as mild if focal
injury with normal posterior limb of the internal capsule (PLIC) was
seen; as moderate if multifocal BGT pattern and equivocal or normal
PLIC was identified, and as severe when diffuse BGT patterns and
abnormal PLIC was detected. To evaluate white matter injury as well as
cortical injury we defined mild injury when only periventricular white
matter was involved and normal cortex was preserved, moderate when
subcortical white matter and focal areas of cortical highlighting were
identified and severe when widespread abnormalities with extensive
cortical involvement were described. MRI results were interpreted by
experienced, blinded radiologists. Based on the results of MRI, patients
were classified as “normal” (N=22) or “pathologic” (N=33) neuronal
outcomes following the criteria explained elsewhere [68]. Seven patients
were excluded from further analysis as no MRI results were available.

Patient characteristics of the remaining 55 infants are shown in Table 1.
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1.5.4 Blood sampling, Processing and Storing

0.5 mL of whole blood were extracted at birth (umbilical cord
blood, when available, or extracted as early as possible before the
initiation of TH; N=36) and at 24 (N=50), 48 (N=50) and 72 h (N=52)
after the administration of the first dose of medication or placebo from a
peripheral vein using heparinized syringes (1% sodium heparin). Blood
samples were centrifuged immediately at 1800 x g and 20 °C during 10
min. Plasma was collected and stored at -80 °C until analysis.

A total of 188 samples was collected from 62 newborns with
moderate or severe HIE. Patients were recruited at 13 sites following a
stringent study protocol and written standard operating procedures to
limit the probability of chance correlations due to bias, systematic errors,

or flaws in the experimental design.

1.5.5 Analytical Methods

1.5.5.1 Determination of Lactate and Pyruvate

The determination of lactate and pyruvate was carried out in
plasma samples employing a two-step oximation-silylation procedure
and a validated GC-MS method, employing a 6890GC-5973N GC

electron impact quadrupole MS system as described elsewhere [21].

1.5.5.2  Untargeted Metabolomic Analysis

Plasma samples were thawed on ice and homogenized on a
Vortex® S0200 mixer (LabNet, Edison, NJ, USA) during 10 s at
maximum speed. 75 pL of cold (4 °C) CH30H were added to 25 pL of

plasma and samples were centrifuged at 16000 g during 15 min at 4 °C.
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80 uL of supernatant were collected and evaporated to dryness on a
miVac centrifugal vacuum concentrator at room temperature and re-
dissolved in 60 pL de H2O:CH3CN (0.1% v/v HCOOH) 95:5 containing
phenylalanine-Ds, caffeine-Do, leucine enkephalin, and reserpine, each
at a concentration of 2 pM. Blank extracts were prepared by replacing
whole blood with 500 pL of H20. A quality control (QC) sample was
prepared by mixing 5 pL of each plasma sample and a total of 10 QC
sample aliquots were processed as described for plasma samples.

Chromatographic separations were performed on an Agilent
1290 Infinity UHPLC chromatograph using a UPLC ACQUITY BEH
C18 column (2.1 mm x 100 mm, 1.7 um, Waters, Wexford, Ireland) and
a flow rate of 400 uL min~'. Autosampler and column temperatures were
set to 4 and 40 °C, respectively, and an injection volume of 4 pL was
used. Initial conditions of 98% of mobile phase A (H20 (0.1% v/v
HCOOH)) were kept for 0.5 min, followed by a linear gradient from 2
to 20% of mobile phase B (CH3CN (0.1% v/v HCOOH)) in 3.5 min and
from 20 to 95% B in 4 min. Conditions of 95% B were held for 1 min
and a 0.25 min gradient was used to return to the initial conditions, which
were held for 2.75 min.

Full-scan MS data between 100 and 1700 m/z with a scan
frequency of 6 Hz (1274 transients/spectrum) were collected on an
iFunnel quadrupole time-of-flight Agilent 6550 spectrometer operating
in ESI" and TOF MS mode. The electrospray ionization parameters were
set as follows: gas T, 200 °C; drying gas, 14 L min™'; nebulizer, 37 psig;
sheath gas T, 350 °C; sheath gas flow, 11 L min™!. For automatic MS
spectra re-calibration during analysis, a mass reference standard was

introduced into the source via a reference sprayer valve using 149.02332
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(background contaminant), 121.050873 (purine), and 922.009798 (HP-
0921) m/z as references.

System suitability was checked employing a standard mixture
containing internal standards. The analytical system was conditioned by
injecting the QC extract 9 times at the beginning of the batch. Data
acquired during system conditioning were discarded from data analysis.
A total of 188 plasma sample extracts were analyzed in random order in
a single analytical batch. QC samples were analyzed every 5™ sample
and twice at the beginning and end of the batch for assessment and
correction of instrumental performance [69]. Furthermore, automated
UHPLC-ESI(+)-QqTOF (MS/MS) analysis of the QC sample was
performed using two collision energies (20 and 40 V) to support
metabolite annotation. The blank extract was injected a total of 4 times
and used for data clean-up with the aim of identifying signals from other

than biological origin.

1.5.5.3 Statistics

Raw UHPLC-TOFMS data was converted into centroid mzXML
format using ProteoWizard [70]. Metabolomics data have been
deposited to the EMBL-EBI MetaboLights database with the identifier
MTBLS1041 and the complete dataset can be accessed here [71]. A peak
table was extracted using XCMS (version 3.4.2) [72] running in R
(version 3.5). A total of 38014 features were initially detected after peak
detection, integration, chromatographic deconvolution, and alignment.
The CAMERA [73] package was used for identifying peak groups and
annotation of isotopes and adducts.

The obtained peak table was imported into MATLAB R2017b
(Mathworks Inc., Natick, MA, USA) for further data processing and
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analysis. To reduce intra-batch variation, the Quality Control-Support
Vector Regression algorithm [74] and the LIBSVM library [75] were
applied using an e-range of 2.5 to 7.5, a y-range of 1 to 10°. C was
defined for each feature as the median value in QCs. Then, features
detected in blanks (i.e., median peak area in QCs <5 times the maximum
value detected in blanks) and those with a RSD% in QC samples >20%
were excluded. The final peak table contained 8122 features. Systematic
identification of detected features was carried out by matching m/z
values against the Human Metabolome Database (version 4.0) [76] with
5 ppm accuracy. To increase confidence in the identification, MS/MS
fragmentation spectra were matched against reference spectra from
HMDB and METLIN databases. Peak intensities of internal standards
and QC samples were used for monitoring the instrumental response
during data acquisition throughout the batch as described elsewhere
[74,77].

MATLAB 2017b inbuilt functions as well as in-house written
scripts (available from the authors upon reasonable request) and the PLS
Toolbox 8.0 from Eigenvector Research Inc. (Wenatchee, USA) were
used for PCA, non-parametric Wilcoxon ranksum test, and #-test (o =
0.05, unequal variances). MetaboAnalyst (version 4.0) [78] was used for
hierarchical clustering and the generation of heatmaps from auto scaled
data employing Euclidean distance and Ward’s method. As an input for
pathway analysis, #-test p-values (o = 0.05, unequal variances) and fold
changes were computed for each metabolic feature comparing normal
and pathologic outcomes for each sampling time point separately.
Pathway analysis was carried out using MetaboAnalyst with the ‘MS
peaks to pathways’ tool (mass accuracy = 5 ppm; mummichog algorithm

with p-value cutoff set to the top 10% of peaks) and the Kyoto
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Encyclopedia of Genes and Genomes (KEGG) pathway library (Homo
sapiens). Pathways with p-values from Fisher’s exact -test < 0.05 were
considered as altered. Putative identifications based on m/z from
pathway analysis were corroborated by manual inspection of raw data
and MS/MS data when available (‘level 2’ identification as defined by
The Metabolomics Standards Initiative [79]).
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Chapter 2. Non-invasive monitoring of
evolving urinary metabolic patterns in

Hypoxic-ischemic encephalopathy

2.1 Abstract

Background: Infants with moderate and severe neonatal encephalopathy
(NE) frequently suffer from long-term adverse outcomes. We
hypothesize that the urinary metabolome of newborns with NE reflects
the evolution of injury patterns observed with magnetic resonance

imaging (MRI).

Methods: eligible patients were newborn infants with perinatal asphyxia
evolving to NE and qualifying for therapeutic hypothermia (TH)
included in the HYPOTOP trial. MRI was employed for characterizing
brain injury. Urine samples of 55 infants were collected before, during,
and after TH. Metabolic profiles of samples were recorded employing
three complementary mass spectrometry-based assays, and the alteration

of detected metabolic features between groups was assessed.

Results: The longitudinal assessment revealed significant perturbations
of the urinary metabolome. After 24 h of TH, a stable disease pattern
evolved characterized by the alterations of 4-8% of metabolic features
related to lipid metabolism, metabolism of cofactors and vitamins,

glycan biosynthesis and metabolism, amino acid metabolism, and

39



Non-invasive monitoring of evolving urinary metabolic patterns in HIE

nucleotide metabolism. Characteristic metabolomic fingerprints were
observed for different MRI injury patterns.

Conclusions: This study shows the potential of urinary metabolic
profiles for the noninvasive monitoring of brain injury of infants with
NE during TH.

Impact:

e A comprehensive approach for the study of the urinary
metabolome was employed involving a semi-targeted capillary
electrophoresis-time-of-flight mass spectrometry (TOFMS)
assay, an untargeted ultra-performance liquid chromatography
(UPLC)-quadrupole TOFMS assay, and a targeted UPLC-
tandem MS-based method for the quantification of amino acids.

e The longitudinal study of the urinary metabolome identified
dynamic metabolic changes between birth and until 96 h after the
initiation of TH.

e The identification of altered metabolic pathways in newborns
with pathologic MRI outcomes might offer the possibility of
developing noninvasive monitoring approaches for personalized
adjustment of the treatment and for supporting early outcome

prediction.

2.2 Introduction

Perinatal asphyxia is defined as the interruption of blood flow
and gas exchange to the fetus in the perinatal period. Prolonged hypoxia-
ischemia can trigger a cascade of events leading to injury to vital organs,
especially the brain (i.e., neonatal encephalopathy, NE). NE following

birth asphyxia is a major cause of early neonatal death, cerebral palsy,
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or neurodevelopmental disability in term neonates, affecting ~0.5-1.5
per 1000 live births in high-income countries and ~ 1 million infants
every year worldwide [80-82]. Magnetic resonance imaging (MRI),
including diffusion-weighted imaging and spectroscopy performed
between the fifth and seventh day after birth, has become the cornerstone
for establishing the degree of brain injyry and predicting
neurodevelopmental outcome [83]. There is compelling evidence
suggesting that perinatal asphyxia and the administration of
supplemental oxygen may influence the brain at the molecular level by
stimulating epigenetic modifications, including DNA
methylation/demethylation, histone modifications, and miRNAs and
epigenetic mechanism, that may be involved in the development of a
hypoxic/ischemic-sensitive phenotype [84,85].

It has been observed that the combination of decreased cerebral
perfusion and subsequent hypoxia triggers an evolving sequence of
biochemical alterations that, lasting days, weeks, or even months, lead
to anatomical and physiological injuries characterizing NE [22,23].
Therefore, a longitudinal biochemical assessment of NE is needed from
birth until beyond the duration of therapeutic hypothermia (TH). NE has
been associated with damage to the integrity of the blood—brain barrier,
and therefore brain injury could be reflected in peripheral blood samples
or other biofluids [47] theoretically enabling the implementation of
noninvasive monitoring approaches. Metabolomics is a systems biology
approach aiming at the holistic study of the complete pool of small
molecules forming the metabolome of a biological sample. While
metabolites are downstream products of the genome, transcriptome, and
proteome, they reflect their interactions and the interaction with the

environment, thereby providing a direct, dynamic, and meaningful read
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out of the biochemical status of a system closely related to its actual
phenotype [86]. Literature reports on the use of metabolomics for the
study of perinatal asphyxia in newborns with NE are highly encouraging,
although the main scope has been the early diagnosis of NE based on the
comparison of asphyxiated/NE infants to healthy control infants [51—
54,65,87], and metabolomics has only been scarcely used for
progressing our understanding of the multilayer effects of NE and TH on
the newborn [51,88]. Recently, the analysis of metabolic profiles of
plasma samples collected between birth and until completion of TH
enabled the identification of a dynamic perturbation of 11 metabolic
pathways, including amino acid and purine metabolism, and the steroid
hormone biosynthesis, in addition to pyruvate and lactate, in newborns
with pathologic MRI outcomes [89]. In this study, we hypothesized that
the urinary metabolome of newborns with NE recorded during the first
96 h of life encompasses the evolution of the injury pattern of the brain
that is evidenced by MRI outcomes. Hence, the goal of this study is to
provide insight into metabolic alterations secondary to brain injury in a
clinical cohort of newborn infants with NE undergoing TH, with the aim
of generating a knowledge base for the future development of a
noninvasive monitoring approach, supporting the prediction of long-

term clinical outcomes.

2.3 Materials and methods

2.3.1 Study approval and population

The study was approved by the Ethics Committee for Biomedical
Research of the Health Research Institute La Fe (Valencia, Spain) and
registered under the acronym HYPOTOP (EudraCT2011-005696-17).
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The HYPOTOP trial is a randomized, controlled, multicenter, double-
blinded clinical trial for assessing the efficacy of topiramate vs. placebo
in newborns, with NE undergoing TH. All methods were performed in
accordance with relevant guidelines and regulations, and informed
consent was obtained from legal representatives of enrolled infants. For
a detailed description of the HYPOTOP trial, including the study design
and the established inclusion and exclusion criteria, the reader is referred
to the literature [39]. In this study, a sub-cohort of 55 newborns enrolled
in the HYPOTOP trial was included.

Samples were collected from urinary catheters or using sterile
cotton pads placed in the diaper following a standard operating
procedure to avoid bias and systematic errors. Urine samples were
collected before initiation of TH at 6 h, as well as 12, 24, 48, 72, and 96
h after the initiation of TH. Samples were aliquoted into three dry

microcentrifuge tubes and stored immediately at —80 °C until analysis.

2.3.2 Magnetic Resonance Imaging

MRI was carried out using different high-field magnet systems
between days 4 and 8 after birth. In all cases, 3D Gradient Echo T1-
weighted MR images, axial Fast Spin Echo T2-weighted MR images,
and diffusion-weighted images were acquired. The interpretation of MRI
results was carried out by an experienced, blinded pediatric
neuroradiologist, rating the extent of the injury in posterior limb internal
capsule, basal ganglia, thalami, white matter, and cortex [68] and using
a standardized score according to the National Institute of Child Health
and Human Development (NICHD) Neonatal Research Network (NRN),

discerning between injury patterns as described by Shankaran et al. [90].
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2.3.3 Metabolomic fingerprinting of urine samples

Three complementary analytical approaches were employed for
the analysis of metabolic fingerprints of urine samples to enhance
metabolome coverage, i.e., (1) a semi-targeted capillary electrophoresis—
time-of-flight mass spectrometry (CE-TOFMS) assay, (ii) an untargeted
ultra-performance liquid chromatography—quadrupole time-of-flight
mass spectrometry (UPLC-QTOFMS) assay, and (iii) a targeted UPLC-
tandem MS (MS/MS)-based method for the quantification of amino
acids. Results were normalized to creatinine concentrations and are

made available as Table A.2.1.

2.3.4 Semi-targeted CE-TOFMS analysis

A total of 279 urine samples were thawed on ice and homogenized
on a Vortex® mixer for 1 min. A total of 50 uL of the sample were mixed
with 50 puL of 0.2M formic acid containing 0.4mM methionine sulfone
(internal standard, IS). After homogenization on a Vortex® mixer for 5
min and centrifugation at 13,200 X g for 10 min at 4 °C, 60 pL of the
supernatant were collected and mixed with 180 pL of cold methanol for
5 min. Samples were centrifuged at 13,200 X g for 15 min at 4 °C, and
200 pL of supernatant were transferred into microcentrifuge tubes and
evaporated to dryness using a Speedvac concentrator. Finally, sample
extracts were redissolved in 60 pL of 0.2M formic acid, shaken for 5 min
on a Vortex® mixer,
and centrifuged at 2000 X g at 4 °C for 5 min. A total of 50 pL of

supernatant were transferred to CE vials for analysis. Quality control
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(QC) samples were prepared by pooling 5 puL from each sample and
processed applying the same procedure, as described for samples.

The analysis of urine samples was carried out by capillary
electrophoresis—electrospray—time-of-flight MS (CE-ESI TOFMS),
using instrumental conditions described elsewhere [91]. Briefly, CE—
ESI-TOFMS analysis was performed on an Agilent 7100 Capillary
Electrophoresis system (Agilent Technologies, CA) coupled to an
Agilent 6224 TOFMS instrument. The separation was performed on a
fused silica capillary (Agilent; total length, 100 cm; i.d., 50 pm) in
normal polarity with a background electrolyte composed of 1.0M
HCOOH solution in 10% CH30H (v/v). Samples were
hydrodynamically injected at 50 mbar for 17 s followed by the injection
of background electrolyte at 100 mbar for 10 s. The separation voltage
applied was 30 kV with 25 mbar of internal pressure and the run time
was 40 min. The sheath liquid (6 pL min!) composition was
CH30H:H20 (1:1, v/v) containing two reference masses (purine and HP-
0921). The MS parameters used were: fragmentor 125 V, skimmer 65 V,
octopole 750 V, nebulizer pressure 10 p.s.i., drying gas temperature at
200 °C, and flow rate 10 mL min~!. The capillary voltage was 3500 V.
Full-scan MS spectra from m/z 70 to 1000 were acquired in positive dual-
ESI mode at a scan rate of 1.02 scan s~!. MassHunter Workstation
version B.06.01 controlled the CE-TOFMS system. The analysis of the
samples was carried out in four batches of randomized samples. At the
beginning of each batch, six QCs were injected for pre-sequence system
conditioning, and a QC was injected every ninth sample to monitor the
system performance. CE-TOFMS data processing using the Profinder
software (B.06.00, Agilent) enabled the identification of 102 metabolites
(Table A.2.2) in the urine sample set.
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2.3.5 Untargeted UPLC-QTOFMS analysis

A total of total of 293 urine samples were prepared and analyzed
by UPLC—QTOFMS assay, as described elsewhere [92]. Urine samples
were randomly split into three analytical batches. Briefly, urine samples
were thawed on ice, homogenized on a Vortex® mixer during 30 s, and
centrifuged (16,000 X g during 15 min at 4 °C). A total of 50 puL of
supernatant were withdrawn and spiked with 50 pL of IS solution in 96-
well plates containing phenylalanine-Ds (Cambridge Isotopes
Laboratory Inc., Andover, MA), caffeine-Dy (Toronto Research
Chemicals, Toronto, Ontario, Canada), leukine enkephalin (Sigma-
Aldrich Quimica SA, Madrid, Spain), and reserpine (Sigma-Aldrich
Quimica SA) in H20:CH30H (1:1, 0.1% v/v HCOOH) at concentrations
ranging between 2 and 4 uM. Blanks were prepared by replacing urine
with H20 and a QC was prepared by mixing 5 pL of each final sample
extract. The QC was split into three aliquots, each being measured in a
single analytical batch to avoid additional freeze—thaw cycles. Sample
extracts, blanks, and QCs were stored at —80 °C until analysis. Before
analysis of each batch, sample extracts, blanks, and a QC aliquot were
thawed on ice.

UPLC-QTOFMS analysis was performed on an Agilent 1290
Infinity UPLC chromatograph equipped with a UPLC BEH Cis (100 X
2.1 mm, 1.7 pm, Waters, Wexford, Ireland) column running a binary
mobile phase gradient (mobile phase A: H20, 0.1% v/v HCOOH and
mobile phase B: CH3CN, 0.1% v/v HCOOH), and acquiring full-scan
MS data from 100 to 1700 m/z with a scan frequency of 6 Hz on an
iFunnel QTOF Agilent 6550 spectrometer in the positive electrospray
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(EST*) mode. The QC sample was injected ten times at the beginning of
each batch for system conditioning, as well as after every five urine
samples for the monitoring and control of the instrumental performance.
The blank extract was injected twice, at the beginning and end of each
batch.

The peak table was generated for each batch separately usin
XCMS (version3.4.2) (https://bioconductor.org/
packages/release/bioc/html/xcms.html) running in R (version 3.6.1),
using the centWave method [93]. Intensity weighted m/z values of each
feature were calculated using the wMean function and peak limits used
for integration were found through descent on the Mexican hat filtered
data. Peak grouping was carried out using the rearrest method, and the
fillPeaks method was applied to fill missing peak data.

All further calculations were carried out in MATLAB R2019b
(Mathworks Inc., Natick, MA) using in-built, as well as in-house written
scripts and functions and the PLS Toolbox 8.7 (Eigenvector Research
Inc., Wenatchee). Blank samples were used to identify and remove
features arising from contaminants and carryover with a ratio of median
intensities in QCs and blanks <9 [94]. The three data sets were aligned
using m/z and RT tolerances of 50 mDa and 0.1 min, and a mzVsRT =
1. Within-batch effects were corrected for each batch separately
employing the Quality Control-Support Vector Regression algorithm
[92] and the LIBSVM library [75] method with and e-range from 2.5 to
5, ay-range from 1 to 105, and a C-interval of 50 [95,96]. Between-batch
effects were linearly corrected using the median values in QCs as
reference [92]. UPLC-MS features with a relative intensity change

across batches >5, and those with a D-ratio > 20% in QCs after within
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and between-batch effect correction were classified as unreliable [69]

and removed.

2.3.6 Quantitative amino acid profiling

A total of 237 urine samples were thawed on ice and homogenized
on a Vortex® S0200 mixer (LabNet, Edison, NJ) during 10 s. A total of
70 uL of water (Optima LC/MS grade, Fisher Scientific) were added to
5 uL of urine. Amino acid levels were quantified using a ultraderivation
kit (AccQ TagTM Ultra Derivatization Kit, Waters), following the
manufacturer’s protocol. Blanks were prepared by replacing the urine
sample with water (Optima LC/MS grade). A QC was prepared by
mixing 5 pL of each sample. Quantitative analysis of amino acids was
performed employing a 1290 Infinity UPLC system from Agilent
equipped with a UPLC CORTECS Cis column (150 X 2.1 mm, 1.6 um)
from Waters coupled to an Agilent 6460 triple quadrupole MS system
operating in EST* mode. The flow rate was set to 500 pL min~! running
a binary gradient with 0.1% v/v HCOOH in H20 and 0.1% v/v HCOOH
in CH3CN as mobile phase components. Column and autosampler were
kept at 55 and 4 °C, respectively and the injection volume was 3 pL.
Raw data were acquired and processed employing MassHunter
Workstation (version B.07.00, Agilent). Missing values were imputed as
0.5 X LOQ of each compound. In Table A.2.3 a list of the parameters

employed for amino acid quantification can be found.
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2.3.7 Creatinine determination

Creatinine was quantified following the protocol of the Urinary
Creatinine Detection Kit (Arbor Assays™, Ann Arbor, MI), employing

a dilution factor of 1:4 and measuring the absorbance at 490 nm.

2.3.8 Data processing and statistics

Metabolic fingerprints were normalized to creatinine, logio
transformed, and pareto scaled. Between group comparisons of clinical
and demographic variables were carried out employing the Student’s ¢
test for unequal variances (0=0.05), Wilcoxon ranksum test (0=0.05), or
y>-test (0=0.05), according to the underlying distribution. For
determining differentially regulated metabolites or UPLC-QTOFMS
features, as well as for comparing MRI outcomes at each time point,
Student’s ¢ tests for unequal variances (0=0.05) were applied and fold
change (FC) was calculated as the ratio of means between groups.

The standardized mean difference using the simplified Cohen
equation to determine the pooled standard deviation [97] was calculated
for each metabolite/metabolic feature at each of the six sample collection
time points. Then, the Pearson correlation coefficient was calculated
between the standardized mean difference and time and obtained FDR-
adjusted P values were calculated [98].

MetaboAnalyst (version 5.0) [78] was used for the generation of
heatmaps from autoscaled data employing Euclidean distance and
Ward’s method. Pathway analysis was carried out using the mummichog
algorithm (P value cutoff set to 0.05) with a m/z accuracy = 10 p.p.m.
and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway

library (Homo sapiens). As an input, ¢ test P values estimated assuming
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unequal variances between distributions, and FCs were computed for
each metabolic feature comparing normal and pathologic outcomes.
Pathways with gamma P values <0.05 were considered as significantly
altered. The PLS Toolbox 8.7 (Eigenvector Research Inc., Wenatchee)
was used for partial least squares (PLS) and PLS discriminant analysis
(PLSDA) of autoscaled data. For k-fold cross validation, samples were
distributed into folds by subject to prevent person-specific information
crossover between the training folds and the test fold. Receiver operating
characteristic (ROC) curves were constructed based on PLSDA

predictions and cross validation results.

2.4 Results

2.4.1 Patient characteristics

A total of 55 infants from the HYPOTOP cohort were included in
this study. The characteristics of the studied population, including 55
newborns with NE undergoing TH are shown in Table 2.1. No
significant differences between the control (i.e., normal neurological
outcome) and pathologic groups were found in any of the collected
anthropometric, clinical, or biochemical parameters. Furthermore, both
groups were balanced in the proportion of infants receiving topiramate

as adjuvant therapy.
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Table 2.1 Patients characteristics of study population.

Parameter IEINOS;;)I P:z]t\l;;):l;;%ic p-value
Inborn [%] 5(23%) 6 (18%) 0.7
Maternal age (years) [means] 34 (4) 33 (6) 0.3
Gestational age (weeks) [median, 39.0 (38.0,
gIQ(R] ) 38.4 (37.4,40.5) 40(.6) 0.7
Gender (male/female) 11/11 17/16 0.9
Birth weight (g) [means] 3321 (566) 3258 (689) 0.7
Length (cm) [mean=s] 52 (4) 50 (3) 0.3
Head circumference (cm
[meancs] (cm) 35(1) 34 (2) 0.3
Delivery mode (C-section) [%] 9 (41%) 21 (64%) 0.1
Apgar Score 1 min [median, IQR] 2(1,4) 1(1,3) 0.5
Apgar score 5 min [median, IQR] 4(3,5) 3(1,5) 0.1
Apgar score 10 min [median, IQR] 5(,8) 5(@3,06) 0.2
Sarnat 2 / Sarnat 3 17/5 21/11 0.3
MRT* [%]
Score-0 22 (100%) 0 (0%)
Score-1 0 (0%) 11 (33%)
Score-2 0 (0%) 15 (45%)
Score-3 0 (0%) 2 (6%)
pH UC [means] 7.0 (0.3) 7.0 (0.2) 0.8
BE UC (mEq L") [meanzs] -15 (10) -15(8) 0.8
pCO2 UC (mmHg) [means] 67 (27) 63 (38) 0.7
HCO3 UC (mEq L") [meanzs] 13 (4) 15 (8) 0.3
MR (days) [median, IQR] 8 (6, 10) 7(7,9) 1.0
Initiation of TH (h) [mean=s] 34(1.2) 34 (1) 0.7
Topiramate treatment (yes) [%] 10 (45%) 17 (52%) 0.7

*MIR scores assigned according to the National Institute of Child Health and Human
Development (NICHD) Neonatal Research Network (NRN), as described by Shankaran et al

[90] for five newborns from the pathologic group no information on the degree of injury was

available.

2.4.2 Dynamics of the urinary metabolome

The urinary metabolome of newborns with NE was studied
employing three complementary analytical methods, i.e., untargeted
UPLC-QTOFMS, semi-targeted CE-TOFMS, and a targeted method
for the determination of amino acids. Using UPLC-QTOFMS, a total of
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293 urine samples were analyzed with N = 37 collected before the
initiation of TH and N =45, N =54, N =54, N =54, and N =49 collected
12, 24, 48, 72, and 96 h, respectively, after the initiation of TH. After
initial data preprocessing and filtering, 11,561 features were retained and
used for further analysis. In case of CE-TOFMS, a total of 279 urine
samples were analyzed with N = 35 collected before the initiation of TH
and N=44, N =52, N=53, N=53, and N =42 collected 12, 24, 48, 72,
and 96 h, respectively, after the initiation of TH. A list of metabolites
that were consistently detected in urine samples with the CE-TOFMS
target assay can be found in Table A.2.2. Amino acids were quantified
in 237 samples, N = 27 collected before the initiation of TH and N = 40,
N=41,N=47, N=43, and N = 39 collected 12, 24, 48, 72, and 96 h,
respectively, after the initiation of TH (see Table A.2.3). The
longitudinal analysis of the metabolic fingerprint of infants with NE
showed a dynamic behavior. Figure 2.1 (left) depicts the percentage of
differentially expressed features and metabolites (¢ test P value < 0.05)
after the initiation of TH, using the first urine samples collected as
reference. The majority of detected signals showed a decreasing trend
with time ranging between 16 and 59% at 12 and 96 h after the initiation
of TH, respectively. Simultaneously, only between 0.08 and 1% were
upregulated. Changes are most pronounced during the first 48 h after the
initiation of TH, whereas rewarming (96 h) did not seem to have a strong

impact.
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Fig. 2.1 Metabolic changes in urine samples from newborns with NE detected by
multi-platform metabolomics. Left: % of significantly changing features (P value < 0.05)
and % of upregulated and downregulated features at each time point during 96 h after initiating
TH with respect to the first urine sample collected before the initiation of TH. Right: % of
significantly changing features (P value < 0.05) and % of upregulated and downregulated

features in urine samples from infants with vs. without brain injury, as detected by MRI.

The effect of time is further represented in Fig. 2.2, where
metabolite concentrations with a significant correlation with time are
represented. In total, 43% of the features of the urinary metabolic
fingerprint showed a significant correlation with time, and out of the

correlated features, 53% tended to increase with time.
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Fig. 2.2 Metabolic changes associated to time. Note: color represents standardized
mean difference between time points; blue—metabolite levels lower than average, and red—
metabolite levels higher than average. P values from Pearson correlation with time were
computed, and significant metabolites after multiple testing correction are shown; heatmap

calculated using Euclidean distance and Ward algorithm representing autoscaled features.

2.4.3 Perturbation of the urinary metabolome in infants with
pathologic MRI outcome
Differences in the urinary metabolic fingerprints of infants with
normal and pathologic MRI outcome were assessed throughout the first
96 h of life. As shown in Figure 2.1 (right), the number of significantly

altered metabolic features reaches a minimum at 12 h and ranges
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between 4 and 8% at the remaining time points (6 £+ 2%). The proportion
of upregulated features ranges between 0 and 0.2%, whereas the
proportion of downregulated features was rising from 0.8% at 12 h to
7% at 96 h. Figure 2.3 illustrates the metabolic pathways altered
between newborn infants with pathologic and normal MRI outcomes.
Significant alterations on the pathway level were found in urine samples
collected at all studied time points. Pathways related the amino acid and
lipid metabolism were consistently identified to be affected in infants
with pathologic MRI. Pathways related to the metabolism of cofactors
and vitamins were altered during TH. Differences in pathways
associated to xenobiotics biodegradation and metabolism were found
repeatedly before, during and after TH. Carbohydrate metabolism and
glycan synthesis and metabolism were altered during the first 24 h. Other
pathways related to the metabolism of terpenoids and polyketides, and
nucleotide and energy metabolism were affected transiently.
Accordingly, Figure 2.3 also shows the classes of changing metabolites,
with “carboxylic acids and derivatives”, “organooxygen compounds”,
“fatty acyls”, “steroids and steroid derivatives”, “indoles and
derivatives”, and “tetrapyrroles and derivatives” being the prominent
metabolite classes affected. A detailed list of identified altered

metabolites is provided in Table A.2.4.
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Figure 2.3 Dynamic metabolic alterations detected in urine samples from infants with brain injury in comparison to infants without brain injury detected

by MRI. Altered pathways and associated metabolites are shown for urine samples collected between birth and 96 h after the initiation of TH.
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With the aim of defining a disease pattern in urine metabolic
fingerprints, pathway analysis was repeated for all samples collected
between 24 and 96 h after the initiation of TH together, as the differences
between newborns with NE and pathologic vs. normal MRI outcomes in
the metabolome became more stable (see Figure 2.1). Pathway analysis
confirmed the consistent alteration of ten pathways associated to amino
acid and lipid metabolism, metabolism of cofactors and vitamins, glycan
biosynthesis and metabolism, and nucleotide metabolism, as shown in
Figure 2.3. Using the metabolic features corresponding to metabolites
included in those pathways as annotated by the mummichog algorithm
(i.e., 398 features), a PLSDA model with four latent variables was
computed for discerning between metabolic fingerprints of newborns
with pathologic (Scores 1, 2, or 3) and normal MRI outcomes (Score-0)
retrieved between 24 and 96 h after the initiation of TH. The significance
of the model was confirmed by a permutation test (500 permutations)

and ROC curves are shown in Figure 2.4.
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Figure 2.4 Disease pattern of NE as reflected in the urinary metabolome between 24 and
96 h. ROC curves from a PLSDA model (four latent variables) for Score-0 (top, left), Score-1
(top, right), Score-2 (bottom, left), and Score-3 (bottom, right) calculated, using relative
intensities of 398 metabolic features from altered metabolic pathways shown in Figure 2.3. Note:
black lines represent estimated PLSDA ROC curves (calibration set); gray lines represent
estimated PLSDA ROC curves (cross validation); dashed lines represent 50% lines; and circles
indicate model thresholds. Noninvasive monitoring of evolving urinary metabolic patterns in

neonatal.

2.5 Discussion

A severe hypoxic insult suffered in the perinatal period causes an
imbalance of the homeostasis manifesting at a systemic level in the
newborn. This perturbation can be readily monitored employing urinary

metabolomics allowing to study dynamic changes of the phenotype over
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time. In this study, a continuously increasing proportion of altered
metabolic features with time was detected affecting up to 59% of
features (Figure 2.1, left) and 43% of features showed a significant
correlation with time (Figure 2.2). The number of downregulated
features was steadily increasing and higher than the number of
upregulated features at all studied time points (Figure 2.1, left). This
observation is in good agreement with earlier literature reports on
metabolomics studies involving the analysis of the urinary metabolome
of NE infants over time [55,87,88], reporting continuous changes during
the neonatal period with some metabolites showing a relative increase in
concentration, while others tended to decrease.

The main aim of this study was to search for a metabolic
fingerprint able to discern urine samples from infants, which showed
pathologic patterns during a subsequent MRI analysis from those with
normal MRI results. This is the first Study reporting distinct patterns in
urinary metabolic fingerprints of newborns with NE and pathologic vs.
normal MRI outcomes. The injury pattern showed a dynamic behavior.
Initially detected differences between groups almost disappeared 12 h
after the initiation of TH, which might reflect a partial recovery during
the latent injury phase, and then became more evident again after 24 h
of TH (Figure 2.1, right).

To further elucidate the effect of brain injury on the metabolome,
pathway analysis was employed. Pathway analysis aims to place the
seemingly disjointed list of altered metabolites into a broader biological
context by jointly assigning metabolites to relevant metabolic pathways,
providing an interaction network that may identify centralized hubs,
where metabolic pathways coincide or where bottlenecks may occur.

Pathway alterations affecting between 3 and 11 pathways (Figure 2.3)
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were detected across all studied time points, covering before and during
TH, as well as after rewarming with some alterations being transient and
others being detected consistently (e.g., tryptophan metabolism).

From the clinical perspective and with the aim of developing a
monitoring approach the discovery of stable disease patterns is valuable.
We found that a total of ten pathways were consistently altered in urine
samples of infants with NE and pathologic MRI outcomes, when urine
samples collected between 24 and 96 h after the initiation of TH were
analyzed (Figure 2.3). Seemingly, after a period of 24 h after the
initiation of TH, biochemical alterations that evolve to anatomical
lesions in the brain that are later detectable by MRI are mirrored in the
urinary metabolome. Metabolites associated to the ten altered metabolic
pathways were successfully employed to discern between newborns with
different injury patterns (i.e., Scores 0, 1, 2, and 3) as shown by ROC
curves in Figure 2.4. Statistically highly significant models could be
obtained for all comparisons, with exception of the model for the
discrimination of Score-3, probably due to the limited number of
samples, as only two infants showed the highest degree of brain injury.
Hence, our data provides evidence of gradual changes detectable in urine
samples, providing a knowledge base for the development of biomarkers
that might support clinical monitoring compatible with TH in the future.

To the best of our knowledge, this study has analyzed and
compared for the first time the evolution of the metabolome of newborns
with NE and pathologic vs. normal MRI outcomes over time. The use of
a representative control group of newborns with NE instead of healthy
control newborns has facilitated the interpretation of the outcomes. Due
to substantial differences in the experimental design between this study

and previous results [55,87,88] a detailed comparison of the outcomes
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was not possible. However, alterations of amino acids and associated
pathways, including tryptophan metabolism and aminoacyl-tRNA
biosynthesis [55,88] had been reported. In umbilical cord blood samples
from infants with NE vs. healthy control newborns, the terpenoids
backbone biosynthesis pathway and, also a significant alteration of
kynurenine, a metabolite from the tryptophan metabolism pathway, were
identified [54] Interestingly, in a mouse model with induced excitotoxic
lesion, changes in amino acid metabolism in brain tissue were sustaining
acute and delayed responses to injury [99].

In a previous study, we analyzed the plasma metabolic
fingerprints of the newborns included in this study [89]. Several
metabolic pathways altered in urine (Fig. 3) were also found to be
affected in plasma, i.e., arginine and proline metabolism (48 and 72 h in
plasma vs. 72 h in urine), lysine degradation (72 h in plasma vs. 12 in
urine), nitrogen metabolism (72 h in plasma and urine), and steroid
hormone biosynthesis (0, 24, 48, and 72 h in plasma vs. 24 h in urine).
Hence, the results from metabolic fingerprinting in plasma and urine
samples are in good agreement, indicating that the development of brain
injury secondary to asphyxia is broadly affecting metabolism.

This study has limitations. No newborns with asphyxia or
classified as mild NE (Sarnat 1) were included. There is risk of adverse
neurodevelopmental outcome of newborns with mild NE, but to date,
there is no evidence to support cooling in these babies. Furthermore, as
NE is frequently associated to a transient renal insufficiency secondary
to proximal tubular necrosis with decreased urine output and creatinine
clearance, hematuria, and proteinuria, analytical determinations might
have been influenced by renal insufficiency especially in babies with

severe NE [100].
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In summary, this is the first time that a dynamic perturbation of the
urinary metabolome of newborns with NE undergoing TH, and showing
pathologic and normal MRI outcomes is reported. Undoubtedly, TH
significantly influences patient’s metabolism. However, since TH has
become a standard of care, our results truly reflect the clinical situation
undergone by patients with moderate to severe NE. From birth and until
completing 24 h of TH, the metabolic fingerprint experienced a gradual
shift and a distinct disease pattern evolved. This disease pattern is
characterized by the alteration of amino acid and lipid metabolism,
metabolism of cofactors and vitamins, glycan biosynthesis and
metabolism, and nucleotide metabolism. Although follow-up studies are
required for further confirming the observations from this study, this new
insight might be meaningful for patient monitoring in the NICU and for

supporting early outcome prediction.
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Chapter 3. Targeted Metabolomics data and
miRNA-seq assessment from HIE newborns

during hypothermia treatment

3.1 Introduction

Hypoxic-ischemic encephalopathy (HIE) is an injurious event
that precipitates a cellular bioenergetics failure followed by
excitotoxicity, oxidative stress, blood-brain barrier (BBB) dysfunction,
and post-ischemic inflammation, which contribute to neuronal cell lesion
or death through apoptotic mechanisms or directly necrosis [23].
Pathogenic events in HIE trigger a massive release of glutamate from
neuronal cells that binds to the postsynaptic NMDA receptors. These
events produce excitotoxicity and subsequently a burst of reactive
oxygen species (ROS) [101]. The deprivation of blood flow and the
production of ROS, damages the architecture of the blood brain barrier
(BBB), allowing the translocation of leukocytes into the cerebral
parenchyma. Resident cells, especially microglia, astrocytes and
translocated cells, release pro-inflammatory cytokines causing

neuroinflammation exacerbating brain damage [102].

Tryptophan is an essential amino acid that, under physiological
conditions, is catabolized through the kynurenine pathway (KP) to
synthesize the vital energy cofactor, nicotinamide adenine dinucleotide
(NAD+). Several downstream metabolites of the KP are biologically
active in various physiological and pathological processes, including

kynurenine, kynurenine acid, 3-hydroxykynurenine, anthranilic acid, 3-
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hydroxyanthranilic acid, picolinic acid, and quinolinic acid [103]. Two
tryptophan-metabolizing enzymes, indoleamine-2,3-dioxygenase (IDO1
and IDO2), keep track of the tryptophan catabolism-signaling pathway.
The generation of kynurenine and other tryptophan metabolites can
modulate T-cell immunity via activation of suppressive regulatory T-
cells and regulate immunity, stem cell maintenance, and cellular
differentiation through activation of aryl hydrocarbon receptors, thus
promoting cancer cell survival [104]. In brain, tryptophan metabolites
have the ability to modulate glutamatergic and nicotinic receptors to
regulate the response of the immune system after inflammation and/or

infection and even to modify the generation of ROS [105-107].

In addition, non-targeted metabolomic studies in a multicenter
randomized double blind controlled clinical trial cohort (HYPOTOP)
[39] have shown alterations of the steroid hormone biosynthesis pathway
[89,108]. This pathway was affected throughout the study period in
newborns with HIE and pathological vs normal MRI outcomes. Under
this premise, some of the most important components of the steroid

hormone biosynthesis pathway were measured.

Moreover, metabolomic studies in animal models revealed the
potential of choline, cytidine, uridine, and betaine in plasma for tracking
back the duration of asphyxia and hence, severity of HIE [61]. Supported
by these observations, a metabolite score was proposed to provide an
estimate of the duration and intensity of hypoxia based on LC-MS.
Besides, the evolution of several energy-related key metabolites in
newborns with HIE undergoing TH, i.e., lactate, pyruvate, ketone bodies,

and several Krebs cycle intermediates may be associated with the
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aerobic metabolism of newborns with neuronal disease within the

physiopathology of HIE [21].

MicroRNAs are a family of small non-coding RNAs between 19
and 25 nucleotides in length that play an important role in the regulation
of post-transcriptional gene expression. Its functioning appears to be
associated with the ability to bind to the 3’ untranslated region of the
mRNA of protein-coding target genes, leading to its silencing by
excision, translational repression, and de-adenylation [109].
MicroRNAs appear to influence various stages of neurogenesis
including cell differentiation, proliferation, and synaptogenesis in both
in vivo and in vitro studies. Studies in mice and humans have shown that
approximately 70% of the identified microRNAs are expressed in brain
tissue in relation to the complexity of the CNS and its connection [110].
Thus, both miR-126, miR-132 play a relevant role in neuroinflammation
in Alzheimer pathogenesis [111]. It has recently been shown that miR-
29b, a microRNA that is activated during neuronal maturation, plays a
relevant role in the inhibition of neuronal apoptosis [112]. Finally,
microRNA-155 is involved in the immune response mediated microglia
[111]. However, this information has not yet comprehensively revealed
the physiological and pathophysiological role of microRNAs in the
newborn period, and knowledge gaps need still to be filled in. Given the
situation of rapid brain development in the postnatal period, the
expression of microRNAs during this specific period of human
development, should be characterized and the correlation with the

regulatory capacity in adults established.
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Therewith, four metabolomic methods were used for the
determination of relevant metabolites and RNA sequencing was used for
the analysis of microRNAs. The methods were applied to 359 plasma
samples from HYPOTOP patients [39] collected from the umbilical cord
and 24, 48, and 72 hours after initiation of TH.

3.2 Material and methods

In this study, altogether 34 compounds were determined using
fours methods. First, eight compounds of the steroids hormone
biosynthesis pathway, seven compounds of the Metabolite Score, and
eleven compounds of the tryptophan pathway with LC-MS analysis; in
addition, eight energy-related metabolites were assessed employing GC-
MS analysis. Secondly, the analysis of microRNA, was carried out on an

[llumina platform by the Novogene Company (Beijing, China).

3.2.1 Steroids metabolites

For the quantification of § steroid metabolites a CHS™ MSMS
Steroids Kit of PerkinElmer (Waltham, MA USA) was using. Briefly,
200 pL of Daily Precipitation Solution (DPS) solution were mixed with
100 pL of plasma sample. Then, samples were vortexed during 15 min
and centrifuged at 4210 x g for 30 min at 4 °C. The supernatant was
transferred to a V plate and evaporated with Thermo SPDI121P
SpeedVac concentrator (Waltham, MA USA). The samples were
reconstituted in 125 of reconstitution solution. Finally, the plate was
vortexed during 15 min and UPLC-MS/MS analysis was carried out on
an Acquity-Xevo TQS system using an UPLC ACQUITY BEH CS8 (2.1
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X 10 mm, 1.7 pm, Waters, Wexford, Ireland). Flow rate and column
temperature were 300 pL min! and 50 °C, respectively. Injection
volume was 5 pL and autosampler temperature was set at 6 °C during
sample analysis. Mobile phase H2O:CH3CN 90:10 v/v were, and the
gradient elution was as follows: in initial conditions phase B was held
35% from 0 to 0.1 min. Then phase B was increased to 70% from 0.1. to
4.5 min. Phase B was held 100% from 4.6 to 5.9 min followed to a return
to initial conditions between 6.00 to 7.00. Electrospray ionization was
carried out using the following conditions: capillary 2.9 kV, cone 25 V,
source temperature 120 °C, desolvation temperature 395°C, N2 cone and

desolvation gas flow rates were 150 and 800 L h'!, respectively.

3.2.2 Metabolite Score

In Eppendorf tubes, 10 pL of plasma were added in 7 pL of
internal standards of betaine-d11 phe-ds, hypoxanthine-da, Cytidine *Co,
I5N3 and Uridine '*Co, '>N2. Then, 39 pL of cold CH3CN were added for
protein precipitation. Next, samples were vortexed and centrifuged at
13000 x g for 10 min at 4 °C. The supernatants were evaporated in a
Thermo SPDI121P SpeedVac concentrator and the residues were
reconstituted in 150 pL of mobile phase (H20:CH3CN 97:3 with 0.1%
HCOOH. Finally, quantitative analysis was performed employing an
Acquity UPLC-MS/MS system coupled to a Xevo-TQ triple quadrupole
MS detector operating in the positive electrospray ionization mode
(EST*) (Waters, Manchester, UK). A Acquity UPLC BEH C8 column
(100 X 2.1 mm, 1.7 um) and a 30:70 v/v H20:CH3CN mobile phase at
pH 7 containing 5 mM ammonium formate. Flow rate, column

temperature and injection volume were set at 0.4 ml min™!, 40 °C and 3
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ul, respectively. Detection conditions were set as follows: capillary
voltage to 3.5 kV, source temperature to 120 °C and the cone,
desolvation and collision gas flows were 50 Lh™!, 700 L h™! and 0.2 mL

min~!, respectively.

3.2.3 Tryptophan metabolites

For the quantification of 23 tryptophan metabolites, aliquots of
50 uL of plasma samples were placed into 1.5 mL Eppendorf tubes and
150 pL of cold MeOH were added for protein precipitation. Then,
samples were vortexed for 15 s and subsequently centrifuged at 13000 x
g for 10 min at 4 °C. The supernatants (150 uL) were transferred to clean
tubes and centrifuged again at 13000 x g for 10 min at 4 °C. The
supernatants (125 pL) were evaporated in a Thermo SPD121P SpeedVac
concentrator (Waltham, MA USA). The residues were reconstituted in
25 pL of internal standards solution of hydroxytryptophan-Das, L-
kynurenine-D4, indole-Ds-3-acetamide, 4-chloro-kynurenine-'>Cz,""N,
6-hydroxymelatonin-Da4, kynurenic acid-Ds, PAGN-Ds, phenylalanine-
Ds, serotonin-Da, tryptamine-Da, tryptophan-Ds, xanthurenic acid-Da
and phenylalanine-Ds (900 nM each). Finally, the supernatants were
transferred to a 96-well plate for analysis. A diluted sample (dilution
factor: 50) was prepared to ensure that metabolites typically present at
higher concentrations in samples (e.g., tryptophan) fall within the linear
range. UPLC-MS/MS analysis was carried out on an Acquity-Xevo TQS
system using using an Acquity HSS T3 C18 (100 x 2.1 mm, 1.8 pm)
column. Mobile phases were H20 (0.1% v/v HCOOH) (A) and (0.1%
v/v HCOOH) CH3CN (B). The gradient elution was as follows: phase B

was held 2% from 0 to 0.5 min, then increased linearly to 45% over the
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following 5 min. Then phase B was increased to 90% in 0.2 min followed
by a fast return to initial conditions between 5.7 and 6 min, which were
held for 1.5 min for column re-equilibration. Injection volume, flow rate
and column temperature were set at 3 uL, 550 pL/min and 55 °C,
respectively. Autosampler temperature was set at 6 °C during sample
analysis. Electrospray ionization was carried out using the following
conditions: capillary 2.9 kV, cone 25 V, source temperature 120 °C,
desolvation temperature 395°C, N2 cone and desolvation gas flow rates

were 150 and 800 L/h, respectively.

3.2.4 Energy related metabolites

Aliquots of plasma samples were thawed and homogenized
during 30 s. 50 pL of plasma samples were added to 250 pL of cold
CH3CN. The solution was centrifuged at 11000 g during 10 min at 4 °C.
Thereafter, 200 puL of supernatant were transferred to Eppendorf tubes
with internal standard solution with a concentration of 1 mM.
Subsequently, samples were evaporated on a SpeedVac concentrator
from Genevac Ltd (Ipswich, UK) at 40 °C and dry residues were
suspended in 20 pL of a freshly prepared 4% (w/w) methoxyamine
solution in pyridine. Samples and standards were incubated during 90
min at 30 °C on a thermomixer (MKR 13, Ditabis) under agitation. After,
a solution of 20 pL MSTFA + 1% TMCS were added. 30 min of reaction
time at 37 °C under agitation later, samples were diluted with 40 puL of
hexane and placed in capped glass vials for GC-MS analysis. All samples
were carried out with a 6890GC-5973N gas chromatography electron
impact quadrupole mass spectrometric system equipped with a HP-5MS

column from Agilent Technologies (Santa Clara, CA, USA). The GC
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was operated at a constant He carrier gas flow at a flow rate of 1.2 mL
min~!. The injector temperature was set to 260 °C and 1 pL of sample
was injected at a split ratio of 5:1. The oven temperature was maintained
at 60 °C during 1 min followed by a linear gradient of 10 °C min~! until

reaching 310 °C which were held during 10 min.

3.2.5 microRNASs

DNA extraction was carried out using a commercial kit
(miRNeasu Serum/Plasma kit) of Qiagen (Hilden, Germany). Briefly,
100 pL were added to 250 uM QIAzol Lysis Reagent. Then, 3.5 uM of
miRNeasy Serum/Plasma Spike-In Control and 50 uM chloroform were
added to the solution. Next, the samples were vortex vigorously for 15 s
and centrifuged for 15 min at 13000 x g for 10 min at 4 °C. After
centrifugation, 150 uL of CH30H were added. 700 pL of the solution
were centrifuged at 8000 x g for seg at room temperature. After, 700 pL,
500 and 500 of buffer and CH3OH were added respectively on MinElute
spin column and, finally, 14 pL of RNase-free water were added and
centrifugated for 1 min at full speed to elute the RNA. Subsequently, all
RNA samples were sequencing by Illumina through the company
Novogene (Beijing, China). The first step was libraru preparation and
sequencing. To guarantee the reliability of the data, quality control was
performed on each step of the procedure. Three methods of quality
control (QC) for RNA samples were used: (i) quantification with
Nanodrop, (ii) agarose gel electrophoresis to test RNA degradation and
contamination and (iii) Agilent 2100 to check RNA integrity and
quantification. After QC, library was constructed by Small RNA samples
Pre Kit. The final cDNA library was ready after a round of sequencing
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adaptor ligation, reverse transcription, PCR enrichment, purification,
and size selection. Libraries were fed into [llumina machine after pooling

according to activity and expected data volume.

3.3 Results

359 plasma samples were analyzed employing four validated,
quantitative LC-MS-based methods. Out of the 34 measured metabolites,
34 were detected in 90% samples and 1788 microRNAs were sequenced.
Regarding the characteristics of the studied population, we found
significant differences between study groups. The following table
(Table 3.1) shows the result of comparations of detected metabolites

(Mann Whitney U test, a = 0.05) between different study populations.
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Table 3.1. Mann Whitney U test of detected metabolites in different
study groups.

Compound normal vs pathologic HYPOTOP group vs control group
MRI
4-androstene-3,17-dione 8-1072 0.4
corticosterone 1 2:10°
cortisol 0.8 2:10?
11-deoxycortisol 0.3 1-10M
Dehydroepiandrosterone sulfate 1 3-10
progesterone 0.1 1-10¢
17alfa-hydroxyprogesterone 0.1 5-10°'¢
testosterone 5-102 9-10*
choline 0.4 1-107
betaine 6-107 3-107
cytidine 0.7 0.5
Uridine 0.9 1-10
Hypoxanthine 0.6 3-10°
Xanthine 0.2 0.9
Lactic acid 2:10° 1-10°®
Anthranilic acid 0.5 1-10°3
Hydroxy-anthranilic acid 0.5 0.3
Kynurenic acid 0.9 5-10°3
Tryptophan 0.9 2:10*
Xanthurenic acid 0.8 0.7
Kynurenine 0.9 3-10°
N-Formyl kynurenine 0.8 3-10°
PAGN 1-10° 5-102
Indole-lactic acid 0.4 4-10*
Indole-acetic acid 0.7 8107
4-chloro kynurenine 0.9 9-10°3
Pyruvate 4-10? 3-107
Lactic acid 4-10 2:10°F
Acetoacetate 0.4 2:10°1°
Beta hydroxybutyrate 9-102 6-10°
Succinate 1103 0.4
Fumarate 0.8 0.4
Malate 0.8 0.9
Ketoglutarate 4-10? 0.8
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Significant differences (t-test, p-value <0.05) in concentration
levels of several metabolites in newborns with pathological MRI
outcomes compared with normal MRI outcome were found for lactic
acid, phenylacetylglutamine, pyruvate, succinate, and ketoglutarate.
Secondly, the comparison between the group with pathologic MRI
outcomes and the control group, showed that compounds of all metabolic
pathways had significantly different concentrations (t-test, p-value
<0.05). Remarkably, corticosterone, cortisol, 11-deoxycortisol,
dehydro-epiandrosterone, progesterone, and 17-hydroxyprogesterone
were altered along the steroid hormone biosynthesis pathway; choline,
betaine, uridine, hypoxanthine, and lactic acid were altered in the
metabolite score; anthranilic acid, kynurenic acid, tryptophan,
kynurenine, N-formyl kynurenine, indole-lactic acid and 4-chloro
kynurenine were altered in the tryptophan pathway, and pyruvate, lactate,
acetoacetate, beta hydroxybutyrate, and succinate were altered in the
energy-related metabolic pathway. These results confirm the alteration

of the metabolomic pathway in newborns with HIE.

Regarding the analysis of the sequencing data of microRNAs, the
intensities of 1788 microRNAs was detected and annotated in plasma
samples. Fold Change (FC) > 1 and t-test (p-value < 0.05) were used
with the intention of finding intensities that could discriminate between
newborns with pathological and normal MRI. These results were
represented in a volcano plot (Figure 3.1). A set of 29 discriminant

variables with t-test < 0.05 and FC > 1 were identified.
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Figure 3.1. Volcano plot. Black point corresponds to microRNA
intensity, yellow point corresponds to microRNA intensity with t-test p-

value < 0.05 and FC >1.

3.4 Discussions and conclusions

The analysis of metabolites and miRNAs in the HYPOTOP
cohort [39] aimed to identify novel biomarkers allowing to assess
hypoxia-induced brain damage at early-stages. Results show that
intermediates of lactate, phenylacetylglutamine, pyruvate, succinate, and
ketoglutarate were altered in plasma of newborns with pathologic vs.
normal MRI. Thus, the intermediates of the steroid hormone
biosynthesis pathway, metabolite score metabolites, tryptophan pathway,

and energy related metabolism were altered in plasma of newborn
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infants with pathologic when compared to the control group with normal

MRI.

In case of steroid hormone biosynthesis pathway, the results
showed alterations in corticosterone, cortisol, 11-deoxycortisol,
dehydroepiandrosterone, progesterone, and 17-hydroxyprogesterone in
newborns with pathologic MRI compared to normal controls.
Preliminary studies have described the neuroprotective effects achieved
by the administration of glucocorticoids to ameliorated brain damage in
neonatal HIE injury [63]. Furthermore, our previous studies employing
nontargeted metabolomics indicated that the steroid hormone
biosynthesis was affected over time (Oh, 24h, 48h and 72h) in newborns
with HIE and pathological MRI outcomes but became especially
relevant during therapeutic hypothermia (TH) [89]. Alteration of these
compounds confirm our previous results and opens the possibility to

obtain new therapeutic targets and novel biomarkers.

Regarding tryptophan pathway alterations, our results suggest the
alteration of anthranilic acid, kynurenic acid, tryptophan, kynurenine, N-
formyl kynurenine, indole-lactic acid, and 4-chloro kynurenine. The
alteration of this pathway can be indicative of apoptosis and cell necrosis.
The initial step of this pathway is carried out by two key enzymes, IDO-
1 and IDO-2 and tryptopah-2,3-dioxygenase. These two enzymes
catalyze the conversion of tryptophan to kynurenine and can be activated
during brain injury and are directly related with inflammatory processes
and the immune system [113—115] In addition, kynurenic acid is an
endogenous neuroprotector and is mainly known to be an antagonist of

glutamate receptors inhibiting all three ionotropic glutamatergic
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receptors:  a-amino-3-hydroxy-5-methyl-4-isozazolepropionic  acid
(AMPA), n-methyl-D-aspartate (NMDA) and 77 -kainate receptors
(KAR) [116-118]. Kynurenic acid 1is also antagonist of the
a7acetylcholine receptor [119] and ligand of G-protein coupled receptor
(GPR35) [120]. The strongest inhibitory effects of kynurenic acid in
glutamatergic transmission are mainly mediated by acting as an inhibitor
of glycine-binding site of the NMDA receptor [121]. Several studies
conclude that the excitotoxicity caused by high levels of glutamate is
mediated by NMDA receptor that can be found in dopaminergic neurons.
Glutamate activates microglia and neuronal damage occurs. Therefore,
the powerful inhibitory characteristics increase the possibility of
neuroprotective efficacy against NMDA-mediated excitotoxicity.
KNY A could also modulate the expression and/or the release of different
growth factors such as nerve growth factor (NGF) or fibroblast growth
factor-1 (FGF-1). In the case of neuronal ischemia, deficiency of oxygen
and production of ROS cause alteration of the BBB which allows the
extravasation of leukocytes into the CNS [122]. Of note, the phagosomes
of neutrophils’ myeloperoxidase enzyme (MPO) are present. MPO
produces hypochlorous acid from hydrogen peroxide and chloride anion
during the neutrophil’s respiratory burst leading to the formation of
hypochlorite and subsequently to microbicidal byproducts such as
chlorine, chloramines, hydroxyl radical and singlet oxygen. Hence,
compounds such as 4-chloro kynurenine can be formed by oxidations

without the need for any enzymatic catalysis.

Conversely, our results suggest the alteration of pyruvate, lactate,
acetoacetate, beta hydroxybutyrate, ketoglutarate, and succinate in

newborns with pathologic MRI as compared with normal controls. All
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of these compounds participate in the mitochondrial energy production
linking the Krebs cycle with the Electron Transport Chain. However,
under pathologic circumstances (i.e. hypoxia/reoxygenation), these
compounds trigger mitochondrial ROS production especially by
reversing electron flow through the succinate voltage-gate [123]. Hence,
levels of succinate are intrinsically related to inflammatory processes

and regulate ROS production in ischemia/reperfusion [124,125].

At last, microRNA analysis significantly suggests alterations
between 29 microRNAs. It is noted that annotated microRNAs were
described in pathological aspects related to hypoxia. microRNAs such
as miR-10a are implicated in alteration of immune system [126,127] or
miR-93 are involved in regulation of angiogenesis [128]. In any case, the
mechanism of action of these altered microRNAs has not been yet
described in the physiopathology of HIE, therefore more studies are

required.

Our findings have unraveled interesting aspects of the
pathophysiology of Hypoxic-Ischemic encephalopathy. The new
information gathered could be used in the next future to enhance our
ability to early diagnose and selectively treat newborn infants suffering

from this extremely severe condition.
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Chapter 4. Effect of donor human milk on host-
gut microbiota and metabolic interactions in

preterm infants

4.1 Abstract

Background & aims: Human milk is the gold standard for infant nutrition.
Preterm infants whose mothers are unable to provide sufficient own
mother’s milk (OMM), receive pasteurized donor human milk (DHM).
We studied metabolic signatures of OMM and DHM and their effect on
the interplay of the developing microbiota and infant’s metabolism.
Methods: Metabolic fingerprinting of OMM and DHM as well as
infant’s urine was performed using liquid chromatography-mass
spectrometry and the infant's stool microbiota was analyzed by 16S
rRNA sequencing.

Results: Significant differences in the galactose and starch and sucrose
metabolism pathways when comparing OMM and DHM, and alterations
of the steroid hormone synthesis and pyrimidine metabolism pathways
in urine were observed depending on the type of feeding. Differences in
the gut-microbiota composition were also identified.

Conclusion: The composition of DHM differs from OMM and feeding
of DHM has a significant impact on the metabolic phenotype and
microbiota of preterm infants. Our data help to understand the origin of
the observed changes generating new hypothesis: 1) steroid hormones
present in HM have a significant influence in the activity of the steroid
hormone biosynthesis pathway in preterm infants; ii) the pyrimidine
metabolism is modulated in preterm infants by the activity of gut-
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microbiota. Short- and long-term implications of the observed changes

for preterm infants need to be assessed in further studies.

4.2 Introduction

Breastfeeding is regarded as the best nutrition in the first six
months of life. Apart from providing nutritional elements needed for
growth, known short and long-term benefits for the infant-mother dyad
are numerous [129,130]. Progress in medical interventions has allowed
to increase the survival of extremely low gestational age newborns and
early infant nutrition has become a major player in improving clinical
outcomes of survivors [131]. Human Milk (HM) is recommended for
preterm infants based on an array of benefits provided to this highly
vulnerable population [29,132—-137].

Currently, pasteurized donor human milk (DHM) is preferred
over premature infant formula for premature infants whose mothers are
unable to provide an adequate supply of milk [138]. Most DHM is
provided by women who have delivered at term and donate their milk in
later stages of lactation from weeks to several months after delivery. In
comparison to milk produced during the first weeks after delivery, milk
donated in later stages of lactation is typically low in protein, fat, and
other bioactive molecules [139]. The composition is further affected by
the processing of expressed milk following stringent protocols applied
in HM banks involving pasteurization, necessary for minimizing the
potential to transmit infectious agent as well as freezing and long-term
storage [140-142]. While the macronutrient composition remains
relatively intact, several bioactive components, such as enzymes and

immune cells are compromised or destroyed [143,144].

83



Effect of donor HM on host-gut microbiota and metabolic interactions in preterm infants

The use of DHM in comparison to the use of formula milk results
in lower rates of weight gain, lineal growth, and head growth, but it was
shown that DHM might reduce the incidence of necrotizing enterocolitis
(NEC) [25,145]. Beyond the assessment of clinical parameters, scientific
evidence for the effects of DHM on preterm infants is scarce. Recently
it was shown that despite pasteurization, DHM does not compromise the
protection against oxidative stress in comparison to the use of own
mother’s milk (OMM) [146]. Furthermore, the study of the composition
of the developing gut-microbiome of preterm infants depending on the
type of nutrition was in the spotlight of clinical studies [147,148], as
diseases such as NEC and neonatal sepsis have been linked to shifts in
microbial dynamics and early gut-microbiota [149,150]. It was observed
that DHM fed preterm infants showed differences in the microbial
patterns as compared to OMM fed infants. However, changes in the
bacterial composition between DHM and OMM fed infants were smaller
than in comparison to formula fed infants [148].

The metabolome represents a complex milieu of compounds of
different origins, including human metabolism, the diet, xenobiotics, as
well as metabolites produced by bacteria residing in the human gut that
may cross the intestinal barrier and hence, it allows to untangle the
relationships between diet, metabolome and health status [151]. The
usefulness of metabolomics for characterizing the functional status of
host-gut microbiota interactions has been repeatedly described [12,152]
and comprehensive approaches seek to monitor alterations in the
microbiota and host co-metabolites to identify metabolic patterns
associated to changes in the microbiota functionality [153].

We hypothesize that differences in the composition of

pasteurized DHM in comparison to OMM have an impact on the
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physiological response of preterm infants at the phenotypic level, and
more specifically on the host-gut microbiota metabolic interactions. The
study of the composition of the gut-microbiota as well as the urinary
metabolome of preterm infants exclusively consuming either DHM or
OMM (i.e. 280% v/v of the total intake) aided by state-of-the art
bioinformatics tools based on metabolic networks allowed to gain insight
into their response to nutrition as well as the interaction between diet,

microbiome and infant's metabolism.

4.3 Material and methods

4.3.1 Study population

A prospective, observational cohort study was conducted
including consecutively admitted preterm infants born <32 weeks of
gestation and/or birth weight <1500 g in the Division of Neonatology of
the University and Polytechnic Hospital La Fe (Valencia, Spain) during
a 12-month period. Two groups were recruited according to the main
feeding type accounting for >80% v/v of the nutritional intake with either
OMM or DHM after achieving full enteral nutrition (150 mL/kg/day).
Inclusion and exclusion criteria are listed in Supplemental Table A.4.1.
The study protocol was approved by the Ethics Committee for
Biomedical Research of the Health Research Institute La Fe (Valencia,
Spain) with approval number 2014/0247. All methods were performed
in accordance with the relevant guidelines and regulations and written
permission was obtained from legal representatives by signing an
informed consent form.

The protocols of the Division of Neonatology strongly support

breastfeeding. If necessary, DHM is administered under medical
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prescription as a supplement to preterm infants born below <32 weeks
or <1500 g of birth weight. Also, in case mothers refuse to breastfeed,
DHM is offered. DHM is collected, processed, and stored in milk banks.
Milk bank guidelines recommend Holder pasteurization (62.5 °C, 30
min) to inactivate viral and bacterial agents [141]. Both, DHM and
OMM are routinely fortified with HM fortifier (PreNAN FM 85, Nestle
“R”, Vevey, Switzerland), adding one gram per 25 mL of milk. The
nutritional intake was prospectively monitored, but not modified for this

observational study.

4.3.1.1 Maternal and infant biological samples

OMM (n = 15) was collected one month after preterm birth.
DHM (n = 12) was provided by volunteers admitted after the routine
screening and interview at the HM bank (Banco de Leche Materna at the
Hospital Universitario y Politécnico La Fe).

Mothers expressed milk using breast milk pumps following a
standard operating procedure employed routinely in the hospital and the
HM bank. Before extraction, hands must be washed with soap and water
and nipples are cleaned with water. The removable parts of the breast
milk pump as well as the collection bottles are sterilized. Aliquots of
DHM were collected after Holder pasteurization. OMM and DHM
samples were agitated and 1 mL aliquots were collected in dry, 1.5 mL
microcentrifuge tubes.

Urine samples were collected from infants exclusively receiving
DHM (n = 20) or OMM (n = 20) one month after birth using sterile
cotton pads placed in the diaper. Cotton pads were retrieved after one
hour and squeezed with a syringe. The process was repeated until a

minimum volume of 1 mL was collected. Stool samples from preterm
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infants exclusively receiving OMM (n = 18) or DHM (n = 18) were
collected directly from the diaper when full enteral nutrition was
achieved. All samples (urine, HM and stool) were stored at -80 °C until

analysis.

4.3.2 Liquid Chromatography-quadrupole time-of-flight mass
spectrometry (LC-QTOFMS) metabolomic screening of
urine and HM samples

4.3.2.1 Standards and reagents

Acetonitrile (CH3CN), methanol (CH30H), and isopropanol
(IPA), all LCMS grade, methyl tert-butyl ether (MTBE, reagent grade),
ammonium acetate (>98%), formic acid (HCOOH, >98%), reserpine
(>99%), and leucine-enkephalin (97%) were obtained from Sigma
Aldrich Quimica S.A (Madrid, Spain). Ultra-pure water (>18.2 MQ) was
generated using a Mili-Q Water Purification System (Merck Millipore,
Darmstadt, Germany). Phenylalanine-Ds (98%) and methionine-D3
(98%) were purchased from Cambridge Isotopes Laboratory Inc.
(Andover, MA, USA); caffeine-Do (98%) was from Toronto Research
Chemicals (Toronto, Ontario, Canada); (15,15,15,16,16,17,17,18,18,18-
Do) oleic acid-D9 (>99%) was purchased from Avanti Polar Lipids
(Alabaster, AL, USA) and prostaglandin F2a-D4 (=98%, deuterated
incorporation >99%) was purchased from Cayman Chemical Company

(Ann Arbor, MI, USA).

4.3.2.2 HM preparation and analysis

Parameters employed for HM fingerprinting have been described

elsewhere [154]. In summary, OMM and DHM samples were subjected
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to a single-phase extraction procedure by adding 175 pL of CH30OH
followed by 175 uL of MTBE [31] and 20 mL of supernatant were added
to 80 uL of a CH3OH:MTBE (1:1, v/v) solution.

Untargeted metabolomics analysis was carried out employing a
1290 Infinity UPLC system from Agilent Technologies (Santa Clara, CA,
USA) equipped with a Kinetex C18 column (50 X2.1 mm, 1.7 mm) from
Phenomenex (Torrance, CA, USA) running a binary gradient with (5:1:4
IPA: CH30H:H20 5 mM ammonium acetate, 0.1% v/v HCOOH) and
(99:1 TPA:H20 5mM ammonium acetate, 0.1% v/v formic acid) as
mobile phase components. Column and autosampler were kept at 55 and
4 °C, respectively and the injection volume was 4 mL. For detection, an
Agilent 6550 iFunnel QTOF-MS system working in the EST" mode was
used in the range between 70 and 1700 m/z with automatic MS spectra
recalibration during analysis. LC-QTOFMS data acquisition was carried

out employing MassHunter Workstation (version B.07.00) from Agilent.

4.3.2.3 Urine preparation and analysis

Urine samples were thawed on ice and thoroughly shaken on a
Vortex® mixer during 10 s followed by centrifugation at 16 000 X g and
4 °C during 10 min. 50 pL of supernatant were added to 50 uL of an
internal standard (IS) solution containing reserpine, phenylalanine-Ds,
leucine-enkephalin, caffeine-Do, and methionine-D3 at 2 pM each in
H20:CH3CN (96:4, 0.1% HCOOH v/v) and transferred to a 96-well plate.
A blank extract was prepared using water instead of urine and following
the same procedure as described for urine samples. A pooled quality
control (QC) sample was prepared by mixing 5 uL of each study sample.
Metabolomic analysis was carried out employing a 1290 Infinity UPLC

system from Agilent Technologies equipped with a UPLC BEH Cis
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column (100 X 2.1 mm, 1.7 pm) from Waters (Wexford, Ireland). The
flow rate was set to 400 uL min’! running a binary gradient with 0.1%
v/v HCOOH in H20 and 0.1% v/v HCOOH in CH3CN as mobile phase
components. All remaining analysis parameters were set as described for

HM analysis.

4.3.2.4 QC procedures

Before LC-QTOFMS experiments, a system suitability check
was carried out by analyzing a 2 mM IS solution to ensure that the
retention times, peak area and shape values and mass accuracies were
within laboratory defined limits. Eight QCs were injected prior to the
study samples at the beginning of the analysis batch for conditioning of
the LC-QTOFMS system. Data acquired during the analysis of those
samples were discarded. The blank extract was injected twice, once
during system conditioning and at the end of the measurement sequence
to identify signals from other tan biological origin and data clean-up [94].
The injection order of samples and twice at the beginning and end of the

batch for assessment and correction of instrumental performance [69].

4.3.3 Microbiota analysis

The analysis of the fecal microbiota composition has been
described elsewhere [148]. Briefly, total fecal DNA was isolated using
the MasterPure Complete DNA & RNA Purification Kit (Epicentre,
Madison, WI United States) and V3—V4 region 16S rRNA libraries
were sequenced using a 2 X300 bp paired-end run (MiSeq Reagent kit
v3) on a MiSeq-Illumina (Illumina, San Diego, USA) platform.
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4.3.4 Data processing and statistics

4.3.4.1 Metabolomics data pre-processing

The pre-processing pipeline for data acquired during the analysis
of HM samples has been described elsewhere [154]. For urine, centroid
LC-QTOFMS raw data were converted to mzXML format employing
ProteoWizard  [155] (http://proteowizard.sourceforge.net/).  The
selection of parameters for peak table extraction and alignment was
based on the observed variation of retention times and m/z values of ISs.
XCMS software (http://metlin.scripps.edu/xcms/) [93,125,156] and
CAMERA [73] in R 3.6.1 were employed for the generation of peak
tables. For data acquired from urine samples, the centWave method with
the following settings was used for peak detection: m/z range = 70-1200,
ppm = 15, peakwidth = (3 and 20), snthr = 6. A minimum difference in
m/z of 0.01 Da was selected for overlapping peaks. Intensity-weighted
m/z values of each featurewere calculated using the wMean function.
Peak limits used for integration were found through descent on the
Mexican hat filtered data. Peak grouping was carried out using the
“density” method using mzwid = 0.015 and bw = 6. Retention time
correction was carried out using the “obiwarp” method. After peak
grouping, the fillPeaks method with the default parameters was applied
to fill missing peak data. Automatic integration was assessed by
comparison to manual integration using IS signals. A total of 40,513
features were initially detected after peak detection, integration,
chromatographic deconvolution, and alignment in urine samples.

Further data processing and statistical analysis were carried out
in MATLAB 2017b (Mathworks Inc., Natick, MA, USA) using inhouse
written scripts (available from the authors) and the PLS Toolbox 8.7
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(Eigenvector Research Inc., Manson, WA, USA). During data pre-
processing and filtering of data from urine analysis, features with an
intensity <800 AU and those with a mean peak area <9 X mean peak
area in blank samples, were removed [69]. Intrabatch effect correction
was performed using Quality Control- Support Vector Regression
algorithm [92,95,96] and the LIBSVM library [75] with the following
parameters: € -range = 2-5%; Y range = 1-10°; C interval = 50%.
Finally, features with a %RSD in QC samples >20% after QC-SVRC
were removed from the peak table. Urinary metabolic data were
normalized to the creatinine concentration in each urine sample
quantified by the modified Jaffe method (DetectX® urinary creatinine
detection kit, Arbor Assays, Ann Arbor, MI, USA) following the
manufacturer's protocol and employing a dilution factor of 1:4 during

sample preparation.

4.3.4.2 Microbiota data

Sequencing data were processed using a QIIME pipeline (version
1.9.0) [157] running in R. Operational taxonomic units (OTUs) tables
with 97% identity were constructed and representative sequences were
taxonomically classified based on the Greengenes 16S rRNA gene
database (version 13.8). OTUs with detection frequency <20% across all
samples were removed and predictive inferred functional analysis was
performed using the Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States (PICRUSt) approach, as described
elsewhere [158]. Alpha-diversity indices (Chaol and Shannon, richness

and diversity index, respectively), Principal Coordinate Analysis
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(PCoA) of beta diversity based on UNOFRAC distance (phylogenetic)
and permutational multivariate analysis of variance (PERMANOVA)
test with 999 permutations were obtained to show the significance

between-groups.

4.3.4.3 Pathway analysis

Differences between OMM and DHM groups were studied on the
pathway level employing the “MS Peaks to Pathways” tool (version 2.0)
available in MetaboAnalyst 4.0 [78] using a mass accuracy of 5 ppm, the
mummichog algorithm with a p-value cut-off of 0.05, and the Kyoto
Encyclopedia of Genes and Genomes (KEGG) Homo sapiens pathway
library [159,160]. As an input, a four column table was generated
including m/z, RT, the p-values from a t-test comparing mean values
between each group and accounting for unequal variances, and fold
changes (FC) calculated as the ratio of medians between groups.
Metabolites included within significantly altered pathways were
annotated in LC-QTOFMS data from HM samples using the output
retrieved from the mummichog algorithm (‘level 3’ identification as
defined by The Metabolomics Standards Initiative [161]).

AMON (Annotation of Metabolite Origins via Networks) was
used to integrate microbiome and metabolome data [162]. This tool
produces a table indicating which compounds could be produced by the
microbiome, the host, or both based on the provided lists of gut-
microbiome and human KEGG Orthology identifiers (KOs). AMON
was used to compute enrichment of KEGG pathways in the compounds
that were detected via LC-QTOFMS based on the list of annotated
KEGG compound IDs provided by mummichog and were predicted to

be generated either by the fecal microbiome or the host metabolism. This
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calculation is performed for all KEGG pathways with at least one

metabolite predicted to be produced by the input gene sets.

4.3.4.4 Statistical tests

Categorical variables were compared using Pearson’s chi-
squared test (& =5%). KolmogoroveSmirnov analysis was performed to
test the normal distribution of the data. Continuous variables were
expressed as mean + standard deviation or medians with interquartile
range (IQR) depending on underlying distributions and comparisons
were carried out using the Student's t-test (& = 5%) for data following a
normal distribution or alternatively the Wilcoxon rank-sum test (& =
5%). values were false Discovery rate (FDR)-adjusted where indicated.
Pearson correlation was used to assess correlations between variables.

Venny 2.1.0 was used for generating the Venn diagram [163].

4.3.4.5 Data availability

Peak tables extracted from urine and HM LC-QTOFMS data are
accessible via the Mendeley Data repository (https://data.
mendeley.com/) under https://doi.org/10.17632/7tb4d66z7c.1 and
https://doi.org/10.17632/fnzbxmkv83.1, respectively. Sequencing data
from the preterm gut microbiota of the infants matching the individuals
included in this study can be retrieved from GenBank Sequence Read

Archive Database under project accession number PRIJEB25948 [148].
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4.4 Results

4.4.1 Clinical data

In this observational study, OMM samples from mothers of
preterm infants (n = 15) as well as DHM samples (n = 12) provided by
volunteers at the HM bank were analyzed. OMM samples were collected
at 1 month of age. The time of sample collection of DHM samples was
heterogeneous, since for each mother several aliquots were collected
over time and pooled prior to pasteurization. In this study, the elapsed
time between the first and last expression of a pooled DHM sample
ranged between 9 and 72 days. The median value of this elapsed time
was used to represent the time of collection with respect to the infants'
age. As a result, time of collection of DHM samples ranged between 21
and 164 days after delivery with a median value of 87 days (83 IQR).
With respect to GA the median (5"-95% percentile) in the OMM group
was 29 (25-32) in comparison to 40 (27-41) for milk donors (DHM
group). 20 preterm infants exclusively receiving OMM and 20
exclusively fed with DHM were enrolled. Table 4.1 displays the
demographic, perinatal, clinical, and analytical data of the recruited
infants grouped according to the type of feeding. No statistically
significant differences (p-values >0.05) were observed between the
study groups.

Table 4.1. Characteristics of the study population (infants).

Parameter OMM (N=20) DHM (N=20) p-value
Gender, N (%)
Male 14 (70) 12 (60) 0.06
Female 6 (30) 8 (40)
GA median (5-95% CI) 28 (27-29) 29 (28-30) 0.06
Antenatal steroids, N (%) 17 (85) 17 (85) 0.6
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Parameter OMM (N=20) DHM (N=20) p-value
Birth Weight (g), mean (SD) 1300 (300) 1400 (200) 0.9
Preeclampsia, N (%) 2 (10) 5(25) 0.2
Chorioamnionitis, N (%) 5(25) 2 (20) 0.2
Mode of birth, N (%)
- Vaginal 9 (45) 9 (45) 0.6
- C-section 11 (55) 11 (55)
Apgar 1 min, median (IQR) 8 (5-9) 8 (6-9) 0.5
Apgar 5 min, median (IQR) 10 (8-10) 9 (8-10) 0.4
Umbilical artery blood gases, mean (SD) 7.2(0.3) 7.28 (0.07) 0.9
]gé}g)of oxygen supplementation, median 0(1.3) 0(0) 02
Respiratory distress syndrome, N (%) 8 (40) 5295 0.13
Apneic syndrome, N (%) 17 (85) 15 (75) 0.2
Mechanical ventilation, N (%) 5(25) 4 (20) 0.7
Non-invasive ventilation, N (%) 18 (90) 18 (90) 0.06
Postnatal steroids, N (%) 1(5) 0(0) n.a.
Antibiotic therapy, N (%) 8 (40) 7 (35) 0.6
- Pre/intra-partum 20 (100) 20 (100) 1.0
- Post-partum 8 (40) 7 (35) 0.6
Necrotizing enterocolitis, N (%) 0(0) 1(5) n.a.
Bronchopulmonary dysplasia, N (%) 1(5) 1(5) 0.6
Persistent ductus arteriosus, N (%) 9 (45) 3(15) 0.10
Intra-periventricular hemorrhage >grade 2 6 (30) 0(0) na

(Papile’s classification [164], N (%)

Note: CI = confidence interval; SD = standard deviation; IQR = interquartile range;
categorical variables were compared using Pearson's chi-squared test (0=0.05).
Kolmogorov-Smirnov analysis was performed to test the normal distribution of the
data. Continuous variables were expressed as mean + standard deviation or medians
with interquartile range depending on underlying distributions and comparisons were

carried out using the Student’s t-test (o = 5%) for data following a normal distribution

or alternatively the Wilcoxon rank-sum test (o = 5%).

4.4.2 Metabolomic analysis of HM samples

Metabolic fingerprint of OMM and DHM consumed by the preterm

infants included in this study were acquired employing an LC-QTOFMS

platform retrieving a total of 7109 metabolic features after peak
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detection, deconvolution, integration, alignment, within-batch effect
correction, and clean-up. For 1034 features (14.6%), significant
differences in mean values of OMM and DHM groups (t-test, p-value
<0.05) were found and for 21 and 199 features log2(FC) <-1 and >1,
respectively, were detected. Metabolic network analysis was employed
for a functional interpretation of the acquired metabolic profiles within
relevant networks using the mummichog algorithm [165]. Pathway
analysis detected 13 pathways with more than two significantly changing
metabolites (see Table 4.2). Significant differences between DHM and
OMM groups were found for galactose and starch and sucrose
metabolism (gamma p-value < 0.05).

Table 4.2. Altered pathways in DHM vs. OMM.

Hits Hits D- gamma
Pathway name
(all) (sig) value  p-value

Galactose metabolism 5 5 0.0004 0.007
Starch and sucrose metabolism 4 4 0.002  0.03
Fructose and mannose metabolism 7 4 0.04 0.2
Tyrosine metabolism 4 3 0.03 0.2
Amino sugar and nucleotide sugar metabolism 5 3 0.07 0.3
Linoleic acid metabolism 6 3 0.12 0.4
Glycolysis / Gluconeogenesis 2 2 0.05 0.4
Ascorbate and aldarate metabolism 2 2 0.05 0.4
Neomycin, kanamycin and gentamicin biosynthesis 2 2 0.05 0.4
Inositol phosphate metabolism 2 2 0.05 0.4
Phosphatidylinositol signaling system 2 2 0.05 0.4
Lysine degradation 3 2 0.12 0.5
Biosynthesis of unsaturated fatty acids 14 4 0.4 0.6

Note: P-values from Fisher’s exact t-test (p-value) and adjusted for permutations (gamma p-

value); all detected pathways with at least 2 significantly altered features are reported.

4.4.3 Preterm gut-microbiota
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Gut-microbiota profiles differed between DHM and OMM
groups as shown in Figure 4.1. Significant differences in beta diversity
were detected (PCoA, PERMANOVA p-value = 0.04), although alpha
diversity indexes were not different between groups. Significantly higher
abundances of Staphylococcaceae (Staphylococcus genus) and
Pasteurellaceae members (Wilcoxon rank-sum test, p-value <0.05) were
observed in the DHM group, but differences did not remain significant
after FDR correction. Likewise, functional prediction of KEGG
pathways identified changes in ten metabolic pathways (p-value < 0.05)

that were non-significant after FDR correction.
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Figure 4.1. Gut-microbiota profile of preterm infants exclusively receiving OMM and
DHM. PCoA scores plot representing beta diversity relationships (top, left), alpha diversity
(Shannon index) and richness (Chaol index) (top, middle), functional predictions of KEGG
pathways with significant differences between groups (top, right), and relative abundances at the
family (bottom, left) and genus levels (bottom, right). OMM = light blue and DHM = orange
(For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article).
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4.4.4 Metabolomic analysis of urine samples

Urinary metabolic fingerprints of preterm infants exclusively
receiving DHM vs. OMM were recorded employing an LC QTOFMS
platform. Initial pre-processing of data identified 10,450 metabolic
features after feature extraction and pre-processing. In this study, 849
features (8.1% of the total) showed significantly different mean values
between both groups (t-test, p-value <0.05) with 21 and 343 features
showing log2(FC) of <-1 and >1, respectively, when comparing DHM
and OMM groups. A list of the detected metabolic pathways with at least
two significantly altered metabolic features is shown in Table 4.3. From
the 32 detected pathways, only the steroid hormone biosynthesis
pathway and pyrimidine metabolism were found to be significantly
altered in urine samples from preterm infants consuming DHM as
compared to OMM (gamma p-value < 0.05).

Using the results of the mummichog algorithm, 331 features were
tentatively assigned to steroid hormones belonging to the steroid
hormone synthesis pathway (KEGG map00140). Between group
comparison of their intensities (i.e. OMM vs DHM) showed that 19
features (see Table A.4.2) had significantly different mean values (FDR-
adjusted p-value <0.05) and |log2(FC)| >1 (see Figure 4.2, left).
Remarkably, for all 19 features, higher intensities were detected in the
OMM group as compared to the DHM group (see Figure 4.2, right).
This result confirms the alteration of the steroid hormone synthesis
pathway detected by pathway analysis in newborns receiving DHM vs.

OMM.
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Table 4.3 Altered pathways in urine samples from preterm infants

consuming DHM vs. OMM.

Pathway name Hits (all) Hits (sig) p-value gamma p-value
Steroid hormone biosynthesis 96 43 4E-09 1.1E-08
Pyrimidine metabolism 24 10 0.013 0.04
Alanine, aspartate and glutamate
metabolism 22 9 0.02 0.06
Glyoxylate and dicarboxylate metabolism 8 5 0.011 0.06
Nitrogen metabolism 7 4 0.04 0.2
Metabolism of xenobiotics by cytochrome
P450 36 11 0.10 0.2
Linoleic acid metabolism 4 3 0.03 0.2
D-Glutamine and D-glutamate metabolism 10 4 0.13 0.3
Retinol metabolism 8 3 0.2 0.5
Arginine biosynthesis 13 4 0.3 0.5
Arachidonic acid metabolism 13 4 0.3 0.5
Drug metabolism - other enzymes 3 0.3 0.6
Biosynthesis of unsaturated fatty acids 4 2 0.2 0.6
Cysteine and methionine metabolism 22 5 0.5 0.7
Phenylalanine metabolism 34 7 0.6 0.7
Aminoacyl-tRNA biosynthesis 40 8 0.6 0.7
Phenylalanine, tyrosine and tryptophan
biosynthesis 18 4 0.5 0.7
Butanoate metabolism 6 2 0.4 0.7
Valine, leucine and isoleucine degradation 14 3 0.6 0.8
Drug metabolism - cytochrome P450 29 5 0.7 0.9
Ubiquinone and other terpenoid-quinone
biosynthesis 10 2 0.6 0.9
Tryptophan metabolism 66 11 0.8 0.9
Vitamin B6 metabolism 11 2 0.7 0.9
Pantothenate and CoA biosynthesis 11 2 0.7 0.9
Glycine, serine and threonine metabolism 12 2 0.7 0.9
Histidine metabolism 20 3 0.8 0.9
Purine metabolism 49 7 0.9 1.0
Folate biosynthesis 15 2 0.8 1.0
Tyrosine metabolism 64 9 0.9 1.0
Porphyrin and chlorophyll metabolism 16 2 0.9 1.0
Lysine degradation 18 2 0.9 1.0
Arginine and proline metabolism 38 2 1.0 1.0

Note: P-values from Fisher’s exact t-test (p-value) and adjusted for permutations (gamma

p-value); all detected pathways with at least 2 significantly altered features are reported.
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Likewise, 101 (1.0%) features were tentatively annotated as
metabolites included in the pyrimidine metabolism pathway. However,
none of these features showed significant differences in their mean
intensities (FDR-adjusted p-value<0.05) and |log2(FC)| >1. This
indicates that alteration of pyrimidine metabolism is less evident than
observed for the steroid hormone biosynthesis pathway, which agrees

with the gamma p-values reported in Table 3.3 of 1.1E-08 vs. 0.04,
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Figure 4.2 Steroid hormone signals with different relative signal intensities found in urine

samples from preterm infants exclusively receiving OMM or DHM.

4.4.5 Integrative analysis of data from metabolomics and
microbiota profiling

Integrative analysis of omics data was performed to elucidate the origin

of observed pathway alterations in urine samples. The HM peak table

was searched for metabolites of the steroid hormone biosynthesis
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pathway using tentative mummichog annotations. 73 unique features
were assigned and out of those, 10 features (see Table A.4.3) showed
significant differences in mean values and [log2(FC)| >1 (see Figure 4.3,
left). Again, consistently higher intensities were detected in the OMM
group as compared to the DHM group (see Figure 4.3, right).
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Figure 4.3 Steroid hormone signals with different relative signal intensities found in OMM and

DHM samples consumed by preterm infants.

Figure 4.4 represents Pearson correlation coefficients (R) calculated
between metabolic features annotated as steroid hormones in HM and
urine. In HM samples, steroid hormone levels typically showed strong
correlations with a median R=0.9 (0.6-1.0 5""-95™ percentile), whereas
moderate correlation were found within urine samples (R=0.5, 0.2-1.0
5%h-95™ percentile) as well as between urine and HM steroid levels

(R=0.38, 0.06-0.6 5%-95™ percentile). Conversely, microbiota relative
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abundances overall did show weak correlations among them (R=-0.1, -
0.2-0.7 5%-95™ percentile) as well as with HM and urine steroid levels
(R=0.0, -0.3-0.6 5""-95" percentile and R=0.0, -0.3-0.4 5""-95% percentile,
respectively). However, some specific microbiota (i.e. Blautia,
Unclassified Lachnospiraceae, and Enterobacter) were consistently
correlated with steroid hormones in HM (R=0.6, 0.6-0.6 5%-95®
percentile).

Figure 4.5 depicts the steroid hormone biosynthesis pathway in
which the altered metabolites annotated in urine and HM were
highlighted for better visualization. It can be observed that metabolites
found in HM and in urine were at close pathway distances. For example,
pregnenolone was altered in HM samples, while direct downstream
metabolites (i.e. 21-hydroxy-pregnenolone, 7a-hydroxy-pregnenolone,
progesterone, 17a-hydroxy-pregnenolone) were altered in urine samples

between DHM and OMM groups.
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Figure 4.4. Correlation coefficients of steroid hormones in urine and HM samples as well as

microbiota profiles (genus level).
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Figure 4.5. Altered metabolites of the steroid hormone biosynthesis pathway detected in HM
(blue), urine (yellow), or both (green).

To explore whether the pathway alteration detected in urine

samples could be caused by the activity of the gut-microbiome, an

integrative approach (AMON) for the analysis of the gut-microbiome

and metabolome data via networks was employed. This tool allows to

gain insight on the metabolite origins, i.e. to determine the degree to

which annotated compounds in the urinary metabolome of preterm
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infants may have been produced by bacteria present in fecal samples, the
host, either, or neither. From 80 OTUs detected in fecal samples,
PICRUSt predicted 6909 unique KOs. For representing the human gene
content, the KEGG list of KOs in the human (Homo sapiens) genome
was used. Altogether, from the 13019 predicted KOs to be present in the
gut microbiome and the human host, and with the information available
in KEGG, it was predicted that these KOs produce 3746 compounds via
5463 reactions.

The employed metabolomics assay detected 10450 metabolic
features in urine samples from preterm infants. In total, 869 unique
metabolites could be annotated by using the mummichog algorithm in
the data set. Of these, 765 were predicted to be produced by enzymes in
either human only or human and stool bacterial genomes while none of
the detected metabolites was exclusively attributed to the gene products
of intestinal microbiota (see Figure 4.6a). The remaining 104
metabolites were not predicted to be from the human or the gut-
microbiome either.

The enrichment of pathways that can be produced by each input KO
is tested relative to the full set of all compounds in that pathway for the
detected human and bacterial metabolites. In total, the calculation was
performed for 217 KEGG pathways that had at least one metabolite
predicted to be produced by the provided gene sets. For 127 and 98
pathways, FDR adjusted p-values <0.05 and <0.01, respectively, were
found in human and/or microbial metabolism (Figure 4.6b). Clearly, the
impact on the steroid hormone biosynthesis pathway can be ascribed to
human metabolism rather than the microbiome with adjusted p-values of
0.0005 and 1.0, respectively. In case of pyrimidine metabolism, adjusted

p-values of 0.0005 and 7x10® were obtained for host and microbiota,
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respectively. Hence, metabolites from the pyrimidine metabolism
pathway are influenced by both, host and microbiome, although the
impact was much more pronounced in case of bacterial metabolism. The
metabolite origin within the pyrimidine metabolism pathway was further

visualized in Figure 4.7.
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Figure 4.6. Metabolic interactions of host-gut microbiota in preterm infants. Metabolites

predicted to be produced by the gut-microbiome and the host as well as measured compounds

(LC-QTOFMS) (a) and heatmap showing the adjusted p-values associated with a pathway

enrichment analysis of KEGG pathways in compounds that were detected via untargeted LC-

QTOFMS analysis of urine samples and were predicted to be generated by members of the fecal

microbiota or the human host (b) Note: only pathways with adjusted p-values<0.01 in host and/or

microbiome are shown to enhance visibility.
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4.5 Discussion and conclusions

This study assesses the impact of the administration of DHM in
comparison to OMM on the microbiome profiles and metabolic
fingerprints of preterm infants during the NICU stay. The comparison of
the HM metabolome from DHM and OMM revealed differences in two
pathways related to carbohydrate metabolism (see Table 4.2). The total
carbohydrate concentration is higher in milk from mothers of preterm
infants in comparison to full-term milk [166] and specifically lactose and

human milk oligosaccharides (HMOs) have been found at significantly
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higher concentrations in preterm milk. In this study, DHM was mainly
provided by mothers of term infants and therefore the observed
alterations of metabolic pathways related to carbohydrates are consistent
with results reported in the literature [166]. Furthermore, although HM
carbohydrate contents, including the most abundant carbohydrate lactose
and HMOs and glycosaminoglycans, are not significantly reduced by
Holder pasteurization [167-169], a significant decrease of lactose
contents was reported under conditions of frozen storage of pasteurized
milk at -20°C [167]. Observed differences in carbohydrate metabolism
might be especially relevant, as it has been reported that bioactive factors
contained in HM, such as non-digestible HMOs, could possibly
modulate the composition of microbial communities in the gut, selecting
for beneficial bacteria, and are emerging as early mediators in the
relationship between the development of the gut-microbiome in early life
and clinical outcomes [147]. When assessing the composition of the gut-
microbiome of preterm infants exclusively fed DHM in comparison to
OMM (see Figure 4.1), we observed subtle differences.

The impact of the changing milk composition and microbiome
on the preterm infant was measured through the study of the urinary
metabolome. Our results have unraveled the presence of significant
differences in the metabolome (see Table 4.3) that may exert an
influence upon specific aspects of preterm physiology of yet unknown
short-and-long-term consequences. Specifically, we detected the
alteration of the steroid hormone biosynthesis pathway and the
pyrimidine metabolism in preterm infants exclusively receiving DHM in

comparison to OMM.
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Milk-borne hormones including glucocorticoids are postulated to
play a role in the proliferation and differentiation of the intestinal
epithelium and vertical transmission of glucocorticoids via HM has been
described [170]. Hence, the possibility of attributing the changes in the
preterm infant’s metabolism to differences in the composition of DHM
and OMM was explored. Metabolites of the steroid hormone
biosynthesis pathway were found to decrease in infants consuming DHM
(Figure 4.2) and the same trend was observed in DHM as compared to
OMM (Figure 4.3) while no differences in antenatal or postnatal steroid
administration were found between infants receiving DHM or OMM. Of
note, changes in the hormonal environment in the mother giving birth
preterm or term could explain the differences found [170,171]. However,
further studies addressing this specific issue are needed. Interestingly, in
our study, some of the metabolites that showed significantly different
concentrations between DHM and OMM were direct precursors of
metabolites altered in urine samples (see Figure 4.5). It has been
observed that HM glucocorticoid hormone levels follow the diurnal
rhythm of maternal hypothalamus-pituitary-adrenal axis activity
reflected in diurnal changes [171]. DHM is processed in batches as a
pool from HM aliquots collected on different days and the collection
time may vary between HM aliquots. Furthermore, administered DHM
was subjected to Holder pasteurization. There is controversy about the
stability of hormones during heat treatment [171-174] and
comprehensive studies covering metabolites from the steroid hormone
biosynthesis pathway are lacking.

We also explored the possibility of gut-microbiota to contribute
to the observed changes in steroid hormone biosynthesis pathway in

preterm infants fed with DHM vs. OMM. HM glucocorticoids might
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modify the intestinal microbiome and intestinal bacteria can metabolize
steroid hormones and are possibly involved in metabolizing endogenous
glucocorticoids [170,175]. In this study overall, weak correlations were
observed within microbiota as well as between microbiota and HM and
urine steroids. However, some specific microbiota, i.e. Blautia,
Unclassified Lachnospiraceae, and Enterobacter, showed moderate, but
consistent correlations (R=0.6) across altered HM steroids between
DHM and OMM groups (Figure 4.4). Yet, relative abundances of these
microbiota did not correlate with urine steroids.

The urinary metabolome gives a snapshot of the metabolic state
of the preterm infant at one month of age. In addition, through the
detection of bacterial (co-)metabolites it might mirror the activity of the
gut-microbiota. To decipher the origin of observed metabolites, we
applied a network-based approach. In our study, the majority of detected
metabolites could be produced by both, host and gut-microbiota and
none of the detected metabolites was exclusively assigned to bacteria.
Pathway enrichment analysis of KEGG pathways in detected
compounds indicates that alterations in the steroid hormone biosynthesis
pathway are not related to bacterial metabolism (adjusted p-value = 1),
but significantly affected by human metabolism (adjusted p-value = 5 x
10-4). This supports the hypothesis that changes between steroid levels
in DHM and OMM might cause these changes observed in preterm
infants. However, pyrimidine metabolism, the second pathway altered in
the urinary metabolome of preterm infants, is significantly affected by
both, bacterial and host metabolism (adjusted p-values of 7 x 10-® and 5
x 104, respectively) and hence, the metabolites of this pathway seem to
be strongly influenced by the activity of the gut-microbiome. Pyrimidine

metabolism could be the link between ingestion of OMM and improved
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neurodevelopmental outcome at later stages, as it is tightly related to
brain growth and metabolism. Cytidine and uridine act as precursors of
the cytidine triphosphate used in the biosynthetic pathway of
phosphatidylcholine and phosphatidylethanolamine via the Kennedy
cycle [176] Brain growth and exponential establishment of synaptic
connections are essential in the neonatal period.

The study has some limitations. This is a pilot study and hence,
the number of subjects included is limited requiring the validation of the
reported findings in follow-up studies. However, the aim here was to test
the feasibility of the study design and to provide a knowledge base for
future studies. DHM samples were different from OMM in terms of GA
as well as collection time. However, this resembles the characteristics of
HM provided by HM banks. Furthermore, the metabolism of HM-
specific compounds is not well-covered in KEGG pathways. Finally,
AMON does not account for co-metabolism between the host and
microbes which might be a limitation when combined with
metabolomics data from urine samples, as many metabolites need to be
transformed by human metabolism prior to their excretion.

In summary, this is, to the best of our knowledge, the first time
that the interplay between DHM, preterm infant and the gut-microbiome
has been comprehensively assessed. The results obtained indicated
differences between DHM from a HM bank and OMM samples from
mothers of preterm infants related to carbohydrate metabolism. Preterm
infants exclusively receiving either DHM or OMM showed a clear
alteration in urinary steroid hormone levels and the alteration of the
pyrimidine metabolism between groups was detected. Our data help to
understand the origin of the observed changes generating new

hypothesis: 1) steroid hormones present in HM have a significant
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influence in the activity of the steroid hormone biosynthesis pathway in
preterm infants, either directly or through the modification of gut-
microbiota; ii) the pyrimidine metabolism is modulated in preterm
infants by the activity of gut-microbiota. Future studies making use of
targeted approaches for the validation of the changes highlighted by
pathway analysis are required, specifically focusing on the quantification
of metabolites from the steroid hormone biosynthesis pathway in urine
and HM and assessment of carbohydrate metabolism in HM. In addition,
short- and long-term consequences of the observed changes in the
neonatal period need to be evaluated. Finally, the findings of this study
are of practical relevance as they might trigger alternative strategies for
improving neonatal nutrition based on modifying the properties of DHM
through the changes of guideline for DHM collection, targeted

fortification and HM processing and storage.
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Chapter 5. A reductive metabolic switch protects
infants with congenital heart defect undergoing

atrial septostomy against oxidative stress.

5.1 Abstract

Transposition of the great arteries (TGA) is one of the most common
cyanotic congenital heart diseases requiring neonatal surgical
intervention. Parallel circulations that result in impaired cerebral oxygen
delivery already in utero may lead to brain damage and long-term
neurodevelopmental delay. Balloon atrial septostomy (BAS) is often
employed to mix deoxygenated and oxygenated blood and the atrial level.
However, BAS causes a sudden increase in arterial blood oxygenation
and oxidative stress. We studied changes in oxygen saturation as well as
metabolic profiles of plasma samples from nine newborns infants
suffering from TGA before and until 48 h after undergoing BAS. The
plasma metabolome clearly changed over time and alterations of four
metabolic pathways, including the pentose phosphate pathway, were
linked to changes in the cerebral tissue oxygen extraction. In contrast, no
changes in levels of lipid peroxidation biomarkers over time were
observed. These observations suggest that metabolic adaptations buffer
the free radical burst triggered by re-oxygenation, thereby voiding
structural damage at the macromolecular level. This study enhances our
understanding of the complex response of infants with TGA to changes

in oxygenation induced by BAS.
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5.2 Introduction

Transposition of the great arteries (TGA) is one of the most
common cyanotic congenital heart diseases with an incidence of 0.3 per
1000 live births that requires surgical intervention in the neonatal period
[177]. In hearts with TGA, systemic and pulmonary circulations run in
parallel rather than in serial. This results in significant hypoxemia
clinically reflected as central cyanosis. Survival after birth is only
possible if there is an adequate blood mixing between the two
circulations. Most hypoxemic neonates with TGA benefit from early
institution of prostaglandin E1 (PGE) for ductal patency. If hypoxemia
persist despite prostaglandin E1 (PGE1) infusion, balloon atrial
septostomy (BAS) is needed to increase systemic oxygenation by
improving the mixing to deoxygenated and oxygenated blood at the
atrial level. After stabilization, arterial switch operation (ASO) is low in
the current era, however, morbidity is high nd neonates with TGA are at
risk of impaired neurodevelopmental outcome. Thus, long-term follow-
up demonstrates that 30-50% of school-aged children with TGA show
some form of developmental delay [178].

The underlying mechanism of developmental delay is thought to
be multifactorial and include prenatal and postanal factors. Hence, fetal
hypoxia due to decreased oxygen delivery has been implicated in the
abnormal brain development seen in newborns with TGA [179].
Moreover, reduced fetal cerebral oxygen consumption in TGA neonates
has been associated with smaller head circumference and brain volume
than those of normal neonates [180]. In addition, postnatal factors such
as postnatal chronic hypoxemia, open-heart surgery with deep

hypothermic circulatory arrest, and balloon atrial septostomy (BAS)
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gave also been considered responsible for brain injury [181]. BAS
improves mixing of systemic and pulmonary circulation and leads to an
immediate increase in arterial oxygen content. However, BAS does not
allow for full normalization of systemic oxygenation preoperatively.
Very little is known about the direct effect of BAS in the neonatal brain,
on cerebral oxygenation and oxygen metabolism [182], and whether the
rapid increase of oxygen delivery results in brain reperfusion injury in
neonates with TGA [183,184].

In mammals, aerobic metabolism with the concourse of oxygen
is the most efficient biological means to supply energy required to
sustain life. Under anaerobic conditions, pyruvate is converted into L-
lactate. Anaerobic metabolism is by far less energy efficient than aerobic
metabolism. Hence, in the absence of oxygen, the energy consumed by
neurons rapidly leads to an exhaustion of the ATP reserves [23]. Due to
the high metabolic rate of the brain, survival is almost exclusively
dependent on the energy generated by aerobic glycolysis. The lack of
oxygen stores and the reduced glycolytic capacity compel brain tissue to
rely entirely on an continuous supply of oxygen and glucose provided by
cerebral perfusion. Under these circumstances, acutely or chronically
reduced oxygen availability due to environmental or pathophysiological
cause inevitably leads to alterations of the brain structure and function
[185].

Incomplete reduction of oxygen leads to the formation of reactive
oxygen species (ROS), some of which are free radicals (e.g., anion
superoxide and hydroxyl radicals). These extremely short half-life
metabolites are capable of damaging nearby cellular components such as
proteins, lipids, carbohydrates or DNA [186]. Both, acute and chronic

hypoxia, enhance the formation of ROS through mitochondrial
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uncoupling provoking oxidative stress (OS) [187]. In addition, during
reoxygenation, the increased availability of oxygen causes the activation
of oxidases such as nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase or xanthine oxidase, further increasing the formation
of anion superoxide and nitric oxide [186]. Neurons are highly
vulnerable to the deleterious effects of ROS generated during acute
hypoxia and/or hyperoxia. ROS trigger specific pathways that lead to
apoptosis, necrosis, and inflammation of vulnerable areas of the brain
causing long term neurodevelopmental, motor, and cognitive
impairment [185].

Blood lactate has been largely employed as a surrogate for tissue
hypoxia and/or ischemia. However, exclusive monitoring of serum
lactate has neither provided sufficient insight into the magnitude of brain
hypoxia nor conferred reliable prognostic information regarding long-
term neurodevelopmental impairment [49,89]. More recently,
comprehensible metabolic fingerprinting characterized by the
simultaneous measurement of hundreds of metabolites from biological
matrices has been increasingly employed for identifying predictive
biomarkers or patient stratification [188].

In the present study we focused on the metabolic switch in infants
with TGA after BAS. We performed serial analysis of lipid peroxidation
byproducts as well as the plasma metabolome before and after BAS. This
allowed us to study the impact of the rapid change in arterial blood
oxygen content switching from a chronic hypoxic environment to an
almost normoxic one, thus giving an insight into the dynamic hypoxia-

related changes on the phenotypic level.
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5.3 Material and methods

5.3.1 Study population

We performed a prospective single center study to evaluate
changes in cerebral oxygenation and metabolism before and for a period
of 96 h following BAS in neonates with TGA. All patients with TGA
admitted to Children’s Hospital, Helsinki University Hospital, between
1 January 2015, and 1 June 2017, were considered for inclusion in the
present study. Inclusion criteria included term gestational age and simple
TGA without any significant associated heart defects (i.e., patients with
ventricular septal defect were excluded). Reasons for failure to enroll
included unavailability of parents for the consent process or parental
refusal.

The study protocol was approved by the Ethics Committee of
Helsinki University Hospital. All procedures were performed in
accordance with relevant guidelines and regulations and written
permission by signing an informed consent form or phone permission in
urgent cases was obtained from legal representatives.

Data collected included peripheral oxygen saturation (SpO2),
mixed venous saturation, regional cerebral tissue oxygen saturation
(rcSO2) measured by near infrared spectroscopy (NIRS), heart rate,
blood pressure, blood lactate levels, pH, base excess, and hemoglobin
prior to and following BAS. Blood samples for metabolic analysis were
collected from arterial cannula 5 min prior to and 5 min, 6 h, 24 h, 48 h,
72 h, and 96 h following BAS. At each timepoint, 1 mL of blood was
collected into lithium heparin tubes, centrifuged, aliquoted, and store at
-70 °C. Differences during rcSOz2, preductal peripheral oxygen saturation,

fractional tissue oxygen extraction (FTOE), and cerebral oxygen
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extraction (CEOz2) were analyzed prior to and following BAS. Cerebral
oxygen extraction was estimated from the difference of SaO2 and ScO2
as ScOz is close to venous SO2. FTOE was calculated as CEO2/Sa0x.
Information regarding medications used prior to and following BAS was

collected from electronic patient records.

5.3.2 Analytical procedures

5.3.2.1 Lipid peroxidation biomarkers

Biomarkers of lipid peroxidation were analyzed in 63 plasma
samples following previously published procedures [20,189].
Deuterated internal standards (IS) (PGF24-d4 and 15-F2-Isoprostane-d4)
were purchased from Cayman Chemical Company (Ann Arbor, MI,
USA). Form sample processing, 100 pL of plasma were thawed on ice
and 100 pL of KOH solution at 15% (w/v) were added. The mixture was
incubated at 40 °C for 30 min. A volume of 3uL of aqueous IS solution
(20 uM) was added to hydrolyzed samples and diluted to 900 pL with
H20:MeOH (85:15, 2.8% v/v HCOOH, pH 3) and 500 mL heptane.
Finally, cartridges were dried with room air and the compounds of
interest were eluted with 4 x 100 pL ethyl acetate. The eluate was
evaporated using a miVac centrifugal vacuum concentrator (Genevac
LTD, Ipswich, UK) and dissolved in 60 uL. H20 (0.1% v/» HCOOH, pH
3): CH30H (85:15 vv).

An Acquity-Xevo TQS system from Waters (Milford, MA, USA)
operating in negative electrospray ionization (ESI") mode was employed
for UPLC-MS/MS analysis. A waters BEH Cig column (2.1 mm x 100
mm, 1.7 um, Waters, Wexford, Ireland) was used. Flow rate, column

temperature, and injection volume were set at 450 pL min !, 45 °C, and
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9 uL, respectively. A binary mobile phase H20 (0.1% v~
HCOOH):CH3CN (0.1% v/ v HCOOH) gradient with a total runtime of
7.0 min was run as follows: from 0.0 to 0.1 min 15% v/v CH3CN (0.1%
v/v HCOOH) (mobile phase channel B); from 0.1 to 5. Min % B
increased up to 40%; from 5.0 to 6.0 min %B followed by the return to
initial conditions (i.e., 15%B) between 6.15 and 6.25 min; conditions
were maintained for 0.75 min for system re-equilibration. ESI interface
conditions were selected as follows: capillary voltage was set to 2.9 kW;
source and desolvation temperatures were 150 °C and 395 °C,
respectively: and nitrogen cone and desolvation gas flows were 150 and
800 L h !, respectively. Parameters selected for determination of lipid

peroxidation biomarkers are shown in Table 5.1.
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Table 5.1. Mass spectrometric parameters and chromatographic

windows employed for the lipid peroxidation biomarkers.

Daughter ion CE

Analyte RT [min] Parent ion (m/z) Cone Voltage (V)
(m/z) (eV)
Total IsoPs [p.d.u.]  4.3-6.6 353.20 115.00 30 35
Total Dihomo-IsoPs
5.0-6.8 381.00 143.00 20 20
[p.d.u.]
Total Diohomo-IsoF's
3.5-6.5 397.00 155.00 24 35
[p.d.u.]
Total NeuroFs [p.d.u.] 2.70-6.50 393.00 193.00 20 35
Total IsoFs [p.du.] 2.1-6.60 369.20 115.00 20 45
Total NeuroPs [p.d.u.] 2.30-6.50 377.00 101.00 20 35

Note: IsoPs Isoprostans. IsoFs Isofurans. NeuroFs Neurofurans. NeuroPs Neuroprostanes. RT

stands of Retention times. CE stands of collision energy.

5.3.2.2 Untargeted Ultra-Performance Liquid Chromatography

coupled to time-of-flight Mass Spectrometry (UPLC-

TOFMS) metabolomics analysis

Plasma samples were thawed on ice and homogenized on a
Vortex mixer. 75 pL of cold acetonitrile were added to 25 pL of plasma,
homogenized and kept on ice during 15 min followed by centrifugation
at 16000 x g during 15 min at 4 °C. 80 pL of supernatant were collected
and transferred to dryness on a miVac centrifugal vaccum concentrator
(Genevac LTD, Ipswich, UK) at room temperature and dissolved in 60
pL of an internal standard (IS) solution containing betaine-Dii,

methionine-Ds3, hypoxanthine-Ds3, cytine-Da4, tyrosine-Do2,
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prostaglandinF2¢-D4, uridine-C'*N'5, reserpine, phenylalanine-Ds,
leucine enkephalin, caffeine-Do, and tryptophane-Ds with purities >99%
ata concentration of 1.5 pM in H2O:CH3CN (0.1% HCOOH) (95:% v/v).

A QC sample was prepared by mixing 5 pL of each plasma
sample and a total of three aliquots were processed alongside with the
plasma samples applying the same procedures. A blank extract was
prepared by using a heparinized syringe and 0.5 mL of ultrapure H20
and processed as described for plasma samples.

For chromatographic separations, an Agilent Technologies
(Santa Clara, CA, USA) 1290 Infinity UPLC chromatograph equipped
with a UPLC ACQUITY BEH C18 column (2.1 mm x 100 mm, 1.7 pm,
Waters, Wexford, Ireland) was employed. Autosampler and column
temperatures were set to 4 and 40 °C, respectively. A flow rate of 400
uL min ! and an injection volume of 4uL were used. Separations were
carried out keeping 98% of mobile phase A (H20, 0.1% v/v HCOOH)
for 0.5 min, followed a lineal linear gradient from 2 to 20% of mobile
phase B (CH3CN, 0.1% v/v HCOOH) in 3.5 min and from 20 to 95% B
in 4 min. Conditions of 95% B were maintained for 1 min and a 0.25 min
gradient was used to return to the initial conditions, which were held
until reaching 8.5 min.

Full-scan MS data were acquired between 100 and 1700 m/z with
a scan frequency of 6 Hz (1274 transients/spectrum) on an iFunnel
quadrupole time-of-flight (QTOF) Agilent 6550 spectrometer operating
in the TOF MS mode. The following electrospray ionization settings
were used: gas T, 200 °C; drying gas, 14 L min’!; nebulizer, 37 psig;
sheath gas T, 350 °C; sheath gas flow, 11 L min-'. A mass reference
standard used for automatic MS spectra re-calibration during analysis

was introduced into the source via a reference sprayer valve using the
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149.02332 (background contaminant), 121.050873 (purine), and
922.009798 (HP-0921) m/z. MassHunter workstation from Agilent was
employed for data acquisition and manual integration of ISs.

Before launching the analytical sequence, system suitability was
checked employing a standard mixture containing ISs. The analytical
system was conditioned by eight repeated injections of the QC at the
beginning of the batch. Data acquired during system conditioning were
discarded from data analysis. A total of 63 plasma sample extracts were
analyzed in randomized order in a single analytical batch using the
positive electrospray (ESI") mode. QC samples were analyzed every 6
sample and at the beginning and end of the batch for assessment and
correction of instrumental performance [69] The blank extract was
injected a total of two times (once during system conditioning and once
at the end of the batch) and used for data clean-up with the aim of
identifying signals from other than biological origin. Subsequently,
sample analysis was carried out in ESI" mode repeating the same
protocol described for the EST" mode.

ProteoWizard  [155]  (http://proteowizard.sourceforge.net)
software was used for conversion of raw UPLC-TOFMS data into
centroid mzXML format. A peak table was extracted using XCMS
(version 34.2) [93,125,156]
(https://bioconductor.org/packages/release/bioc/html/xcms.html)
running in R (version 3.5). For peak detection, the centWave method was
used as follows: ppm = 20, peakwidth = (4 and 25), snthresh = 10. For
the resolution of overlapping peaks, a minimum m/z difference of 7.5
mDa was selected. For each extracted feature, the ‘wMean’ function was
used for calculating intensity-weighted m/z values and peak limits used

for integration were found through descent on the Mexican hat filtered
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data. For peak grouping the “nearest” method with mzVsRT = 1 and
retention time (RT) and m/z tolerances of 6 s and 10 mDa, respectively,
was used. Missing peak data was filled applying the fillPeaks method
with the default parameters. A total of 18582 and 13479 features were
initially detected after peak detection, integration, chromatographic
deconvolution, and alignment in ESI" and ESI" modes, respectively. The
CAMERA [73] package was used for identifying peak groups and
annotation of isotopes and adducts using the following settings: sigma=6,
perfwhm=0.5, ppm = 20.

Peak integration accuracy was checked by comparing the
generated peak table with areas obtained from manual integration of ISs.
Peak intensities of ISs and QC samples were used for assessing the
instrumental response during data acquisition throughout the batch as
described elsewhere [92,190]. The Quality Control-Support Vector
Regression (QC-SVR) algorithm [96] and the LIBSVM library [75] were
used for correcting intra-batch variation using an e-range of 2.5 to 7.5
and a y-range of 1 to 10°. C was defined for each feature as the median
value in QCs. Then, features detected in blanks (< 5 x signal of the blank)
and those with an RSD% in QC samples >20% were excluded. The final
peak tables contained 3886 and 5600 features for ESI® and ESI,
respectively, and were searched for molecular ion peaks of drugs and
known drug metabolites that have been administered to infants, their
isotope as well as Na and K adducts (m/z tolerance: 10 mDa). Metabolic
features that were identified as drugs or their metabolites, isotopes and
adducts were excluded from further data analysis.

MATLAB 2019b inbuilt functions as well as in-house written
scripts (available from the authors upon reasonable request) and the PLS

Toolbox 8.0 from Eigenvector Research Inc. (Wenatchee, USA) were
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used for Principal Component Analysis (PCA) and the computation of
Pearson correlations. For PCA, data sets generated in ESI* and EST- were
concatenated. MetaboAnalyst (version 4.0) [78] was used for
hierarchical clustering and the generation of heatmaps employing
Euclidean distance and Ward’s method (statistical analysis tool).
Pathway analysis was carried out using MetaboAnalyst with the MS
peaks to pathways tool (mass accuracy = 10 ppm, mummichog algorithm
with top 10% peaks p-value cut-off) in the 4-column format (m/z, RT,
ionization mode, p-value of Pearson correlation between metabolic
features and FTOE) and the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway library (Homo sapiens). Metabolomics data are
available on Zenodo
(https://zenodo.org/record/4495124#.Y BpwoC1DkWp).

The non-parametric Wilcoxon rank-sum test was used for
assessing changes in levels of biomarkers of lipid peroxidation over time.
p-values from Spearman correlations were used for clinical data, where

appropriate.

5.4 Results

5.4.1 Clinical results

A total of 12 newborn infants fulfilled the study requirements.
Out of these, one patient died, and two patients did not require BAS. The
remaining 9 patients who underwent BAS, completed all analysis.
Demographics and perinatal characteristics are detailed in table 5.2. Six
patients (50%) had prenatal diagnosis and nine patients (75%) underwent
BAS due to low preductal saturation at the age 4.6 (+2.7) hours. There

was one early death prior to BAS. The patient was transferred from
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another central hospital with prostaglandin infusion but had extremely
low preductal saturations (<30%), severe lactate acidosis, and was in
pulseless electrical activity at the time of admission and care was
withdrawn. Figure 5.1 describes evolving SpO2, rcSO2, FTOE, and
CEOz before and after BAS. In the nine patients included in the study,
the lowest preductal peripheral oxygen saturation (SpO2) at admission
had a median of 64.5% (range 39.0 — 92.0). Preductal SpO:2 increased
from a median of 85.6% (range 62.0 — 90.6) before BAS to 89.1% (range
81.8 — 93-5) 6 h following BAS and 90.0% (range 85.2 — 93.6) 24 h
following BAS. rcSO:2 at the same time points were 50.0% (range 35.0 —
70.0), 52.8% (range 36.4 — 72.5), 63% (range 48.2 — 74.1), and 69.2
(range 58.8 — 80.8), respectively. rcSO2 correlated strongly with
simultaneously measured SpO2 (Spearman’s r = 0.89, p-value < 0.001).
CEO: increased after BAS (27.2 — 28.1) but both, CEO2 and FTOE,
decreased 24 h following BAS (See Figure 5.1). Complete recovery of

cerebral oxygen saturation did not occur until 24 h after BAS.
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Table 5.2. Patients’ demographics and timing of postnatal clinical and analytical interventions

Patients’ demographics All patients BAS patients
Patients recruited, N (%) 12 (100) 9 (100)
Gender, N (%)

- Male 10 (83) 8(89)

- Female 2(17) 1(11)
Balloon atrial septostomy, N (%) 9 (75) 9 (100)
Expired, N (%) 1(8.3) 0(0)
Prenatal diagnosis, N (%) 6 (50) 4 (44)
Gestational age, weeks (median, range) 39.5 (37.0-41.3) 39.9(38.4-41.3)
Birth weight, kg (median, range) 3.4 (2.0-4.0) 3.5(3.1-4.0)

Postnatal age, hours (median, range)

- . At the time of the first measured peripheral 1.7 (0.5-13.2) 2.3(0.5-6.7)
saturation (h)
- At time of BAS (h) 3.2(2.0-9.1)
Saturation % (median, range)
- First peripheral saturation (SpO2) 79 (51-91) 77 (56-88)
- Lowest peripheral saturation (SpOz) 65 (39-86) 65 (39-86)
- First regional cerebral oxygen saturation (rcSO2) 58 (37-79) 53 (37-79)
- 5-min post septostomy peripheral saturation 86 (62-91) 86 (62-91)
(Sp0O2)
Blood lactate mmol/L (median, range)
- Before BAS 3.2(1.3-4.9) 3.6 (1.3-4.9)
- 5-min after BAS 2.7 (1.4-5.0) 3.3(1.4-5.0)
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Figure 5.1. Evolution of SpO2, rcSO: (left), FTOE and CEO: levels (right) before and after

BAS. Black and blue lines and error bars are median and 25™ and 75" percentile, respectively.
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5.4.2 Lipid Peroxidation Biomarkers

Total di-homo-isoprostanes, di-homo-isofurans, and
isoprostanes were excluded as these parameters were found <LOQ in all
study samples. Figure 5.2 depicts relative responses of total neurofurans,
isofurans, and neuroprostanes obtained over time. No significative
changes over time were detectable (Wilcoxon rank sum test, p-values
>0.05). Furthermore, no strong (Pearson correlation coefficients > |0.5|)

and significant correlations were found between isoprostanoid levels and
FTOE.

Total NeuroFs Total IsoFs . Total NeuroPs
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Figure 5.2. Isoprostanoid levels over time. Note: Bold blue lines correspond to median values,
blue areas correspond to the interquartile range (1% and 3" quartile), thin blue lines correspond
to minimum and maximum values and + correspond to outliers. Note: NeuroFs = neurofurans;

IsoFs = isofurans; NeuroPs =neuroprostanes.

5.4.3 Effect of time on the plasma metabolome
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Figure 5.3 shows a PCA score plot of the plasma metabolic

fingerprint of infants before BAS and at different time points after BAS.

The scores plot from PC1 vs. PC2 illustrates the impact of the sampling

time point on the plasma metabolome. For most patients, a time-

dependent shift towards lower scores on PC1 with increasing time after

septostomy was observed. Even though the applied data analysis

workflow included the removal of drug metabolites, this effect might, at

least partially, be related to the employed medication and the procedure

itself. Also, a high inter-individual variation can be noted.
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Figure 5.3. PCA results of samples collected before and at different time points after BAS.

Note: sep stands for septostomy.

5.4.4 Correlation of metabolic features with FTOE

FTOE reflects the balance between oxygen supply and

consumption in tissue and can, therefore, be used as an indicator of

inadequate tissue perfusion and oxygenation. We specifically focused on
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modelling the effects of metabolic changes in the plasma metabolome
associated with FTOE. Pearson correlations for each metabolic feature
with FTOE before and at different time points post-septostomy were
calculated as shown in figure 5.4. A panel of features with a significant
association with FTOE (i.e., p-values from Pearson correlation < 0.05)
was identified including both, positively (red dots, correlation
coefficient > 0.5) and negatively (blue dots, correlation coefficient < -
0.5) correlated features. Two distinct cluster can be observed, with
plasma fingerprints from samples collected before and 4 min as well as
6 h after BAS belonging to one cluster, and samples collected 24-96 h
after BAS belonging to a second cluster. Most metabolic features in
Figure 5.5 showed a decreasing trend in relative intensities when
comparing cluster one to cluster two. Pathway analysis detected four
significantly altered pathways associated with changing FTOE in infants
with TGA undergoing BAS (See Table 5.3).

Table 5.3. Pathway alterations associated with changing FTOE in
infants with TGA undergoing atrial septostomy.

Pathway # #  sigP-

interconversions

Pathway name Compound code (KEGG)

ID hits hits value
Pentose phosphateC01801;  C00672; C00121; C00121;map0003 ; ; 0.0000
pathway C00257; C00257; C00258 0 2

C01068; C00181; C00259; (C00310;
C00312; C00379; C00532; (C00379;
Pentose and glucuronate map0004
C00532; C00379; C00379; C00532;0 7 0.003
C00257;, C00257; C00029; (C00052;

C00191; C00618; C02266

Ascorbate and aldarateC00137; C00029; C02670;

C00191;map0005 g

0.013
metabolism C00800 3
Inositol phosphate map0056
C00137; C00222; C00191 4 0.03
metabolism 2

Note: Mummichog input: 10 ppm; p-value cut-off: 10%; KEGG database.
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Figure 5.4. Pearson correlation coefficients between metabolic features and FTOE. Blue:
features with p-values <0.05 and correlation coefficients < -0.5; red: features with p-values <

0.05 and correlation coefficients > 0.5; black: all remaining features.
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Figure 5.5. Relative intensities of metabolic features that correlate (i.e.: p-value < 0.05 and
|correlation coefficients| > 0.5) with FTOE. Note: color represents autoscaled relative
intensities; blue — metabolite levels lower than average, and red — metabolite levels higher than
average. P-values from Pearson correlation were computed and significantly correlating

metabolites are shown; heatmap calculated using Euclidean distance and Ward algorithm.
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5.5 Discussion

TGA is a severe congenital cardiac malformation that causes
hypoxemia during fetal life and in the newborn period [177]. TGA has
deleterious consequences on growth and development due to a deficient
tissue oxygenation that especially affects the Central Nervous System
[178,180]. We report the first metabolomic study involving neonates
with TGA who underwent BAS. We performed a study on oxidative
stress biomarkers as well as a comprehensive qualitative characterization
of plasma metabolites before and after BAS.

BAS in TGA patients caused a rapid switch from hypoxia to
normoxia. Preductal peripheral pulse oximetry saturation as rcSCO:2
increased rapidly after BAS while simultaneously FTOE decreased. As
a result, brain oxygenation substantially improved (See Figure 5.1).
Thereafter, changes in oxygenation plateaued. Complete recovery of
cerebral oxygen saturation occurred only 24 h after BAS. A gradual
change was observed in the metabolome, accordingly (See Figure 5.3).
The provision of energy to satisfy metabolic demands of the brain
exclusively dependent on aerobic metabolism and oxygen deprivation
caused by hypoxia and/or ischemia for just a few minutes may cause
severe brain damage. Mitochondrial ROS production is regulated
through tissue succinate levels and the activity of oxidases (NADPH
oxidase, xanthine oxidase) [123]. During hypoxia and ulterior
reoxygenation both, succinate levels and oxidase activation, generate a
burst of ROS that directly damage tissue structure and function [123].
Moreover, the pro-oxidant imbalance provokes the activation of the
caspase pathway and of transcription factor NFAB. Subsequently,

programmed cell death and inflammation are triggered for hours, days,
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or even weeks. Consequently, there is an amplification of the initial area
of brain injury that contributes to aggravate long-term neurological
prognosis [191-193].

Isoprostanes and isofurans, but especially neuroprostanes and
neurofurans are highly sensitive to oxidative stress related brain damage
[194]. However, we did not observe change in those compounds after
BAS (see Figure 5.2). The attenuation of the expected pro-oxidant status
after BAS suggest a pattern of metabolomic changes with a reducing
profile. In this regard, post-Bas untargeted metabolomics evidenced a
significant enhancement in the activity of the pentose phosphate pathway
(PPP). The central role of the PPP has attracted more attention in recent
years. Emerging evidence suggests that the PPP is tightly and
meticulously controlled in cells and that its abnormal regulation leads to
uncontrolled redox homeostasis [195]. The PPP has shown great
versatility for de novo nucleotide biosynthesis via ribose-5-phosphate
and adopts a simultaneous organization with glycolysis to produce
NADPH. Nucleotide biosynthesis possibly participates in DNA damage
repair. Our pathway analysis data revealed changes in the relative
concentration of 2-deoxy-Dribose 1-phosphate (C00672), a precursor of
ribose-4-phosphate, and substrate of phosphoribosyl pyrophosphate
(PRPP). This substrate is an essential compound of purine, pyridine, and
histidine synthesis. NADPH is a cofactor of glutathione reductase, an
essential enzyme in the glutathione redox cycle that contributes to the
reconversion of GSSG into GSH thus contributing to the normalization
of the GSH/GSSG pair and the removal of ROS [196,197]. In this
context, the pathway analysis data suggest an alteration of gluconic acid
(C00257). The phosphorylation of this compounds generates 6-

phosphogluconate, an essential substrate in the oxidative branch of the
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PPP. Furthermore, alterations of other compounds such as ribitol-5-
phosphate (C01068) and 2-deoxy-D-ribose (C00672) contribute as
substrates for key PPP compounds. Indeed, the activity of the PPP is
rapidly re-routed when cells are exposed to an oxidative burst. This
response is exquisitely adjusted by cooperating of metabolic and gene
regulatory mechanisms. Metabolic changes imply the inactivation of
glycolytic enzymes which occurs immediately after the oxidant
aggression thus blocking glycolysis [198]. Thereafter, the transcriptional
response takes over and maintains higher PPP activity through up-
regulation of enzymes and post-translational modifications including
those which increase the activity of G6PDH [199]. Furthermore, to
counteract mitochondrial ROS production under normal metabolic
circumstances, but also during hypoxia or hypoxia-reoxygenation,
steady NADPH production becomes essential as it represents the main
electron donor for the generation of GSH that will provide electrons for
the reduction of detrimental peroxides by glutathione peroxidase [195].

In addition, our results reveal the alteration of the pentose and
glucuronate interconversion pathway, another key pathway in the
homeostasis of metabolic pathways. The glucuronate pathway is an
alternative pathway for the oxidative degradation of glucose without the
production of ATP. Substrate compounds such as xylose (C00181),
glucuronic acid (C00191), dehydrogulonate (C00618), xylonolactone
(C002266), and ribitol-5-phosphate (C01068) were altered according to
the reported pathway analysis data. Interestingly, in humans the
synthesis of ascorbic acid is not feasible, therefore a substantial
proportion of uridine diphosphate glucoronate (UDP-glucoronate) is

converted into xylulose-5-phosphate which is further metabolized
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through the PPP to fuel NADPH production and promote the
preservation of a reduced environment [200].

Finally, pathway analysis also showed an alteration of ascorbate
and aldarate and inositol phosphate metabolism. The ability of ascorbate
to donate electrons enables it to act as a free radical scavenger and to
reduce higher oxidation states of iron to Fe?. Ascorbic acid is an
important antioxidant in plasma, where it consumes oxygen free
oxidized form, dehydroascorbic acid. Intracellular dehydroascorbic acid
is rapidly reduce to ascorbate by GAS in a direct chemical reaction, or
indirectly with the concurrent action of glutaredoxin and thioredoxin
reductases. Intracellular ascorbate can spare and possibly recycle, alpha
distocopherol in the erythrocyte membrane. In turn, alpha tocopherol
protects the cell membrane from lipid peroxidation. The ability of
erythrocytes to recycle ascorbate, coupled with the ability of ascorbate
to protect alpha tocopherol in the cell membrane and in lipoproteins,
provides a potentially important mechanism for preventing lipid
peroxidative damage secondary to hypoxia or hypoxia-reoxygenation
events [201]

We acknowledge limitations of our study. First, the number of
subjects included is limited and some of the blood samples during BAS
were not collected. We would like to stress the stringent including
criteria applied during patient recruitment and the low incidence of the
condition. The present data provides evidence to justify large multi-
center efforts for validating the current findings. Finally, we lack a

control group of healthy infants for obvious ethical reasons.
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5.6 Conclusion

In summary, this is a comprehensive metabolomic assessment of
neonates with TGA. The results obtained suggest differences in oxygen
supply and consumption in cerebral tissue during hypoxia and near-
normoxia. The number of patients is limited, but the combined
assessment of lipid peroxidation biomarkers and untargeted
metabolomic screening of a cohort of infants with TGA undergoing BAS
provides insightful information to understand the physiopathology of
this complex disease. The metabolic switch after BAS causes oxidative
stress. However, oxidative stress may at least be partially neutralized by
the induction of different metabolic pathways but especially the PPP that
supplies with reductive electrons. From a clinical point of view, although
supplemental arterial oxygenation has limited effects on oxygenation in
parallel circulation, our results suggest potential benefits of avoiding
hyperoxia in patients undergoing BAS to prevent form attenuating the

antioxidant effect inherent to the metabolic switch after septostomy.
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6. Conclusions and Outlook

From the results obtained in the different metabolomic studies in the

neonatal field, included in this Doctoral Thesis, it is possible to extract

the following conclusions:

The analysis of the alterations in the plasmatic metabolome
of newborns with HIE undergoing TH allows to discriminate
newborns with pathological MRI.

The results suggest an association between HIE damage,
established from MRI results, and longitudinal changes in
the urinary metabolome of newborns. TH influence
significantly in the newborn and the metabolomic patterns
were monitored with moderate and severe HIE. These
results open a new perspective for possible monitoring of
patient in the NICU, as well as supporting early prediction
of results.

The quantitative determination of steroid biosynthesis
compounds, tryptophan metabolic pathway, metabolite
score, and energy related intermediates, with microRNA
sequencing have revelated interesting physiological aspects
and can help to delve into pathophysiology of the EHI.

The composition of DHM differs to HM. The feeding of the
DHM has a significant impact on the metabolomic
phenotype and the microbiota of preterm infants. The results
obtained can help to understand the origin of the changes
observed depending on the metabolic pathway affected,
although the short-and long-term implications must be
evaluated with additional studies.
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e The analysis of the metabolome of newborns with TGA
allows to discriminate between the supply and consumption
of oxygen at the cerebral level during hypoxia and normoxia.
The combined evaluation of lipid peroxidation biomarkers
and non-targeted metabolomics analysis provides valuable
information to understand the pathophysiology of this

complex disease.

Thus, the results and conclusions allow generating new line of research

in neonatal field, including:

The new information obtained through the results of the panel
compounds, the identification of new altered metabolic pathways,
as well as the sequencing of microRNAs in newborns with HIE,
could be used in the future to improve early diagnostic capacity
and selectively treat newborns according to their severity
condition.

The identification of new strategies for the optimization and
personalization of neonatal nutrient through the modification of
the composition of DHM, as well as possible changes in the
guidelines for the collection, processing, and conservation of the
DHM.

The realization of a prospective observational study comparing
possible situations of ductus arteriosus-dependent postnatal
hypoxia together with comparison of the untargeted metabolomic
profile before and after the establishment of prostaglandins for
ductus arteriosus dilation. The information obtained might be

valid for the evaluation of mechanism.
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Annex. Supplementary figures and tables

8. Annex. Supplementary figures and tables

A.1 Metabolic Phenotypes of Hypoxic-Ischemic
Encephalopathy with Normal vs. Pathologic Magnetic

Resonance Imaging Outcomes

Supplementary Table A.1.1 Annotation of altered metabolites. Note:
blue stands for detected, but not altered; red stands for altered; IDs of
annotated metabolites marked with a star have been verified with

MS/MS data.

https://www.mdpi.com/2218-1989/10/3/109#supplementary

A.2 Non-invasive monitoring of evolving urinary metabolic

patterns in Hypoxic-ischemic encephalopathy

Supplementary Table A.2.1 Normalized relative intensities of urinary
metabolomic features acquired with three different analytical platform.

https:www.nature.com/articles/s413900-021-01552-z#Sec16

Supplementary Table A.2.2 Metabolites detected in urine samples with
the CE-TOFMS assay

Formula Mass RMT Compound Name (Putative)
C2HSN
02 75,0323 0,74 Glycine
C3HI9N
O 75,069 0,60 Trimethylamine N-oxide
C4 H6
02 86,0374 1,56 1,4-Lactone

189



Annex. Supplementary figures and tables

Formula Mass RMT Compound Name (Putative)
C3H7N
02 89,0481 0,80 Alanine
C4HONO 103,063
2 6 0,71 3-Aminobutyric acid
C4H9N 103,063
02 5 0,94 N,N-Dimethylglycine
C5HI13 103,099
NO 7 0,62 Choline
C3H7N 105,042
03 8 0,87 Serine
C5H9N 115,063
02 2 0,93 L-Proline
C3H7 117,054
N3 02 8 0,74 Guanidinoacetate
C5HI11 117,078
N 02 8 0,96 Betaine
C5HI1 117,079
N 02 1 0,87 L-Valine/D-Norvaline
C3H7N 121,021
028 7 0,94 Cysteine
C6H6 122,047
N2 O 8 0,68 Nicotinamide
C5H8 128,058
N2 O2 8 0,78 5,6-Dihydrothymine
C5SH7N 129,042
03 8 0,92 5-Oxoproline
C6HI1 129,079
N O2 | 0,89 Pipecolic acid
C6 H14 130,110
N2 O 3 0,75 N-Acetylputrescine
C5H9N 131,058
03 5 1,01 Trans 4 Hydroxy-L-proline
C4H9 131,069
N3 02 6 0,79 Creatine
C6HI3 131,094
N O2 3 0,89 Leucine / isoleucine
C5H8 132,042 Methylsuccinate/Deoxyribonolactone/Glutarate/Ethylm
04 7 1,58 alonic acid
C5HI2 132,089
N2 02 2 0,63 Ornithine
C5H4 136,039
N4 O 3 1,00 Hypoxanthine
C7H8 136,063
N20O 6 0,66 1-Methylnicotinamide
C6 H6
N2 02 138,043 0,74 Urocanate
C6 H8 140,058
N2 02 8 0,73 Methylimidazoleacetic acid
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Formula Mass RMT Compound Name (Putative)
C7HI13
N 02 143,095 0,97 1- Aminocyclohexanecarboxylic acid
C7HI19 145,156
N3 5 0,43 Spermidine
C5HIO0 146,069
N2 O3 1 0,92 L-Glutamine
C6H14 146,104
N2 O2 8 0,64 L-Lysine
C5SHI9N 147,053
04 8 0,90 Glutamic acid
C5HI11 149,051
NO2S 2 1,00 L-Methionine
C5H5 151,048
N50 8 0,99 2-Hydroxyadenine
C5H4 152,033
N4 02 6 1,47 Xanthine/Alloxanthine
C7H8 152,059
N2 02 7 1,52 N1-Methyl-4-pyridone-5-carboxamide
C7H8 152,058
N2 O2 3 1,42 N1-Methyl-2-pyridone-5-carboxamide
C8H11 153,079 Dopamine/1-(4-Hydroxyphenyl)-2-
N O2 2 0,78 aminoethanol/Vanillylamine
C6H9 155,069
N3 02 3 0,67 L-Histidine
C7H16 160,121
N2 02 1 0,65 N6-Methyl-L-lysine /Putreanine
C7HI15 161,105
N O3 3 0,76 Carnitine
Glucosan/3-Hydroxyadipic acid/3-Hydroxy-3-
C6 H10 162,052 methylglutarate/[FA hydroxy(6:0/2:0)] 2-hydroxy-
05 8 1,55 Hexanedioic acid
C6 H14 162,100
N2 O3 7 0,66 DL-5-hydroxylysine
C6HI2 164,067
05 8 1,55 6-Deoxy-L-galactose
C5HI1 165,047
NO3S 2 0,99 L-Methionine S-oxide
C6 H7 165,065
N5 0 3 0,74 Methylguanine
CO9HI11 165,079
N O2 | 0,94 Phenylalanine
3-Dehydroxycarnitine Adduct/1-(4-Hydroxyphenyl)-2-
C9HI13 167,094 (methylamino)ethanol/Phenylephrine/3-
N O2 5 0,75 Methoxytyramine
C5H4 168,028
N4 O3 6 1,56 Urate
C7HI1 169,085
N3 02 6 0,78 N(pi)-Methyl-L-histidine
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Formula Mass Compound Name (Putative)
C7HI1 169,085
N3 02 4 0,69 3-Methylhistidine
C6 HI1 173,081
N3 03 7 1,01 5-Guanidino-2-oxopentanoate
C6 H10 174,064
N2 O4 4 0,92 N-Formimino-L-glutamate
C6 H13 175,096
N3 03 3 0,91 Citrulline
C6 HI0 178,048
06 6 1,58 Glucono-1,5-lactone
C6 H13 179,079
N O5 5 0,81 D-Glucosamine
C8H8 180,054
N2 O3 2 1,21 Nicotinurate
C9 H11
N O3 181,074 0,96 Tyrosine
C9 H21 187,168
N3O 4 0,59 N8-Acetylspermidine/N1-Acetylspermidine
C8H16 188,116
N2 O3 3 0,86 N6-Acetyl-L-lysine/Glycyl-leucine
C9 H20 188,152
N2 02 1 0,66 N6,N6,N6-Trimethyl-L-lysine
CI0H7 189,042
NO3 9 1,72 Kynurenate
C7H14 190,094
N2 04 3 0,98 meso-2,6-Diaminoheptanedioate
C6H8 192,027
o7 3 1,62 Citrate/Isocitrate
CO9HI0 194,069
N2 03 4 0,88 4-Aminohippuric acid
C6HI2 196,058 D-Gluconic acid/Galactonicacid/1-3-
o7 9 1,58 Dimethyluricacid/1-7-Dimethyluricacid
C8 H18
N4 02 202,143 0,71 NG,NG-Dimethyl-L-arginine(ADMA)
CI0 H26 202,214
N4 7 0,42 Spermine
C11HI2 204,089
N2 O2 8 0,94 Tryptophan
CI0HI12 208,084
N2 O3 8 0,87 L-Kynurenine
C8 H10 210,075
N4 O3 2 1,56 1,3,7-Trimethyluric acid
CI0 H19 217,131
N O4 6 0,78 Propanoyl-L-carnitine
C7HI14 222,068
N204 S 2 0,87 L-Cystathionine
C9H14 226,106
N4 O3 9 0,63 Carnosine
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Formula Mass RMT Compound Name (Putative)
C11 H20 228,147
N2 O3 4 0,84 Leucyl-Proline
Cl11 H21 231,147
N O4 3 0,83 Isobutyryl-L-carnitine/O-Butanoylcarnitine
CO9HI1 237,085
N5 O3 4 1,05 Biopterin
C6 H12
N2 04 240,024
S2 3 0,94 Cystine
Cl0H16 240,121
N4 O3 4 0,63 Homocarnosine/beta-Alanyl-N(pi)-methyl-L-histidine
C10 H15
N3O5 257,102 0,86 5-Methylcytidine
C11 H19 261,123
N 06 1 0,87 Methylglutarylcarnitine
CI3H16 264,111
N2 O4 2 1,58 Formyl-N-acetyl-5-methoxykynurenamine
C8 H16
N2 04 268,055
S2 9 0,96 Homocystine
C12 H21 275,136
N 06 8 0,88 Glutarylcarnitine
Cl11 H21
N3O5 275,148 0,85 Epsilon-(gamma-Glutamyl)-lysine
Cl11 H15 281,112
N5 04 8 0,87 2'-O-Methyladenosine/1-Methyladenosine
C15 H27
NO4 285,192 0,85 2-Octenoylcarnitine
C14 H30 286,237
N4 02 1 0,68 N1,N12-Diacetylspermine
Cl1 H17 287,112
N3 06 8 0,80 N-Ribosylhistidine
Cl14 H18 294,122
N2 O5 4 1,07 Glutamylphenylalanine
C8 H15
N3 O5
S2 297,046 0,84 L-Cysteinylglycinedisulfide
CI11 H15 297,091
N503S 3 0,87 5'-Methylthioadenosine
Cl1 H15 297,107
N5 O5 5 1,03 I-methylguanosine
C11 H19 309,106
N O9 3 1,67 N-Acetylneuraminate
C12H17 311,122
N5 O5 9 1,02 N2-N2-Dimethylguanosine
C17H31 313,222
N O4 9 0,88 9-Decenoylcarnitine
C12 H24 324,153
N2 O8 8 0,78 Galactosylhydroxylysine
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RM
Formula Mass T Compound Name (Putative)
C12 H22 342,117
011 2 1,55 Lactose
C17 H26 378,202
N6 04 6 1,57 Pentosidine
C14 H17 383,108
N5 08 1 1,19 Succinyladenosine
C18 H34 486,206
N2 013 8 0,86 Glucosylgalactosylhydroxylysine
C24 H42 666,221
021 7 1,56 Glycogen

Supplementary Table A.2.3 Amino acid quantification in urine
samples

https:www.nature.com/articles/s413900-021-01552-z#Sec16

Supplementary Table A.2.4 Altered metabolites in urine samples from
newborns with pathologic vs. normal MRI results.

https:www.nature.com/articles/s413900-021-01552-z#Sec16.

A.3 Targeted Metabolomics data and miRNA-seq assessment

from HIE newborns during hypothermia treatment

No supplementary data.
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A.4 Effect of donor human milk on host-gut microbiota and

metabolic interactions in preterm infants

Supplementary Table A.4.1 Inclusion and exclusion criteria of preterm

infants receiving OMM or DHM during hospitalization.

Inclusion criteria Exclusion criteria

BW <1500 g and GA <32 weeks GA >32 weeks or BW >1500 g

Enteral intake >150 mL/kg/day Parents refuse to participate/sign
informed consent

The principal nutrient received (OMM, DHM) Mixed breastfeeding

was

>80% of the total intake

DHM from a maximum of two donors to one Chromosomopathies
premature infant

No additional treatments that could alter the Major malformations or surgery of
microbiome (e.g. probiotics) or oxidative status the digestive tract
(e.g. vitamin supplements)

BW, birth weight; GA, gestational age.
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Supplementary Table A.4.2 Molecular formula, KEGG ID and steroid

hormones found in urine samples

RT Mol . P-value
[min] m/z Formula Species (FDR) KEGG IDs
401 184.0976 C21H2804  M+H[1+] 0.04 C05490
455 137.0966 CI8H2402  M+2H[2+] 0.04 C00951

4.88 551.2783 C27H4604S M+HCOOK]1+] 0.04 C18043
C05284, C05140, C05290,
523  321.2061 C19H2603 M+H20+H[1+] 0.03 C05295, C05302

M-
546  259.2063 CI19H2803  HCOOH-+H[1+] 0.04 C05139, C05294, C18045, C18075
5.69 306.2143 C19H2803 M(C13)+H[1+] 0.03 C05139, C05294, C18045, C18075
574  316.2351 C21H3002  M(CI13)+H[1+] 0.04 C00410

C05284, C05140, C05290,
5.76  303.1955 C19H2603 M+H[1+4] 0.03 C05295, C05302

C05284, C05140, C05290,
576  304.1994 CI19H2603  M(CI13)+H[1+] 0.03 C05295, C05302

C04295, C00523, C03917,
581 2552106 CI9H3002  M-H402+H[1+] 0.03 C04373, C05293

6.04  287.2010 CI9H2602  M+H[1+] 0.03 C00280
6.05 269.1901 CI19H2803 M-H402+H[1+] 0.04 C05139, C05294, C18045, C18075
6.12 4652484 C25H3608  M+H[1+] 0.02 Cl11134
6.12  466.2519 C25H3608  M(CI13)+H[1+] 0.03 Cl11134

6.16  253.1956 CI9H2802  M-H402+H[1+] 0.04 C01227, C00674, C03772
C05485, C04518, C05138,

6.16 297.2217 C21H3203  M-H402+H[1+] 0.04 C18038, C18040

6.17  289.2165 CI9H2802  M+H[1+] 0.03 C01227

6.21  289.1803 CI18H2403  M+H[1+] 0.04 C05141, C05301

6.41  283.2426 C21H3402  M-H402+H[1+] 0.05 C13712, C05480, C18041
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Supplementary Table A.4.3 Molecular formula, KEGG ID and steroid

hormones found in HM samples.

RT [min] m/z Mol Formula  Species P-value (FDR) KEGG IDs

0.30 547.2132 C25H3409 M+HCOONa[1+] 0.02 C11131

3.44 337.2739 C21H3402 M+H20+H[1+] 0.03 C05480, C13712, C18041
3.90 311.2582 C19H3202 M+H20+H[1+] 0.014 C03852

4.17 245.2264 C21H3202 M-C3H402+H[1+] 0.013 C01953, C03681, C05479
4.17 337.274 C21H3402 M+H20+H[1+] 0.03 C05480, C13712, C18041
4.73 339.2897 (C21H3602 M+H20+H[1+] 0.02 C18042

4.90 339.2894 (C21H3602 M+H20+H[1+] 0.04 C18042

5.03 337.2739 C21H3402 M+H20+H[1+] 0.02 C05480, C13712, C18041
5.04 245.2266 C21H3202 M-C3H402+H[1+] 0.02 C01953, C03681, 05479
5.60 339.2897 (C21H3602 M+H20+H[1+] 0.04 C18042

A.5 A reductive metabolic switch protects infants with

congenital heart defect undergoing atrial septostomy against

oxidative stress.

No supplementary data.
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Abstract: Hypoxic-Ischemic Encephalopathy (HIE) is one of the most relevant contributors to
neurological disability in term infants. We hypothesized that clinical outcomes of newborns with
(HIE) can be associated with changes at plasma metabolic level enabling the detection of brain injury.
Plasma samples of a cohort of 55 asphyxiated infants who evolved to moderate/severe HIE were
collected between birth and completion of therapeutic hypothermia (TH). Samples were analyzed
employing a quantitative gas chromatography—mass spectrometry method for the determination of
lactate and pyruvate and an untargeted liquid chromatography-time-of-flight mass spectrometry
method for metabolic fingerprinting. Brain injury was assessed employing magnetic resonance
imaging (MRI). A critical assessment of the usefulness of lactate, pyruvate, and pyruvate/lactate
for outcome prediction was carried out. Besides, metabolic fingerprinting identified a dynamic
perturbation of eleven metabolic pathways, including amino acid and purine metabolism, and the
steroid hormone biosynthesis, in newborns with pathologic MRI outcomes. Although data suggest
the usefulness of lactate and pyruvate monitoring during 72 h for discerning outcomes, only the
steroid hormone biosynthesis pathway was significantly altered in early plasma samples (i.e., before
the initiation of TH). This study highlights pathways that might potentially be targeted for biomarker
discovery or adjuvant therapies to be combined with TH.

Keywords: liquid chromatography-time-of-flight mass spectrometry (LC-TOFMS); neonatal brain
injury; perinatal asphyxia; untargeted metabolomics

Metabolites 2020, 10, 109; doi:10.3390/metabo10030109 www.mdpi.com/journal/metabolites
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1. Introduction

Hypoxic-Ischemic Encephalopathy (HIE) is the neurological consequence of impaired blood flow
and/or gas exchange during birth [1]. Decreased cerebral perfusion and oxygenation trigger a sequence
of acute cerebral metabolic alterations that characterize the primary energy failure phase of HIE. After
resuscitation, the process undergoes a latent phase that lasts up to 6 h. This stage is followed by a
secondary energy failure phase that enhances cerebral injury and may last for days, weeks, or even
months [2].

HIE is one of the most relevant contributors to neurological disability in the pediatric age. In
high-income countries, the incidence of HIE is around 1.6 per 1000 infants, while the risk is around
10-fold higher in low-income countries [3]. Therapeutic hypothermia (TH) initiated within 6 h of
birth constitutes the standard of care for infants with moderate or severe HIE reducing mortality and
improving neurodevelopmental outcome in survivors [4].

At present, no bedside test is available for an accurate and early diagnosis of HIE. In the delivery
room, physicians rely on prenatal clinical information and serial Apgar scores with special emphasis on
neurological assessment. In addition, cord blood gases, metabolic acidosis, and increased lactacidemia
further reflect the severity of anaerobic metabolism [2]. The modified Sarnat staging system grades
neonatal HIE according to the severity of the brain insult [5]. Later on, amplitude-integrated
electroencephalography (aEEG) and/or multichannel EEG and cranial ultrasound will confirm
the diagnosis [6]. Magnetic resonance imaging (MRI), including diffusion weighted imaging and
spectroscopy, performed 5-7 days after birth, is the cornerstone for neurodevelopmental outcome
prediction [7]. Particularly, time-dependent reductions in brain N-acetyl aspartate and creatinine
concentrations at 18-96 h and 7-14 days are able to accurately predict adverse outcomes, whereas
elevated cerebral lactate, glutamate, and glutamine concentrations have been found to be transient [8].
However, unstable neonates may not tolerate transport necessary for MRI or MRI scanning duration.
Moreover, hypothermia may alter EEG recordings and limit its early predictive capacity [2].

HIE has been associated with damage to the integrity of the blood-brain barrier and, hence, brain
injury could be reflected in peripheral blood samples [9]. In the search for blood biomarkers capable of
determining the degree of brain injury and providing prognostic information, an array of different
molecules has been proposed including neuronal tissue specific proteins, proteins involved in the
pathogenesis of traumatic brain injury, excitatory amino acids, lipid peroxidation products, specific
microRNAs, and inflammatory markers [2,6]. Despite the potential of these markers, few small pilot
studies have validated their utility in the clinical practice [10] and none has been added to clinical
guidelines [11].

Blood lactate, a hallmark of anaerobic metabolism, has been traditionally employed as surrogate
marker for tissue hypoxia and/or ischemia. Pyruvate dehydrogenase controls the metabolic flux
between the tricarboxylic acid cycle and glycolysis. Under hypoxic conditions, glucose is metabolized
into lactate and exported to the extracellular compartment [12]. In infants with moderate/severe brain
injury, a very strong correlation was found between serum and cerebral lactate concentrations at the
basal ganglia, thalamus, and gray matter regions during TH [12]. It has been suggested that monitoring
lactate could be useful for assessing the degree of HIE and even predict long-term neurodevelopmental
outcomes [13]. However, these speculations were not based on adequately powered clinical studies.

Comprehensive metabolic phenotyping has been increasingly employed for identifying possible
therapeutic targets, and the discovery of biomarkers to support treatment selection, patient stratification,
and enhanced diagnosis [11]. However, metabolomics has only been scarcely used for progressing
our understanding of the multilayer effects of HIE and TH on the newborn [14]. H-nuclear magnetic
resonance was used to characterize umbilical cord blood samples from infants with perinatal asphyxia
or HIE compared to matched healthy controls, revealing significant changes in 18 metabolites [15]. A
panel of four metabolites showed potential for predicting HIE severity according to Sarnat staging;
however, it was not found to be superior to EEG or the Sarnat score for predicting neurodevelopmental
outcome at three years of age [16]. Umbilical cord blood of a similar cohort of newborns with signs of
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perinatal asphyxia and HIE as well as matched healthy controls was studied employing direct infusion
Fourier-transform ion cyclotron resonance mass spectrometry (MS) [17]. Eight putatively annotated
metabolites were identified to be significantly altered in newborns with HIE and four metabolites
differentiated across severity grades of HIE based on continuous multichannel EEG monitoring at 24 h
of life. In a longitudinal study involving six infants with mild/severe HIE, a specific metabolic profile
was identified in urine samples as compared to healthy control subjects on Days 1 and 3 after birth [18].

The aim of this study was to elucidate dynamic metabolic changes in a cohort of newborn infants
evolving to moderate/severe HIE undergoing TH in which hypoxia-ischemia-induced brain injury was
assessed employing MRIL This study describes for the first time the evolution of the neonatal plasma
metabolome of HIE covering the time period between birth and completion of TH treatment. The
objectives of the present study were focused on preselecting disease-specific pathways at the phenotypic
level that might be suitable for enabling an identification of those infants at risk of developing brain
injury within the infants that qualify for hypothermia treatment as well as for monitoring the individual
response to treatment and elucidating new potential therapeutic targets.

2. Results

2.1. Patient Characteristics

Population characteristics are shown in Table 1. There were only minor, non-significant differences
between the control and the pathologic group, i.e., a higher proportion of males in the control group
(59% vs. 42%) and higher proportion of C-section in the pathologic group (64% vs. 41%). Regarding
the Sarnat staging, in the normal group, 86% of infants were initially identified as Sarnat 2, whereas, in
the pathologic group, the proportion was 58% (p-value = 0.05). Although the analysis of the effect
of topiramate vs. placebo was out of the scope of this study, the inclusion of a similar proportion
of individuals from both treatment groups (p-value = 0.7) allowed compensating for the impact
(confounder) of potential effects of pharmacological treatment on the metabolome.

Table 1. Clinical and demographic data of newborns.

Parameter Normal (N = 22) Pathologic (N = 33) p-Value
Inborn 3 (14%) 8(24%) 0.5
Maternal age (years) 34(5) 33 (6) 0.4
Gestational age (weeks) 38.4 (37.3, 40.6) 39.0(38.0, 40.6) 0.3
Gender (male, %) 13 (59%) 14 (42%) 0.3
Birth weight (g) 3265 (552) 3295 (697) 0.4
Length (cm) 51(3) 51(3) 0.4
Head circumference (cm) 34(2) 34(2) 03
Delivery mode (C-section) 9 (41%) 21 (64%) 0.2
Apgar score 1 min 2(1,4) 1(1,3) 0.6
Apgar score 5 min 4(2,5) 3(1,5) 0.3
Apgar score 10 min 5(4,6) 5(4,6) 1.0
Sarnat 2/Sarnat 3 19/3 19/14 0.05
pHUC 7.06 (0.27) 6.97 (0.17) 0.09
BE UC -13(10) -16 (7) 0.2
pCO; (mmHg) UC 71(33) 59 (33) 0.2
HCO; UC 15 (6) 13 (6) 0.2
Topiramate treatment (yes, %) 10 (45%) 17 (52%) 0.7
MR (days) 7 (5,10) 7(7,10) 0.4

Note: Values are mean (SD), median (interquartile range), or 11 (%); p-values have been calculated employing the
Student'’s t-test for unequal variances (a = 0.05), the Wilcoxon rank sum test (a = 0.05) or the x-test (@ = 0.05);
UC, umbilical cord; BE, base excess; MR, magnetic resonance; inborn refers to infants born at the hospital where
hypothermia treatment was carried out.
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2.2. Plasma Lactate and Pyruvate Levels

The evolution of lactate and pyruvate plasma concentrations as well as lactate/pyruvate with
time are shown in Figure 1. For lactate, as well as pyruvate, median concentrations at all studied time
points were higher in newborns with pathologic MRI outcomes. To assess the potential of lactate,
pyruvate, and lactate/pyruvate levels determined in blood before the initiation of TH and 24, 48, and 72
h after initiation of TH for predicting pathologic MRI outcomes, groups were compared employing the
Wilcoxon rank sum test. Newborns with pathologic MRIs had significantly higher levels of lactate at
24 and 48 h as well as pyruvate at 72 h. Lactate/pyruvate did not show a clear trend with time and was
not useful for discriminating between normal and pathologic MRI outcomes at any studied time point.
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Figure 1. Evolution of pyruvate and lactate concentrations and lactate/pyruvate in plasma samples from
newborns with normal (blue A and error bars are median and 25th and 75th percentile, respectively)
and pathologic (red o and error bars are median and 25th and 75th percentile, respectively) MRI
outcomes. Note: normal vs. pathologicat 0h N =13 and 23;at 24 h N = 20 and 30; at 48 h N = 22 and
28;and at 72 h N = 20 and 32, respectively; * indicates p-vales below 0.05 (Wilcoxon rank sum test) for
comparing normal vs. pathologic MRI outcomes; blood samples were extracted at birth and at 24, 48,
and 72 h after the administration of the first dose of medication/placebo.

2.3. Untargeted Metabolomic Analysis

Figure 2 shows the Principal Component Analysis (PCA) scores plot of plasma metabolomic
analysis collected at the different time points. The strong impact of time on the plasma metabolome
can be observed in direction of principal component (PC) 2 (9.5% of the total variance). Based on this
observation, further data analysis was stratified by the sampling time point.

Figure 3 shows the number of features with different mean values (t-test, a = 0.05) comparing
normal vs. pathologic outcomes as determined by MRL It can be observed that the number of altered
features increases with time. Whereas 208 (2.6%) of the total of 8122 detected features showed different
mean concentrations in blood before the initiation of TH, 24 h after the initiation of TH, already 491
(6.0%) were altered; 48 h and 72 h after the initiation of TH, this value further increased to 1228
(15.1%) and 1330 (16.4%), respectively. Furthermore, the pattern of affected metabolites shifted over
time with only 65 of the altered features shared between blood before the initiation of TH and 24 h
samples, 279 between 24 and 48 h samples, and 776 between 48 and 72 h samples. This indicates
that the alteration of the metabolome in newborns with pathologic MRI outcomes rapidly changes
at early time points and slowly stabilizes thereafter. In Figure 4, heat maps of the intensities of 2071
metabolic features that showed different distributions between normal and pathologic groups in at
least one of the sampling times are depicted. Visual inspection of heat maps confirms an increase
of HIE specific plasma metabolite patterns with time: whereas no clear patterns are observed from
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metabolites detected in blood before the initiation of TH, differences are visible after 24 h and become
more evident after 48 and 72 h.
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Figure 2. PCA scores plot of plasma metabolomic fingerprints. Note: Blood samples were extracted at
birth and at 24, 48, and 72 h after the administration of the first dose of medication/placebo.

48 h

Figure 3. Venn diagram showing the overlap among altered metabolic features in plasma samples
collected 0, 24, 48, and 72 h. Note: Blood samples were extracted at birth and at 24, 48, and 72 h after
the administration of the first dose of medication/placebo.

Table 2 summarizes the metabolic pathways significantly altered in at least one of the studied
time points and Table S1 shows the annotation of altered metabolites detected in plasma samples from
newborns with HIE and normal vs. pathologic MRI outcomes. In line with previous observations,
different pathways were affected in blood before the initiation of TH as compared to the remaining
sampling times. Again, the number of altered pathways varies with time with three, two, five, and
nine altered pathways in the first blood sample collected, and 24, 48, and 72 h after the initiation of TH,
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respectively. In blood collected before the initiation of TH, purine, seleno amino acid metabolism, and
steroid hormone synthesis were affected in newborns with pathologic MRI outcomes. Later, additional
pathways mainly related to amino acid metabolism were altered. Only one metabolic pathway, i.e.,
steroid hormone biosynthesis, remained altered during the whole study period. Figure 5 shows the
steroid hormone synthesis pathway and its intermediates highlighting metabolites detected and/or
altered in this study at the four studied time points.
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Figure 4. Heat maps of altered plasma metabolic features (N = 2071) in samples collected at: 0 h (top,
left); 24 h (top, right); 48 h (bottom, left); and 72 h (bottom, right). Note: normal vs. pathologic at 0 h
N =13and 23;at24 h N = 20 and 30; at 48 h N =22 and 28; and at 72 h N = 20 and 32, respectively;
blood samples were extracted at birth and at 24, 48, and 72 h after the administration of the first dose of
medication/placebo.
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Table 2. Altered pathways in newborns suffering from HIE with pathologic MR outcomes.

. ™ T24 T48 72
Pathway Total#of  Hits
Metabolites  (Total) ~ Hits  Fisher's  Hits  Fisher's  Hits  Fishers  Hits  Fishers
(Sig)  p-Value  (Sig)  p-Value  (Sig)  p-Value  (Sig)  p-Value
Alanine, aspartate, and glutamate metabolism 2 19 6 014 5 09 13 04 16 004
Arginine and proline metabolism 77 50 10 05 21 04 41 0.002 41 0.003.
Caffeine metabolism 2 2 2 0.04 2 02 2 04 2 04
D-Glutamine and D-glutamate metabolism 1 7 1 08 3 06 7 003 7 004
Limonene and pinene degradation 59 7 2 04 1 10 4 07 7 0.04
ine biosynthesi 2 20 3 08 n 010 17 002 19 00013
Lysine degradation 17 32 7 04 17 007 2 04 28 0002
Nitrogen metabolism 39 16 4 04 7 04 1 04 14 003
Phenylalanine metabolism %5 2 5 05 15 (1] 24 000009 21 002
Seleno amino acid metabolism 2 2 2 004 1 06 2 04 2 04
Steroid hormone biosynthesis 9 29 n 001 2 0000009 25 0.004 2 0.006

Note: Results with a Fisher’s p-value < 0.05 are gray-shaded.
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Figure 5. Altered metabolites of the steroid hormone biosynthesis pathway in plasma samples from newbomns suffering from HIE at birth and 24, 48, and 72 h after the
administration of the first dose of medication/placebo. Note: * altered only at 24, 48, and 72 h; ** altered only at 48 and 72 h; *** altered only at 48 h; **** altered only at
72h.
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3. Discussion

The HYPOTOP trial was designed to minimize shortcomings of single center trials, thus improving
the generalizability of the observations. This is underpinned by the homogeneity of the clinical
and demographic parameters between both study groups (normal vs. pathologic MRI outcome),
as shown in Table 1. For the quantitative determination of lactate and pyruvate, a targeted gas
chromatography—mass spectrometry (GC-MS) method was used, whereas untargeted fingerprinting
was carried out using LC-TOFMS. For lactate and pyruvate concentrations in plasma samples collected
before the initiation of TH, poor predictive values were found, whereas, during TH, lactate (24 and
48 h) and pyruvate (72 h) were able to discriminate between newborns with confirmed brain injury and
normal outcomes, as shown in Figure 1. Optimum cut-off values from receiver operating characteristic
(ROC) curves of 1.1 mM and 51.4 uM for lactate at 24 and 48 as well as pyruvate at 72 h, respectively,
were obtained for the discrimination between both groups. The difference in concentration levels of
lactate between newborns with normal and pathologic MRI outcomes decreased over time, whereas
an increase was noted for pyruvate concentrations. Due to the high capacity for lactate transport
into and out of the brain, blood lactate has been employed as surrogate marker for brain tissue
hypoxia and/or ischemia. It has been demonstrated that serum lactate strongly correlates with cerebral
lactate concentrations at the basal ganglia, thalamus, and gray matter regions measured during TH in
newborns with moderate to severe brain injury [12]. In accordance with findings on blood lactate, the
relative increase in serum lactate dehydrogenase concentrations between Days 1 and 3 was associated
with central gray matter lesions [19]. Moreover, lactate and pyruvate concentrations were found to be
elevated in plasma from newborns with HIE undergoing TH at 48 h as compared to a control group
of healthy term infants [20] and serum lactate was significantly elevated at 72 h of life in newborns
with poor neurodevelopmental outcomes [21]. Lactate levels acquired within the first hour of life in
combination with serial measurements of lactate have been proposed as predictors of moderate/severe
HIE [22] and prolonged time to normalization of serum lactate occurred in severe HIE with prolonged
electrographic seizures [23]. In contrast, to date, no literature is available on blood pyruvate levels
in newborn infants with HIE. In experimental studies, both concentrations of cerebral pyruvate and
lactate were found to be elevated in hypoxia and hypoxia-ischemia [13].

A complementary analytical approach aimed at exploiting the potentials of untargeted
metabolomic fingerprinting for enhancing the current understanding of the complex perturbations of
hypoxia-ischemia on the individual, phenotypic level and its impact on the pathophysiology of HIE.
The importance of repeated phenotypic monitoring should be highlighted as it is well known that HIE
passes through different phases and TH induces a reduction in cerebral and whole-body metabolism [2].
Furthermore, the transition of the neonate from hypoxic in utero conditions to a relatively oxygen-rich
environment induces changes in the metabolome. In an animal model, 23% of the detected metabolites
showed a significant change in concentration when comparing umbilical cord blood to blood samples
drawn until 72 h after birth [24]. In the present study, a clear effect of the time elapsed from birth until
sample collection has been observed (see Figure 2), with the pattern of injury becoming more visible as
time evolves (see Figure 3; Figure 4). This was further corroborated by the results of pathway analysis
shown in Table 2 and Table S1, where an upward trend in the number of altered pathways with time
was observed while the pattern of injury emerges during secondary energy failure.

We demonstrated that the early evolving blood metabolome provides useful information for
the discrimination of newborns who will show pathologic MRI patterns after TH. In the first
blood sample analyzed in this study, collected before initiation of TH, levels of two metabolites
of the purine metabolism, i.e., xanthine and its derived nucleoside xanthosine, were found to be
altered. Purine metabolism has been described repeatedly to be affected in animal experiments
on hypoxia/reoxygenation [25] as well as newborns with HIE [17]. Interestingly, xanthine is an
oxygen-dependent downstream product of hypoxanthine, which in turn is a hallmark of hypoxia
and has been identified as a free radical generator, playing a key-role in oxidative stress-associated
diseases of the newborn [25]. Furthermore, the steroid hormone biosynthesis pathway was affected
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over the whole study period in newborns with HIE and pathological MRI outcomes, but became
especially relevant during TH. In agreement with our observations (see Table S1), a significant increase
of neonatal 17-hydroxyprogesterone levels has been reported in blood samples from infants suffering
from birth asphyxia and neonatal seizures [26]. Although the influence of drugs administered for
sedation, or antibiotics and vasopressor drugs cannot be ruled out, the observed effect might likely
be linked to the response to stress and pain that inevitably triggers a hormonal response affecting
epinephrine, norepinephrine, and cortisol levels. On the other hand, the use of hormones has been
proposed as therapeutic drugs in the context of HIE. In experimental studies, the administration of
glucocorticoids [27] and progesterone [28] ameliorated neonatal hypoxic-ischemic brain injury.

At later time points in samples collected during TH, a total of eight pathways involving amino
acid metabolism, synthesis, and degradation have been observed to be perturbed when comparing
between normal vs. pathologic groups. In the literature, several reports on the perturbation of amino
acids in hypoxia and hypoxia-ischemia in experimental models and neonates can be found [14] and
the accumulation of excitatory amino acids (glutamate and aspartate) in cerebral tissue during the
acute phase as well as secondary energy failure have been extensively described [2]. In umbilical
cord blood of newborns with HIE in comparison to a healthy control group, alanine, aspartate, and
glutamate metabolism, as well as phenylalanine metabolism, were found to be altered [17] and changes
in metabolite levels involved arginine and proline metabolism (i.e., proline [29]), nitrogen metabolism
(i.e., phenylalanine [29] and tryptophan [17]), and phenylalanine metabolism (i.e., phenylalanine [29]
and succinate [15-17]) were observed.

This study has some limitations. Although TH is a routine clinical practice, patients need to be
transferred to level IIl NICUs to receive this treatment. Consequently, umbilical cord blood could
not be collected from these patients. This is an intrinsic problem of studies on infants with HIE and
the exclusion of outborn infants would dramatically increase the time needed for the recruitment
of a representative number of subjects. In addition, this study does not include a healthy control
group or newborns with asphyxia or classified as mild HIE (Sarnat 1), as only newborns subjected
to hypothermia treatment were included. There is risk of adverse neurodevelopmental outcome of
mild HIE newborns, but, up to now, there is no evidence to support cooling in these babies, and
therefore we consider that the study of the metabolic fingerprint of those infants in correlation with the
clinical outcomes would be of interest [30]. Furthermore, metabolomic coverage could be increased by
taking advantage of complementary methods and analytical platforms. The use of complementary
methodological approaches might help to achieve a more comprehensive view of the global effects
of HIE on the plasma metabolome. Before the findings described in this study can be translated
to the clinic, an exhaustive validation of the results is necessary involving the identification and
quantification with primary standards following guidelines of regulators such as the U.S. Food & Drug
Administration and European Medicines Agency.

We report the first metabolomic study involving human subjects and serial sample collections in
HIE for modeling brain injury as confirmed with MRI. Herein, the time-dependent evolution of lactate
and pyruvate levels in newborns with HIE undergoing TH is shown. Our data underpin the usefulness
of blood lactate with a cut-off value of 1.1 mM between 24 and 48 h and pyruvate with a cut-off value
of 51.4 uM at 72 h for anticipating favorable/unfavorable MRI outcomes. Although these findings
need to be validated in independent cohorts, these biomarkers could be easily implemented within
clinical routine care, as portable devices for point-of-care testing are commercially available. However,
at very early sampling time points (before initiation of TH), the measurement of those parameters
does not support outcome prediction. Metabolic pathway analysis revealed the time-dependent
perturbation of several pathways. Purines (i.e., xanthine and xanthosine) were found to be altered in
blood samples from newborns with pathologic MRI outcomes drawn before the initiation of TH and the
steroid hormone biosynthesis pathway has been significantly altered during the whole study period
comprising early samples collected shortly after birth and until completion of TH after 72 h. Hence, this
study provides evidence of the usefulness of metabolites from both pathways as candidate biomarkers
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to be evaluated in future clinical validation studies as they might allow an early prediction of central
nervous system impairment reflected in an anatomic alteration detectable by MRIL In depth knowledge
of metabolic alterations might furthermore support studies targeting the development of adjuvant
therapies to be combined with TH, e.g., the administration of allopurinol and steroid hormones.

4. Materials and Methods

4.1. Study Approval

The study was approved by the Ethics Committee for Biomedical Research of the Health Research
Institute La Fe (Valencia, Spain) and registered as EudraCT 2011-005696-17 under the abbreviation
HYPOTOP. Informed consent was obtained from parents of all participants and all methods were
performed in accordance with relevant guidelines and regulations.

4.2. Population

A cohort of 62 newborns enrolled in the HYPOTOP trial was included in this study according
to pre-established inclusion and exclusion criteria. The HYPOTOP trial is a randomized, controlled,
multicenter, double-blinded clinical trial aiming to assess the efficacy of topiramate vs. placebo in
patients with HIE undergoing TH. A detailed description of the HYPOTOP trial including the study
design and sample-size estimation can be found elsewhere [31].

4.3. Magnetic Resonance Imaging

MRI was performed between Days 4 and 8 after birth. It was carried out using a 3T magnet
system (Signa Excite®, General Electric Healthcare, IL, USA) and always included 3D Gradient Echo
T1 weighted MR images, coronal and axial Fast Spin Echo T2 weighted MR images, diffusion weighted
images (b0 and b1000 values), and susceptibility weighted imaging. In most cases, single voxel MR
spectroscopy in thalamus, white, and grey matter was acquired using PROBE sequence, as well as
diffusion tensor imaging (32 directions). The score used to differentiate mild from moderate and severe
HIE was based on the MR score described by Barkovich [32]. Acute hypoxic ischemic insult in basal
ganglia and thalami (BGT) was classified as mild if focal injury with normal posterior limb of the
internal capsule (PLIC) was seen; as moderate if multifocal BGT pattern and equivocal or normal PLIC
was identified; and as severe when diffuse BGT patterns and abnormal PLIC was detected. To evaluate
white matter injury as well as cortical injury, we defined mild injury when only periventricular white
matter was involved and normal cortex was preserved, moderate when subcortical white matter and
focal areas of cortical highlighting were identified, and severe when widespread abnormalities with
extensive cortical involvement were described. MRI results were interpreted by experienced, blinded
radiologists. Based on the results of MRI, patients were classified as “normal” (N = 22) or “pathologic”
(N = 33) neuronal outcomes following the criteria explained elsewhere [33]. Seven patients were
excluded from further analysis as no MRI results were available. Patient characteristics of the remaining
55 infants are shown in Table 1.

4.4. Blood Sampling, Processing and Storing

A 0.5 mL sample of whole blood was extracted at birth (umbilical cord blood, when available, or
extracted as early as possible before the initiation of TH; N = 36) and at 24 (N = 50), 48 (N = 50), and 72
h (N = 52) after the administration of the first dose of medication or placebo from a peripheral vein
using heparinized syringes (1% sodium heparin). Blood samples were centrifuged immediately at
1800x g and 20 °C during 10 min. Plasma was collected and stored at —80 °C until analysis.

In total, 188 samples were collected from 62 newborns with moderate or severe HIE. Patients
were recruited at 13 sites following a stringent study protocol and written standard operating
procedures to limit the probability of chance correlations due to bias, systematic errors, or flaws in the
experimental design.
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4.5. Analytical Methods

Sample analysis was centralized and performed by two blinded analytical chemists in
randomized order.

4.5.1. Determination of Lactate and Pyruvate

The determination of lactate and pyruvate was carried out in plasma samples employing a
two-step oximation-silylation procedure and a validated GC-MS method, employing a 6890 GC 5973N
electron impact quadrupole MS system as described elsewhere [20].

4.5.2. Untargeted Metabolomic Analysis

Plasma samples were thawed on ice and homogenized on a Vortex 50200 mixer (LabNet, Edison,
NJ, USA) during 10 s at maximum speed. Seventy-five microliters of cold (4 °C) CH;OH were added to
25 L of plasma and samples were centrifuged at 16,000 x g during 15 min at 4 °C. Eighty microliters
of supernatant were collected and evaporated to dryness on a miVac centrifugal vacuum concentrator
at room temperature and re-dissolved in 60 uL. de H,O:CH;CN (0.1% v/ HCOOH) 95:5 containing
phenylalanine-Ds, caffeine-Dy, leucine enkephalin, and reserpine, each at a concentration of 2 uM.
Blank extracts were prepared by replacing whole blood with 500 uL of H,O. A quality control (QC)
sample was prepared by mixing 5 uL of each plasma sample and a total of 10 QC sample aliquots were
processed as described for plasma samples.

Chromatographic separations were performed on an Agilent 1290 Infinity UHPLC chromatograph
using a UPLC ACQUITY BEH C18 column (2.1 mm X 100 mm, 1.7 um, Waters, Wexford, Ireland) and a
flow rate of 400 uL min~!. Autosampler and column temperatures were set to 4 and 40 °C, respectively,
and an injection volume of 4 pL. was used. Initial conditions of 98% of mobile phase A (H,O (0.1%
y/v HCOOH)) were kept for 0.5 min, followed by a linear gradient from 2% to 20% of mobile phase B
(CH3CN (0.1% y/o HCOOH)) in 3.5 min and from 20% to 95% B in 4 min. Conditions of 95% B were
held for 1 min and a 0.25 min gradient was used to return to the initial conditions, which were held for
2.75 min.

Full-scan MS data between 100 and 1700 m/z with a scan frequency of 6 Hz (1274
transients/spectrum) were collected on an iFunnel quadrupole time-of-flight Agilent 6550 spectrometer
operating in ESI* and TOF MS mode. The electrospray ionization parameters were set as follows: gas
T, 200 °C; drying gas, 14 L min~!; nebulizer, 37 psig; sheath gas T, 350 °C; sheath gas flow, 11 L min1.
For automatic MS spectra re-calibration during analysis, a mass reference standard was introduced
into the source via a reference sprayer valve using 149.02332 (background contaminant), 121.050873
(purine), and 922.009798 (HP-0921) myz as references.

System suitability was checked employing a standard mixture containing internal standards. The
analytical system was conditioned by injecting the QC extract 9 times at the beginning of the batch.
Data acquired during system conditioning were discarded from data analysis. In total, 188 plasma
sample extracts were analyzed in random order in a single analytical batch. QC samples were analyzed
every 5th sample and twice at the beginning and end of the batch for assessment and correction of
instrumental performance [34]. Furthermore, automated UHPLC-ESI(+)-QqTOF (MS/MS) analysis
of the QC sample was performed using two collision energies (20 and 40 V) to support metabolite
annotation. The blank extract was injected a total of 4 times and used for data clean-up with the aim of
identifying signals from other than biological origin.

4.5.3. Statistics

Raw UHPLC-TOFMS data were converted into centroid mzXML format using ProteoWizard [35].
Metabolomics data have been deposited to the EMBL-EBI MetaboLights database with the identifier
MTBLS1041 and the complete dataset can be accessed here [36]. A peak table was extracted using
XCMS (version 3.4.2) [37] running in R (version 3.5). A total of 38014 features were initially detected
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after peak detection, integration, chromatographic deconvolution, and alignment. The CAMERA [38]
package was used for identifying peak groups and annotation of isotopes and adducts.

The obtained peak table was imported into MATLAB R2017b (Mathworks Inc., Natick, MA, USA)
for further data processing and analysis. To reduce intra-batch variation, the Quality Control-Support
Vector Regression algorithm [39] and the LIBSVM library [40] were applied using an e-range of 2.5 to
7.5,ay-range of 1 to 10°. C was defined for each feature as the median value in QCs. Then, features
detected in blanks (i.e., median peak area in QCs < 5 times the maximum value detected in blanks)
and those with a RSD% in QC samples >20% were excluded. The final peak table contained 8122
features. Systematic identification of detected features was carried out by matching m/z values against
the Human Metabolome Database (version 4.0) [41] with 5 ppm accuracy. To increase confidence in the
identification, MS/MS fragmentation spectra were matched against reference spectra from HMDB and
METLIN databases. Peak intensities of internal standards and QC samples were used for monitoring
the instrumental response during data acquisition throughout the batch as described elsewhere [34,39].

MATLAB 2017b inbuilt functions as well as in-house written scripts (available from the authors
upon reasonable request) and the PLS Toolbox 8.0 from Eigenvector Research Inc. (Wenatchee, WA,
USA) were used for PCA, non-parametric Wilcoxon rank sum test, and t-test (a = 0.05, unequal
variances). MetaboAnalyst (version 4.0) [42] was used for the construction of ROC curves, hierarchical
clustering, and the generation of heat maps from auto scaled data employing Euclidean distance and
Ward’s method. As an input for pathway analysis, t-test p-values (a = 0.05, unequal variances) and
fold changes were computed for each metabolic feature comparing normal and pathologic outcomes
for each sampling time point separately. Pathway analysis was carried out using MetaboAnalyst with
the “MS peaks to pathways” tool (mass accuracy = 5 ppm; mummichog algorithm with p-value cutoff
set to the top 10% of peaks) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
library (Homo sapiens). Pathways with p-values from Fisher’s exact t-test < 0.05 were considered as
altered. Putative identifications based on m/z from pathway analysis were corroborated by manual
inspection of raw data and MS/MS data when available (“level 2” identification as defined by The
Metabolomics Standards Initiative [43]).

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-1989/10/3/109/s1,
Table S1: Annotation of altered metabolites. Note: Blue stands for detected, but not altered; red stands for altered;
IDs of annotated metabolites marked with a star have been verified with MS/MS data.

Author Contributions: Conceptualization, M.V. and ].K.; methodology, M.V,, G.Q,, ] K,, AS.-I, and .D.P-R;
software, G.Q., ] K., and J.D.P-R.; validation, ].D.P-R. and A.S.-L; formal analysis: JM-R., JD.P-R, and J.K;
investigation, AN-R., AP-L, N.B-G, RL-S, AS-L, J.D.P-R,, and the HYPOTOP study group; resources, G.Q.,
M.V, and ].K,; data curation, G.Q., ].M.-R,, ] K,, and ].D.P-R.; writing—original draft preparation, J.K, ].D.P-R.,
and G.Q.; writing—review and editing, M.V, A.S-L, and ].K.; visualization, ].K., ].D.P-R., and G.Q.; supervision,
J.K. and M.V;; project administration, ].K.; and funding acquisition, M.V. and ].K. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by Instituto de Salud Carlos III, Ministry of Science and Innovation, Spain,
grant numbers FI16/00380, CP16/00034, EC11-244, and PI17/00127.

Acknowledgments: The authors would like to express their gratitude to the parents and their newborns who
participated in the study.
Contflicts of Interest: The authors declare no conflict of interest.

Appendix A

Members of the HYPOTOP Study Group: Isabel Izquierdo, Ana Gimeno, Maria Gormaz, Raquel
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Hospital La Fe, Valencia, Spain); Isabel Benavente-Fernandez (Division of Neonatology, University
Hospital Puerta del Mar, Cadiz, Spain); Eva Valverde, Malaika Cordeiro (Division of Neonatology,
University Hospital La Paz, Madrid, Spain); Dorotea Blanco (Division of Neonatology, University
Hospital Gregorio Maraiién, Madrid, Spain); Hector Boix (Department of Neonatology, University
Hospital Vall d"Hebron, Barcelona, Spain); Fernando Cabarias (Division of Neonatology, University
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Hospital Quirénsalud Madrid, Madrid, Spain); Mercedes Chaffanel (Division of Neonatology, Regional
University Hospital Malaga, Malaga, Spain); Belén Fernandez-Colomer (Division of Neonatology,
Central University Hospital of Asturias, Oviedo, Spain); Jose Ramén Fernandez-Lorenzo (Division
of Neonatology, University Hospital Complex of Vigo, Vigo, Spain); Begofia Loureiro (Division of
Neonatology, University Hospital Cruces, Bilbao, Spain); Maria Teresa Moral-Pumarega (Division
of Neonatology, University Hospital 12 de Octubre, Madrid, Spain); Antonio Pavén (Division of
Neonatology, University Hospital Virgen del Rocio, Sevilla, Spain); and Inés Tofé (Division of
Neonatology, University Hospital Reina Sofia, Cérdoba, Spain).
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Noninvasive monitoring of evolving urinary metabolic
patterns in neonatal encephalopathy
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BACKGROUND: Infants with mod and severe enc (NE) fi ly suffer from long-term adverse

outcomes. We hypothesize that the urinary metabolome of newboms with NE reflects the evolution of injury patterns observed

with magnetic resonance imaging (MRI).

METHODS: Eligible patients were newborn infants with perinatal asphyxia evolving to NE and qualifying for therapeutic

hypothermia (TH) included in the HYPOTOP trial. MRI was employed for characterizing brain injury. Urine samples of 55 infants were

collected before, during, and after TH. Metabolic profiles of samples were recorded employing three ¢ y mass

spectrometry-based assays, and the alteration of detected metabolic features between groups was assessed.

RESULTS: The longitudit led significant p bations of the urinary metabolome. After 24 h of TH, a stable

disease pattem evolved characterized by the alterations of 4-8% of metabolic features related to lipid metabolism, metabolism of

cofactors and ins, glycan bi thesis and bolism, amino acid and nucleotide metabolism. Characteristic
bol ints were ob d for different MRI injury pattems.

CONCLUSIONS: Th|s study shows the potential of urinary metabolic profiles for the noninvasive monitoring of brain injury of

infants with NE during TH.
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IMPACT:
® A comprehensive approach for the study of the urinary

i.org/10.1038/541390-021-01553z
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electrophoresis-time-of-flight mass spectrometry (TOFMS) assay, an g
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(UPLC)—quadrupole TOFMS assay, and a targeted UPLC-tandem MS-based method for the quantification of amino auds.

® The longitudinal study of the urinary bol id
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lic changes b birth and until 96 h after the

initiation of TH.

e The ldenuﬁcaoon of altered metabolic pathways in r\ewboms wnh pathologlc MRI outcomes might offer the possibility of
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g approaches for p

and for supporting early

oun:ome pvednmon

INTRODUCTION

Perinatal asphyxia is defined as the interruption of blood flow and
gas exchange to the fetus in the perinatal period. Prolonged
hypoxia-ischemia can trigger a cascade of events leading to injury
to vital organs, especially the brain (i.e, neonatal encephalopathy,
NE). NE following birth asphyxia is a major cause of early neonatal
death, cerebral palsy, or neurodevelopmental disability in term
neonates, affecting ~0.5-1.5 per 1000 live births in h?h-lncome
countries and ~1 million infants every year worldwide.' Magneuc
resonance imaging (MRI), including diffusion-weighted imaging
and spectroscopy performed between the fifth and seventh day
after birth, has become the comerstone for establishing the degree

of brain injury and predicting neurodevelopmental outcome:*
There is compelllng evidence suggestlng that perinatal asphyxia
and the i ion of | oxygen may influence
the brain at the molecular level by stimulating epigenetic
modifications, including DNA methylation/demethylation, histone
modifications, and miRNAs and epigenetic mechanisms, that may
be mvol'ved m the development of a hypoxic/ischemic-sensitive
phenotype.*

It has been observed that the combination of decreased
cerebral perfusion and subsequent hypoxia triggers an evolving
sequence of biochemical alterations that, lasting days, weeks, or
even months, lead to anatomical and physiological injuries
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characterizing NE.”# Therefore, a longitudinal biochemical assess-
ment of NE is needed from birth until beyond the duration of
therapeutic hypothermia (TH). NE has been associated with
damage to the integrity of the blood-brain barrier, and therefore

in posterior limb internal capsule, basal ganglia, thalami, white
matter, and cortex’” and using a standardized score according to
the National Institute of Child Health and Human Development
(NICHD) Neonatal Research Network (NRN), disceming between

brain injury could be reflected in peripheral blood ples or
other biofluids’ theoretically enabling the implementation of

noninvasive monitoring approaches. Metabolomics is a sy

biology approach aiming at the holistic study of the ¢

injury p as described by Shankaran et al.”".
Metabolomic fingerprinting of urine samples
| Three compl y analytical approaches were employed for the

pool of small molecules forming the metabolome of a biological
sample. While bolites are d am products of the
genome, transcriptome, and proteome, they reflect their interac-
tions and the interaction with the environment, thereby providing
a direct, dynamic, and meaningful read out of the biochemical
status of a system closely related to its actual phenotype."®
Literature reports on the use of metabolomics for the study of
perinatal asphyxia in newborns with NE are highly encouraging,
although the main scope has been the early diagnosis of NE based
on the companson of asphyxiated/NE infants to healthy control
infants,”"~'® and metabolomics has only been scarcely used for
progressing our understanding of the multilayer effects of NE and
TH on the newbom.'®"” Recently, the analysis of metabolic
profiles of plasma samples collected between birth and until
completion of TH enabled the identification of a dynamic
perturbation of 11 metabolic pathways, including amino acid
and purine metabolism, and the steroid hormone biosynthesis, in
addition to pyruvate and lactate, in newborns with pathologic MRI
outcomes.'®
In this study, we hypothesized that the urinary metabolome of
newboms with NE recorded during the first 96h of life
encompasses the evolution of the injury pattern of the brain that
is evidenced by MRI outcomes. Hence, the goal of this study is to
provide insight into metabolic alterations secondary to brain
injury in a clinical cohort of newbom infants with NE undergoing
TH with the aim of generating a knowledge base for the future
! of a itoring approach, supporting
the predlcnon of long-term clinical outcomes.

METHODS

Study approval and population

The study was approved by the Ethics Committee for Biomedical
Research of the Health Research Institute La Fe (Valencia, Spain)
and registered under the acronym HYPOTOP (EudraCT 2011-
005696-17). The HYPOTOP trial is a randomized, controlled,
multicenter, double-blinded clinical trial for assessing the efficacy
of topiramate vs. placebo in newborns, with NE undergoing TH. All

analysis of metabolic fingerprints of urine samples to enhance
metabolome coverage, ie, (i) a semi-targeted capillary electrophor-
esis-time-of-flight mass spectrometry (CE-TOFMS) assay, (i) an
untargeted ultra-performance liquid chromatography-quadrupole
time-of-flight mass spectrometry (UPLC-QTOFMS) assay, and (i)
a targeted UPLC-tandem MS (MS/MS)-based method for the
quantification of amino acids. Results were normalized to creatinine
concentrations and are made available as Supplementary Table 1.

Semi-targeted CE-TOFMS analysis. A total of 279 urine samples
were thawed on ice and homogenized on a Vortex® mixer for
1 min. A total of 50 uL of the sample were mixed with 50 pL of
02 M formic acid ¢ 0.4 mM methi sulfone (internal
standard, IS). After homogenization on a Vortex® mixer for 5 min
and centrifugation at 13,200 x g for 10 min at 4°C, 60 uL of the
supernatant were collected and mixed with 180pL of cold
methanol for 5min. Samples were centrifuged at 13,200 x g for
15min at 4°C, and 200 pL of supematant were transferred into
microcentrifuge tubes and evaporated to dryness using a
Speedvac concentrator. Finally, sample extracts were redissolved
in 60 pL of 0.2 M formic acid, shaken for 5 min on a Vortex® mixer,
and centrifuged at 2000 x g at 4°C for 5min. A total of 50 pL of
supernatant were transferred to CE vials for analysis. Quality
control (QC) samples were prepared by pooling 5 pL from each
sample and processed applying the same procedure, as described
for samples.

The analysis of urine samples was carried out by capillary
electrophoresis-electrospray-time-of-flight MS (CE- ESI—TOFMS),
using instrumental conditions described elsewhere.” Briefly,
CE-ESI-TOFMS analysis was performed on an Agilent 7100
Capillary Electrophoresis system (Agilent Technologies, CA)
coupled to an Agilent 6224 TOFMS instrument. The separation
was performed on a fused silica capillary (Agilent; total length,
100cm; id, 50pm) in normal polarity with a background
electrolyte composed of 1.0 M HCOOH solution in 10% CH;OH
(v/v). Samples were hydrodynamically injected at 50 mbar for 17 s
followed by the injection of background electrolyte at 100 mbar
for 'IOs The separation voltage applied was 30 kV with 25 mbar of

methods were performed in accordance with rel guideli
and regulations, and informed consent was obtained from legal
representatives of enrolled infants. For a detailed description of
the HYPOTORP trial, including the study design and the established
inclusion and exclusion criteria, the reader is referred to the
literature." In this study, a sub-cohort of 55 newborns enrolled in
the HYPOTORP trial was included.

Samples were collected from urinary catheters or using sterile
cotton pads placed in the diaper following a standard operating
procedure to avoid bias and systematic errors. Urine samples were
collected before initiation of TH at 6 h, as well as 12, 24, 48, 72, and
96h after the initiation of TH. Samples were aliquoted into three
dry microcentrifuge tubes and stored immediately at —80 °C until
analysis.

Magnetic resonance imaging

MRI was carried out using different high-field magnet systems
between days 4 and 8 after birth. In all cases, 3D Gradient Echo T1-
weighted MR images, axial Fast Spin Echo T2-weighted MR
images, and diffusion-weighted images were acquired. The
interpretation of MRI results was carried out by an experienced,
blinded pediatric neuroradiologist, rating the extent of the injury

SPRINGER NATURE

and the run time was 40 min. The sheath liquid
(6pL min- ~") composition was CH,;OH:H,0 (1:1, v/v) containing
two reference masses (purine and HP-0921). The MS parameters
used were: fragmentor 125V, skimmer 65V, octopole 750V,
nebulizer pressure 10 p.s.i, drying gas temperature at 200 °C, and
flow rate 10 mL min™". The capillary voltage was 3500 V. Full-scan
MS spectra from m/z 70 to 1000 were acquired in positive dual-ESI
mode at a scan rate of 1.02 scans '. MassHunter Workstation
version B.06.01 controlled the CE-TOFMS system. The analysis of
the samples was camied out in four batches of randomized
samples. At the beginning of each batch, six QCs were injected for

e system conditioning, and a QC was injected every
mnth sample to the system perf e. CE-TOFMS data
processing using the Profinder software (B.06.00, Agilent) enabled
the identification of 102 metabolites (Supplementary Table 2) in
the urine sample set.

Untargeted UPLC-QTOFMS analysis. A total of 293 urine samples
were prepared and analyzed by UPLC-QTOFMS assay, as
described elsewhere.”* Urine samples were randomly split into
three analytical batches. Briefly, urine samples were thawed on ice,
homogenized on a Vortex® mixer during 30s, and centrifuged
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(16,000 x g during 15 min at 4 °C). A total of 50 pL of supernatant
were withdrawn and spiked with 50 uL of IS solution in 96-well
plates containing phenylalanine-Ds (Cambridge Isotopes Labora-
tory Inc, Andover, MA), caffeine-D, (Toronto Research Chemicals,
Toronto, Ontario, Canada), leukine enkephalin (Sigma-Aldrich
Quimica SA, Madrid, Spain), and reserpine (Sigma-Aldrich Quimica
SA) in H,OCH;OH (1:1, 0.1% v/v HCOOH) at concentrations
ranging between 2 and 4 pM. Blanks were prepared by replacing
urine with H,0 and a QC was prepared by mixing 5 pL of each
final sample extract. The QC was split into three aliquots, each
being measured in a single analytical batch to avoid additional
freeze-thaw cycles. Sample extracts, blanks, and QCs were stored
at —80°C until analysis. Before analysis of each batch, sample
extracts, blanks, and a QC aliquot were thawed on ice.

UPLC-QTOFMS analysis was performed on an Agilent 1290
Infinity UPLC chromatograph equipped with a UPLC BEH C18
(100 x 2.1 mm, 1.7 pm, Waters, Wexford, Ireland) column running a
binary mobile phase gradient (mobile phase A: H;0, 0.1% v/v
HCOOH and mobile phase B: CH;CN, 0.1% v/v HCOOHH), and
acquiring full-scan MS data from 100 to 1700 m/z with a scan
frequency of 6 Hz on an iFunnel QTOF Agilent 6550 spectrometer
in the positive electrospray (ESI+) mode. The QC sample was
injected ten times at the beginning of each batch for system
conditioning, as well as after every five urine samples for the
monitoring and control of the instrumental performance. The
blank extract was injected twice, at the beginning and end of
each batch.

The peak table was generated for each batch separately using
XCMS (version 3.42) (https://bioconductor.org/packages/release/
bioc/html/xcms.html) running in R (version 3.6.1), using the
centWave method.” Intensity weighted m/z values of each
feature were calculated using the wMean function and peak
limits used for integration were found through descent on the
Mexican hat filtered data. Peak grouping was carried out using the
nearest method, and the fillPeaks method was applied to fill
missing peak data.

All further calculations were carried out in MATLAB R2019b
(Mathworks Inc,, Natick, MA) using in-built, as well as in-house
written scripts and functions and the PLS Toolbox 8.7 (Eigenvector
Research Inc,, Wenatchee). Blank samples were used to identify
and remove features arising from contaminants and carryover
with a ratio of median intensities in QCs and blanks <9.° The
three data sets were aligned using m/z and RT tolerances of
50 mDa and 0.1 min, and a mzVsRT = 1. Within-batch effects were
corrected for each batch separately empk?(lng the Quality
Control-Support Vector Regression algorithm®® and the LIBSVM
library®® method with an grange from 25 to 5, a y-range from 1 to
10%,and a G-i 1 of 5027 batch effects were linearly
corrected using the median values in QCs as reference.”* UPLC-MS
features with a relative intensity change across batches >5, and
those with a D-ratio > 20% in QCs after within and between-batch
effect correction were classified as unreliable”™ and removed.

Quantitative amino add profiling. A total of 237 urine samples
were thawed on ice and homogenized on a Vortex 50200 mixer
(LabNet, Edison, NJ) during 10s. A total of 70 pL of water (Optima
LC/MS grade, Fisher Scientific) were added to 5 pL of urine. Amino
acid levels were quantified using a ultraderivation kit (AccQ Tag™
Ultra Derivatization Kit, Waters), following the manufacturer's
protocol. Blanks were prepared by replacing the urine sample with
water (Optima LC/MS grade). A QC was prepared by mixing 5 pL of
each sample. Quantitative analysis of amino acids was performed
employing a 1290 Infinity UPLC system from Agilent equipped
with a UPLC CORTECS C18 column (150 x 2.1 mm, 1.6 um) from
Waters coupled to an Agilent 6460 triple quadrupole MS system
operating in ESI+ mode. The flow rate was set to 500 pL min~'
running a binary gradient with 0.1% v/ HCOOH in H,0 and 0.1%
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v/v HCOOH in CH3CN as mobile phase components. Column and
autosampler were kept at 55 and 4°C, respectively and the
injection volume was 3 pL. Raw data were acquired and processed
employing MassHunter Workstation (version B.07.00, Agilent).
Missing values were imputed as 0.5 x LOQ of each compound. In
Supplementary Table 3 a list of the parameters employed for
amino acid quantification can be found

Creatinine inati Creatinine was quantified following the
protocol of the Urinary Creatinine Detection Kit (Arbor Assays™,
Ann Arbor, MI), employing a dilution factor of 1:4 and measuring
the absorbance at 490 nm.

Data processmg and statistics

ints were lized to a log,, trans-
formed, and pareto scaled. Between group comparisons of clinical
and demographic variables were carried out employing the
Student's t test for unequal variances (a= 005), Wilcoxon rank-
sum test (a = 0.05), onf test (a = 0.05), according to the underlying
distribution. For determining differentially regulated metabolites or
UPLC-QTOFMS features, as well as for comparing MRI outcomes at
each time point, Student’s t tests for unequal variances (a = 0.05)
were applied and fold change (FC) was calculated as the ratio of
means between groups.

The standardized mean difference using the simplified Cohen
equation to determine the pooled standard deviation® was
calculated for each metabolite/metabolic feature at each of the six
sample collection time points. Then, the Pearson cormelation
coefficient was calculated between the standardized mean
difference and time and obtained FDR-adjusted P values were
calculated.™

MetaboAnalyst (version 5.0)*> was used for the generation of
heatmaps from autoscaled data employing Euclidean distance
and Ward's method. Pathway analysis was carried out using the
mummichog algorithm (P value cutoff set to 005) with a m/z
accuracy = 10 p.pm. and the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway library (Homo sapiens). As an input, t
test P values estimated assuming unequal variances between
distributions, and FCs were computed for each metabolic feature
comparing normal and pathol Path

outcomes. P with
gamma P values <0.05 were considered as significantly altered.
The PLS Toolbox 8.7 (Eigenvector Research Inc,, Wenatchee) was
used for partial least squares (PLS) and PLS discriminant analysis
(PLSDA) of autoscaled data. For k-fold cross validation, samples
were distributed into folds by subject to prevent person-specific
information crossover between the training folds and the test fold.
Receiver operating characteristic (ROC) curves were constructed
based on PLSDA predictions and cross validation results.

RESULTS

Patient characteristics

A total of 55 infants from the HYPOTOP cohort were included in
this study. The characteristics of the studied population, including
55 newboms with NE undergoing TH are shown in Table 1. No
significant differences between the control (i.e, normal neurolo-
gical outcome) and pathologic groups were found in any of the
collected anthropometric, clinical, or biochemical parameters.
Furthermore, both groups were balanced in the proportion of
infants receiving topiramate as adjuvant therapy.

Dynamics of the urinary metabolome

The unr\ary me'abolome of newborns with NE was studied
! y analytical ds, i.e, untar-

geted UPLC—QT OFMS semi-targeted CE-TOFMS, and a targeted

method for the determination of amino acids. Using

UPLC-QTOFMS, a total of 293 urine samples were analyzed with
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N = 37 collected before the initiation of TH and N=45, N =54,
N =54, N=54, and N =49 collected 12, 24, 48, 72, and 96 h,
respectively, after the initiation of TH. After initial data preproces-
sing and filtering, 11,561 features were retained and used for
further analysis. In case of CE-TOFMS, a total of 279 urine samples
lyzed with N= 35 collected before the initiation of TH

and N =44, N =52, N=53, N=53, and N =42 collected 12, 24,
48, 72, and 96 h, respectively, after the initiation of TH. A list of

bolites that were consistently detected in urine samples with
the CE-TOFMS target assay can be found in Supplementary
Table 2. Amino acids were quantified in 237 samples, N =27
collected before the initiation of TH and N =40, N= 41, N =47,
N =43, and N = 39 collected 12, 24, 48, 72, and 96 h, respectively,
after the initiation of TH (see Supplementary Table 3).

The longitudinal analysis of the metabolic fingerprint of infants
with NE showed a dynamic behavior. Figure 1 (left) depicts the
percentage of differentially expressed features and metabolites
(t test Pvalue < 0.05) after the initiation of TH, using the first urine
samples collected as reference. The majority of detected signals
showed a decreasing trend with time ranging between 16 and
59% at 12 and 96h after the initiation of TH, respectively.
Simultaneously, only between 008 and 1% were upregulated.
Changes are most pronounced during the first 48 h after the
initiation of TH, whereas rewarming (96 h) did not seem to have a

strong impact. The effect of time is further represented in Fig. 2,
where metabolite concentrations with a significant correlation
with time are represented. In total, 43% of the features of the
urinary metabolic fingerprint showed a significant correlation with
time, and out of the correlated features, 53% tended to increase

Perturbation of the urinary metabolome in infants with pathologic

Differences in the urinary metabolic fingerprints of infants with
nomal and pathologic MRI outcome were assessed throughout
the first 96 h of life. As shown in Fig. 1 (right), the number of
significantly altered metabolic features reaches a minimum at 12 h
and ranges between 4 and 8% at the remaining time points (6+
29%). The proportion of upregulated features ranges between 0
and 0.2%, whereas the proportion of downregulated features was
rising from 0.8% at 12h to 7% at 96 h.

the boli ys altered b

infants with pathologic and normal MRI outcomes.

Table 1. Clinical and d hi of newb induded
in the multi-platform metabolomics study.
Parameter Normal Pathologic P value
(N=22  (N=33)
were

Inborn (%) 5 (23%) 6 (18%) 07
Maternal age (years) [mean+ts] 34 (4) 33 (6) 03
Gestational age (weeks) 384 39.0(38.0,406) 0.7
[median, IQR] (374, 405)
Gender (male/female) ARVAR 17,16 09
Birth weight (g) [mean+s]  3321(566) 3258 (689) 07
Length (cm) [mean+s)] 52(4) 50 (3) 03
Head circumference (cm) 35(1) 34 (2) 03
[meants]
Delivery mode (C-section) [%] 9 (41%) 21 (64%) 0.1
Apgar score 1 min 2(1,9 1(1,3 05
[median, IQR]
Apgar score 5 min 43,5 3(1,9 0.1
[median, IQR]
Apgar score 10 min 5(,8 5(3,6) 02
[median, IQR]
Sarnat 2/Sarnat 3 17/5 21m 03
MRI score® (%]

Score-0 22 (100%) 0 (0%)

Score-1 0 (0%) 11 (33%)

Score-2 0 (0%) 15 (45%) .

with time.

Score-3 0 (0%) 2 (6%)
pH UC [mean 5] 70(0.3) 7.0(0.2) 08
BE UC (mEqL"') [meants]  —15 (10) -15(8) 08 MRI outcome
pCO, UC (mmHg) [mean+ts] 67 (27) 63 (38) 07
HCO; UC (mEqL™") [mean+s] 13 (4) 15 (8) 03
MR (days) [median, IQR] 8 (6, 10) 7(7,9 1.0
Initiation of TH (h) [mean £s] 34 (1.2 34 07
Topiramate treatment 10 (45%) 17 (52%) 0.7
(yes) 9]
*MRI scores assigned according to the National Institute of Child Health Fi il
and Human Development (NICHD) Neonatal Research Network (NRN), as igure 3 i
described by Shankaran et al;*' for five b from the pathol
group, no information on the degree of injury was available.

Significant alterations on the pathway level were found in urine
ples collected at all studied time points. Pathways related to
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Fig. 1 Metabolic changes in urine samples from newborns with NE deteded by multi-platform metabolomics. Left: % of significantly

changing features (P value < 0.05) and % of upregulated and do

at each time point during 96 h after initiating TH with

respect to the first urine sample collected before the initiation of TH. Right: % of significantly changing features (P value < 0.05) and % of

and do in urine
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from infants with vs. without brain injury, as detected by MRI.
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t12

t0 t24 t48 t72 196

Fig. 2 Metabolic changes assodated to time. Note: color repre-
sents standardized mean difference between time points; blue—
metabolite levels lower than average, and red—metabolite levels
higher than average. P values from Pearson correlation with time
were computed, and significant metabolites after multiple testing
correction are shown; heatmap calculated using Euclidean distance
and Ward algorithm representing autoscaled features.

Birth

0-6 h—Urine 1

Initiation TH & 1st dose TPM

12 h—Urine 2

24 h—Urine 3

48 h—Urine 4

72 h—Urine 5

LN N KN

96 h—Urine 6

o
828

d in urine

Fig. 3

Dynamic
injury detected by MRI. Altered pathways and associated metabolites are shown for urine samples collected between birth and 96 h after the
initiation of TH.
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the amino acid and lipid metabolism were consistently identified
to be affected in infants with pathologic MRI. Pathways related to
the metabolism of cofactors and vitamins were altered during TH.
Differences in pathways associated to xenobiotics biodegradation
and bolism were found rep dly before, during and after
TH. Carbohydrate metabolism and glycan synthesis and metabo-
lism were altered during the first 24 h. Other pathways related to
the bolism of ids and ides, and nucleotide
and energy metabolism were affected transiently. Accordingly,
Fig. 3 also shows the classes of changing metabolites, with
“carboxylic acids and derivatives”, “organooxygen compounds”,
‘fatty acyls “steroids and steroid derivatives”, “indoles and
", and “ les and derivatives” being the most
prominent metabolne classes aﬁ‘ecled A detailed list of identified
altered y Table 4.

With the aim of deﬁmng a dlsease patuern in urine metabolic
fingerprints, pathway analysis was repeated for all samples
collected between 24 and 96 h after the initiation of TH together,
as the differences between newborns with NE and pathologic vs.
normal MRI outcomes in the metabolome became more stable
(see Fig. 1). Pathway analysis confirmed the consistent alteration
of ten pathways associated to amino acid and lipid metabolism,
metabolism of cofactors and vitamins, glycan biosynthesis and
metabohsm, and nucleotide mevabollsm, as shown in Fig. 3. Using
the b g to bolites included in
those as b/ the gorithm (ie.,
398 features), a PLSDA model with four latent variables was
computed for discerning between metabolic fingerprints of
newborns with pathologic (Scores 1, 2, or 3) and normal MRI
outcomes (Score-0) retrieved between 24 and 96h after the
initiation of TH. The significance of the model was confirmed by a
ion test (500 per i and ROC curves are shown

in Fig. 4.

*
i

les from infants with brain injury in comparison to infants without brain
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Fig. 4 Disease pattem of NE as reflected in the urinary metabolome between 24 and 96 h. ROC curves from a PLSDA model (four latent
variables) for Score-0 (top, left), Score-1 (top, right), Score-2 (bottom, left), and Score-3 (bottom, right) calculated, using relative intensities of 398
metabolic features from altered metabolic pathways shown in Fig. 3. Note: black lines represent estimated PLSDA ROC curves (calibration set); gray
lines represent estimated PLSDA ROC curves (cross validation); dashed lines represent 50% lines; and circles indicate model thresholds.

DISCUSSION aims to place the seemingly disjointed list of altered metabolites
A severe hypoxic insult suffered in the pennatal period causes an into a broader blologlcal context by Jomdy assngmng metabo-
imbalance of the h ing at a sy level in lites to g an interaction

the newbom This perturbation can be readily monitored

ing urinary bolomics allowing to study dynamic
changes of the phenotype over time. In this study, a continuously
increasing proportion of altered metabolic features with time was
detected affecting up to 59% of features (Fig. 1, left) and 43% of
features showed a significant correlation with time (Fig. 2). The
number of downregulated features was steadily increasing and
higher than the number of upregulated features at all studied
time points (Fig. 1, left). This observation is in good agreement
with earlier literature reports on metabolomics studies involving
the analysis of the urinary metabolome of NE infants over
time,"'”** reporting continuous changes during the neonatal
period with some metabolites showing a relative increase in
concentration, while others tended to decrease.

The main aim of this study was to search for a metabolic
fingerprint able to discern urine samples from infants, which
showed pathologic patterns during a subsequent MRI analysis
from those with normal MRI results. This is the first study
reporting distinct pattems in urinary metabolic fingerprints of
newborns with NE and pathologic vs. normal MRI outcomes. The
injury pattern showed a dynamic behavior. Initially detected
differences between groups almost disappeared 12 h after the
initiation of TH, which might reflect a partial recovery during the
latent injury phase, and then became more evident again after

network that may identify centrallzed hubs, where metabolic
pathways coincide or where bottlenecks may occur. Pathway
alterations affecting between 3 and 11 pathways (Fig. 3) were
detected across all studied time points, covering before and
during TH, as well as after rewarming with some alterations
being transient and others being detected consistently (e.g.,
tryptophan metabolism).

From the clinical perspective and with the aim of developing a
monitoring approach the discovery of stable disease patterns is
valuable. We found that a total of ten pathways were consistently
altered in urine samples of infants with NE and pathologic MRI
outcomes, when urine samples collected between 24 and 96 h
after the initiation of TH were analyzed (Fig. 3). Seemingly, after a
period of 24 h after the initiation of TH, biochemical alterations
that evolve to anatomical lesions in the brain that are later
detectable by MRI are mirrored in the urinary metabolome.
Metabolites associated to the ten altered metabolic pathways
were successfully employed to discern between newborns with
different injury patterns (ie., Scores 0, 1, 2, and 3) as shown by
ROC curves in Fig. 4. Statistically highly significant models could
be obtained for all comparisons, with exception of the model for
the discrimination of Score-3, probably due to the limited number
of samples, as only two infants showed the highest degree of
brain injury. Hence, our data provides evidence of gradual

24 h of TH (Fig. 1, right).

To further elucidate the effect of brain injury on the
lysis was employed. Pathway analysis

pathway
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changes detectable in urine samples, providing a knowledge
base for the development of biomarkers that might support
clinical monitoring compatible with TH in the future.
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To the best of our knowledge, this study has analyzed and
compared for the first time the evolution of the metabolome of
newborns with NE and pathologic vs. normal MRI outcomes over
time. The use of a representative control group of newborns with
NE instead of healthy control newborns has facilitated the
mterpretanon of the ouhcomes Due to substantial differences in
I design b this study and previous
resul!s a detailed comparison of the outcomes was not
possible. However, almralions of amino acids and associated
pathways, including tryptop bolism and amit y-HRNA
biosynthesis,'** had been reported. In umbilical cord blood
samples from infants with NE vs. healthy control newborns, the
nerpeno»ds backbone blosynlhesns pathway and, also a significant

of k lite from the tryptophan
metabolism pathway, were |dent|ﬁed Interestingly, in a mouse
model with induced excitotoxic lesion, changes in amino acid
metabolism in brain tissue were sustaining acute and delayed
responses to injury.>*

In a previous study, we analyzed the plasma metabolic
fingerprints of the newborns included in this study.'® Several
metabolic pathways altered in urine (Fig. 3) were also found to be
affected in plasma, ie., arginine and proline bolism (48 and
72 hin plasma vs. 72 h in urine), lysine degradation (72 h in plasma
vs. 12 in urine), nitrogen metabolism (72 h in plasma and urine),
and steroid hormone biosynthesis (0, 24, 48, and 72h in plasma vs.
24 h in urine). Hence, the results from metabolic fingerprinting in
plasma and urine samples are in good agreement, indicating that
the development of brain injury secondary to asphyxia is broadly
affecting metabolism.

This study has limitati No b with hyxia or
classified as mild NE (Sarnat 1) were included. There is risk of
adverse neurodevelopmental outcome of newboms with mild NE,
but to date, there is no evidence to support cooling in these
babies. Furthermore, as NE is frequently associated to a transient
renal insufficiency secondary to proximal tubular necrosis with
decreased urine output and creatinine clearance, hematuria, and

inuria, analytical d inations might have been influenced
by renal insufficiency especially in babies with severe NE.**

In summary, thls is the first time that a dynamic perturbation of
the urinary of newb with NE undergoing TH, and
showing pathologic and normal MRI outcomes is reported.
Undoubtedly, TH significantly influences patient's metabolism.
However, since TH has become a standard of care, our results truly
reflect the clinical situation undergone by patients with moderate
to severe NE Fvom birth and until completing 24 h of TH, the

ienced a gradual shift and a distinct
disease pattern evolved. Thls disease pattern is characterized by
the alteration of amino acid and |Ipld metabolism, metabolism of
cofactors and glycan bi thesis and bolism, and
nucleotide bolism. Although foll p studies are required
for further confirming the observations from this study, this new
insight might be meaningful for patient monitoring in the NICU
and for supporting early outcome prediction.
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Background & aims: Human milk is the gold standard for infant nutrition. Preterm infants whose

mothers are unable to provide sufficient own mother's milk (OMM), receive pasteurized donor human

milk (DHM) We studied metabolic signatures of OMM and DHM and their effect on the interplay of the
iota and infant’s metabolism.

'I;:-VW:S A1k (DHM) Meﬂwds Melzbohc fingerprinting of OMM and DHM as well as infant’s urine was performed using
nor human mi C e
Cobrcrobeds ::;l:ncmg y and the infant's stool microbiota was analyzed by 16S rRNA
m,‘:‘“ﬁ:{;mm tomm) Results: Significant differences in the galactose and starch and sucrose meubollsm palhways when
Untargeted metabolomics comparing OMM and DHM, and alterations of the steroid
Nutrition pathways in urine were observed depending on the type of feeding. D|ﬂ‘etences in the gut-microbiota
composition were also identified.
Condusion: The composition of DHM differs from OMM and feeding of DHM has a significant impact on
the metabolic phenotype and mncmblou of preterm infants. Our data help to understand the origin of
the changes new hypothesis: i) steroid present in HM have a significant
influence in the activity of the steroid hormone biosynthesis pathway in preterm infants; ii) the py-
rimidine metabolism is modulated in preterm infants by the activity of gut-microbiota. Short- and long-
term implications of the observed changes for preterm infants need to be assessed in further studies.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction major player in improving dinical outcomes of survivors [3]. Hu-

man Milk (HM) is recommended for preterm infants based on an

Breastfeeding is regarded as the best nutrition in the first six
months of life. Apart from providing nutritional elements needed
for growth, known short and long-term benefits for the infant-
mother dyad are numerous [12]. Progress in medical in-
terventions has allowed to increase the survival of extremely low
gestational age newborns and early infant nutrition has become a

* Corresponding author.
E-mail addresses: juliakuligowski@uves (). Kuligowski), maximo vento@uv.es
(M. Vento).
! These authors have contributed equally.
2 Senior authorship.

https:/[doi.org/10.1016/j.clnu.2020.08.013

array of benefits provided to this highly vulnerable population
[4-11).

Currently, pasteurized donor human milk (DHM) is preferred
over pr infant fc la for p e infants whose
mothers are unable to provide an adequate supply of milk [12].
Most DHM is provided by women who have delivered at term
and donate their milk in later stages of lactation from weeks to
several months after delivery. In comparison to milk produced
during the first weeks after delivery, milk donated in later stages
of lactation is typically low in protein, fat, and other bioactive
molecules [13]. The composition is further affected by the pro-
cessing of expressed milk following stringent protocols applied

0261-5614/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Abbreviations PICRUSt  Phyl i igation of C
Reconstruction of Unobserved States

HM human milk PCoA Principal Coordinates Analysis
GA gestational age PERMANOVA permutational multivariate analysis of variance
DHM donor human milk KEGG Kyoto Encyclopedia of Genes and Genomes
NEC necrotizing enterocolitis FC fold change
OMM own mother’s milk AMON Annotation of Metabolite Origins via Networks
LC-QTOFMS liquid chi hy—quadrupole time-of-flight KO KEGG Orthology identifier

mass specl:rometry IQR interquartile range
IPA isopropanol FDR false discovery rate
MTBE methyl tert-butyl ether a confidence interval
s internal standard SD standard deviation
QC quality control R Pearson correlation coefficients
oTuU operational taxonomic unit HMO human milk oligosaccharide

in HM banks involving pasteurization, necessary for minimizing
the potential to transmit infectious agents as well as freezing and
long-term storage [14-16]. While the macronutrient composition
remains relatively intact, several bioactive components, such as

s and i cells are comp ised or destroyed
[1718].

The use of DHM in comparison to the use of formula milk
results in lower rates of weight gain, linear growth, and head
growth, but it was shown that DHM might reduce the incidence
of necrotizing enterocolitis (NEC) [19,20). Beyond the assessment
of clinical parameters, sdentific evidence for the effects of DHM
on preterm infants is scarce. Recently it was shown that despite
pasteurization, DHM does not compromise the protection against
oxidative stress in comparison to the use of own mother's milk
(OMM) [21]. Furthermore, the study of the ¢ ition of the

2. Material and methods
2.1. Study population

A prospective, observational cohort study was conducted
incuding consecutively admitted preterm infants born at <32
weeks of gestation and/or birth weight <1500 gin the Division of
Neonatology of the University and Polytechnic Hospital La Fe
(Valencia, Spain) during a 12 month period. Two groups were
recruited according to the main feeding type accounting for >80%
v/v of the nutritional intake with either OMM or DHM after
achieving full enteral nutrition (150 mL/kg/day). Inclusion and
exclusion criteria are listed in Supporting material Table 1. The
study protocol was approved by the Ethics Committee for

dical Research of the Health Research Institute La Fe

developing gut-microbiome of preterm infants depending on the
type of nutrition was in the spotlight of clinical studies [22,23), as
diseases such as NEC and neonatal sepsis have been linked to
shifts in microbial dynamics and early gut-microbiota [24,25]. It
was observed that DHM fed preterm infants showed differences
in the microbial patterns as compared to OMM fed infants.
However, changes in the bacterial composition between DHM
and OMM fed infants were smaller than in comparison to formula
fed infants [22].

The metabolome represents a complex milieu of compounds of
different origins, including human metabolism, the diet, xenobi-
otics, as well as metabolites produced by bacteria residing in the
human gut that may cruss the intestinal barrier and hence, it allows
to le the b diet, bol and health
status [26]. The usefulnss of metabolomics for characterizing the
functional status of host-gut microbiota interactions has been
repeatedly described [27,28] and comprehensive approaches seek
to monitor alterations in the microbiota and host co-metabolites to
identify metabolic patterns associated to changes in the microbiota
functionality [29].

We hypothesize that differences in the composition of
pasteurized DHM in comparison to OMM have an impact on the
physiological response of preterm infants at the phenotypic level,
and more specifically on the host-gut microbiota metabolic in-
teractions. The study of the composition of the gut-microbiota as
well as the urinary metabolome of preterm infants exclusively
consuming either DHM or OMM (i.e. >80% v/v of the total intake)
aided by state-of-the art bioinformatics tools based on metabolic
networks allowed to gain insight into their response to nutrition as
well as the interaction between diet, microbiome and infant’s
metabolism.

(Valencia, Spain) with approval number 2014/0247. All methods
were performed in accordanm wnh the relevant guidelines and

and written p was ob d from legal rep-
resentatives by signing an informed consent form.

The protocols of the Division of Neonatology strongly support
breastfeeding. If necessary, DHM is administered under medical
prescription as a supplement to preterm infants born below <32
weeks or <1500 g of birth weight. Also, in case mothers refuse to
breastfeed, DHM is offered. DHM is collected, processed, and stored
in milk banks. Milk bank guideli rec d Holder p
zation (62.5 °C, 30 min) to inactivate viral and bacterial agen!s [15).
Both, DHM and OMM are routinely fortified with HM fortifier
(PreNAN FM 85, Nestle “R", Vevey, Switzerland), adding one gram
per 25 mL of milk The nutritional intake was prospectively moni-
tored, but not modified for this observational study.

2.1.1. Matemal and infant biological samples

OMM (n = 15) was collected one month after preterm birth.
DHM (n = 12) was provided by dmitted after the
routine screening and interview at the HM bank (Banco de Leche
Matema at the Hospital Universitario y Politécnico La Fe).

Mothers expressed milk using breast mllk pumps following a
standard operating procedure ly in the h
and the HM bank Before extraction, hands must be washed with
soap and water and nipples are cleaned with water. The removable
parts of the breast milk pump as well as the collection bottles are
sterilized. Aliquots of DHM were collected after Holder pasteuri-
zation. OMM and DHM samples were agitated and 1 mL aliquots
were collected in dry, 1.5 mL microcentrifuge tubes.

Urine samples were collected from infants exclusively receiving
DHM (n = 20) or OMM (n = 20) one month after birth using sterile
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cotton pads placed in the diaper. Cotton pads were retrieved after
one hour and squeezed with a syringe. The process was repeated
until a minimum volume of 1 mL was collected. Stool samples from
preterm infants exclusively receiving OMM (n = 18) or DHM
(n = 18) were collected directly from the diaper when full enteral
nutrition was achieved. All samples (urine, HM, and stool) were
stored at —80 °C until analysis.

2.2. Liquid chromatography—quadrupole time-of-flight mass
spectrometry (LC-QTORMS) metabolomic screening of urine and HM
samples

2.2.1. Standards and reagents

Acetonitrile (CH3CN), methanol (CH30H), and isopropanol (IPA),
all LCMS grade, methyl tert-butyl ether (MTBE, reagent grade),
ammonium acetate (>98%), formic acid (HCOOH, >98%), reserpine
(>99%), and leucine-encephaline (97%) were obtained from Sigma
Aldrich Quimica SA (Madrid, Spain). Ultra-pure water (>18.2 MQ)
was generated using a Milli-Q Water Purification System (Merck
Millipore, Darmstadt, Germany). Phenylalanine-Ds (98%) and
methionine-D3 (98%) were purchased from Cambridge Isotopes
Laboratory Inc. (Andover, MA, USA); caffeine-Dg (98%) was from
Toronto Research Chemicals (Toronto, Ontario, Canada);
(15,15,16,16,17,17,18,18,18-Dy) oleic acid-Dg (>99%) was purchased
from Avanti Polar Lipids (Alabaster, AL, USA) and prostaglandin Fa,-
D4 (>98%, deuterated incorporation >99%) was purchased from
Cayman Chemical Company (Ann Arbor, MI, USA).

2.22. HM preparation and analysis

Parameters employed for HM fingerprinting have been
described elsewhere [30]. In summary, OMM and DHM samples
were subjected to a single-phase extraction procedure by adding
175 yL of CH30H followed by 175 pL of MTBE [31] and 20 L of
supernatant were added to 80 pL of a CH3OH:MTBE (1:1, v/v)
solution.

Untargeted metabolomics analysis was carried out employing a
1290 Infinity UPLC system from Agilent Technologies (Santa Clara,
CA, USA) equipped with a Kinetex C18 column (50 x 2,1 mm,
1.7 pm) from Phenomenex (Torrance, CA, USA) running a binary
gradient with (5:1:4 IPA: CH30H:H,0 5 mM ammonium acetate,
0.1% v/vHCOOH) and (99:1 IPA:H,0 5 mM ammonium acetate, 0.1%
v/v formic acid) as mobile phase components. Column and auto-
sampler were kept at 55 and 4 °C, respectively and the injection
volume was 4 pL. For detection, an Agilent 6550 iFunnel QTOF-MS
system working in the ESI* mode was used in the range between 70
and 1700 m/z with automatic MS spectra recalibration during
analysis. LC-QTOFMS data acquisition was carried out employing
MassHunter Workstation (version B.07.00) from Agilent.

2.2.3. Urine preparation and analysis

Urine samples were thawed on ice and thoroughly shaken on a
Vortex® mixer during 10 s followed by centrifugation at 16 000xg
and 4 °C during 10 min. 50 pL of supernatant were added to 50 pL of

p All ining analysis were set as

described for HM analysis.
2.24. QC procedures

Before LC-QTOFMS experiments, a system suitability check was
carried out by analyzing a 2 uM IS solution to ensure that the
retention times, peak area and shape values and mass accuracies
were within laboratory defined limits. Eight QCs were injected
prior to the study les at the beginning of the analysis batch for
conditioning of the LC-QTOFMS system. Data acquired during the
analysis of those samples were discarded. The blank extract was
injected twice, once during system conditioning and at the end of
the measurement sequence to identify signals from other than
biological origin and data clean-up [32]. The injection order of
sample extracts was randomized. The QC was injected every 5
samples and twice at the beginning and end of the batch for
assessment and correction of instrumental performance [33].

2.3. Microbiota analysis

The analysis of the fecal microbiota composition has been
described elsewhere [22]. Briefly, total fecal DNA was isolated using
the MasterPure Complete DNA & RNA Purification Kit (Epicentre,
Madison, WI United States) and V3—V4 region 16S rRNA libraries
were sequenced usinga 2 x 300 bp paired-end run (MiSeq Reagent
kit v3) on a MiSeg-Illumina (lllumina, San Diego, USA) platform.

2.4. Data processing and statistics

2.4.1. Metabolomics data pre-processing
The pre-processing pipeline for data acquired during the anal-
ysis of HM samples has been described elsewhere [30]. For urine,
centroid LC-QTOFMS raw data were converted to mzXML format
employing ProteoWizard [34] (http://proteowizard sourceforge.
net/). The selection of parameters for peak table extraction and
alignment was based on the observed variation of retention times
and m/z values of ISs. XCMS software (http://metlin.scripps.edu/
xcms/) [35-37] and CAMERA [38] in R 3.6.1 were employed for
the generation of peak tables. For data acquired from urine samples,
the centWave method with the following settings was used for
peak detection: m/z range = 70—1200, ppm = 15, peakwidth = (3
and 20), snthr = 6. A minimum difference in m/z of 0.01 Da was
selected for overlapping peaks. Intensity-weighted m/z values of
each feature were calculated using the wMean function. Peak limits
used for integration were found through descent on the Mexican
hat filtered data. Peak grouping was carried out using the “density”
method using mzwid = 0.015 and bw = 6. Retention time correc-
tion was carried out using the “obiwarp™ method. After peak
grouping, the fillPeaks method with the default parameters was
applied to fill missing peak data. Automatic integration was
d by i to manual i using IS signals. A
total of 40,513 features were initially detected after peak detection,
integration, chromatographic deconvolution, and alignment in

an internal dard (IS) solution c ing reserpine, phenylak

nine-Ds, leucine-enkephalin, caffeine-Dg, and methionine-D; at
2 uM each in H,0:CH3CN (96:4, 0.1% HCOOH v/v) and transferred to
a96-well plate. A blank extract was prepared using water instead of
urine and following the same procedure as described for urine
samples. A pooled quality control (QC) sample was prepared by

urine !

Further data processing and statistical analysis were carried out
in MATLAB 2017b (Mathworks Inc., Natick, MA, USA) using in-
house written scripts (available from the authors) and the PLS
Toolbox 8.7 (Eigenvector Research Inc,, Manson, WA, USA). During

mixing 5 pL of each study sample. Metabolomic analysis was car-
ried out employing a 1290 Infinity UPLC system from Agilent
Technologies equipped with a UPLC BEH C18 column
(100 x 2.1 mm, 1.7 pm) from Waters (Wexford, Ireland). The flow
rate was set to 400 L min~"' running a binary gradient with 0.1% v/
v HCOOH in H20 and 0.1% v/v HCOOH in CH3CN as mobile phase

data p! essing and filtering of data from urine analysis, fea-
tures with an intensity <800 AU and those with a mean peak area
<9 x mean peak area in blank samples, were removed [33]. Intra-
batch effect correction was performed using Quality Control-
Support Vector Regression algorithm [39-41] and the LIBSVM li-
brary [42] with the following parameters: e-range = 2-5%; y-
range = 1-10%; Cinterval = 50% Finally, features with a ¥RSD in QC
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samples >20% after QC-SVRC were removed from the peak table.
Urinary metabolic data were normalized to the creatinine con-
centration in each urine sample quantified by the modified Jaffe
method (DetectX® urinary creatinine detection kit, Arbor Assays,
Ann Arbor, MI, USA) following the manufacturer’s protocol and
employing a dilution factor of 1:4 during sample preparation.

24.2. Microbiota data

Sequencing data were processed using a QIIME pipeline (version
1.9.0) [43] running in R. Operational taxonomic units (OTUs) tables
with 97% identity were constructed and representative sequences
were taxonomically classified based on the Greengenes 165 rRNA
gene database (version 13.8). OTUs with detection frequency <20%
across all samples were removed and predictive inferred functional
analysis was performed using the Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States (PICRUSt)
approach, as described elsewhere [44). Alpha-diversity indices
(Chao1l and Shannon, richness and diversity index, respectively),
Principal Coordinate Analysis (PCoA) of beta dwersuly based on
UNIFRAC distance (phyl ) and per
analysis of variance (PERMANOVA) test with 999 permutations
were obtained to show the significance between-groups.

24.3. Pathway analysis

Differences between OMM and DHM group were studied on the
pathway level employing the “MS Peaks to Pathways” tool (version
2.0) available in MetaboAnalyst 4.0 [45] using a mass accuracy of
5 ppm, the mummichog algorithm with a p-value cut-off of 0.05,
and the Kyoto Encyclopedia of Genes and Genomes (KEGG) Homo
Sapiens pathway library [46,47]. As an input, a four column table
was generated including m/z, RT, the p-values from a t-test
comparing mean values between each group and accounting for
unequal variances, and fold changes (FC) calculated as the ratio of

b groups. bolites included within significantly
altered pathways were annotated in LC-QTOFMS data from HM
samples using the output retrieved from the mummichog algorithm
(‘level 3" identification as defined by The Metabolomics Standards
Initiative [48]).

AMON (Annotation of Metabolite Ongms via Networks) was
used to i and 1 data [49]. This tool
produces a table indicating which compounds could be produced
by the microbiome, the host, or both based on the provided lists of
gut-microbiome and human KEGG Orthology identifiers (KOs).
AMON was used to compute enrichment of KEGG pathways in the
compounds that were detected via LC-QTOFMS based on the list of
annotated KEGG compound IDs provided by mummichog and were
predicted to be generated either by the fecal microbi or the

24.5. Data availability

Peak tables extracted from urine and HM LC-QTOFMS data are
accessible via the Mendeley Data repository (https://data.
mendeley.com/) under https://doi.org/10.17632/7tb4d6627c.1 and
https:/[/doi.org/10.17632/fnzbxmkv83.1, respectively. Sequencing
data from the preterm gut microbiota of the infants matching the
individuals included in this study can be retrieved from GenBank
Sequence Read Archive Database under project accession number
PRJEB25948 [22].

3. Results
3.1. Clinical data

In this observational study, OMM samples from mothers of
preterm infants (n = 15) as well as DHM samples (n = 12) provided
by volunteers at the HM bank were analyzed. OMM samples were
collected at 1 month of age. The time of sample collection of DHM
samples was heterogeneous, since for each mother several aliquots
were collected over time and pooled prior to pasteurization. In this
study, the elapsed time between the first and last expression of a
pooled DHM sample ranged between 9 and 72 days. The median
value of this elapsed time was used to represent the time of
collection with respect to the infants’ age. As a result, time of
collection of DHM samples ranged between 21 and 164 days after
delivery with a median value of 87 days (83 IQR). With respect to
GA the median (5th—95th percentile) in the OMM group was 29
(25-32) in comparison to 40 (27—41) for milk donors (DHM group).

20 preterm infants exclusively receiving OMM and 20 exclu-
sively fed with DHM were enrolled. Table 1 displays the de-
mographic, perinatal, clinical, and analytical data of the recruited
infants grouped according to the type of feeding. No statistically
significant differences (p-values >0.05) were observed between the
study groups.

3.2. Metabolomic analysis of HM samples

Metabolic fingerprints of OMM and DHM consumed by the
preterm infants included in this study were acquired employing an
LC-QTOFMS platform retnevmg a mral of 7109 mctzbohc features
after peak detection, dec
within-batch effect correction, and dean-up. For 1034 features
(14.6%), significant differences in mean values of OMM and DHM
groups (t-test, p-value <0.05) were found and for 21 and 199 fea-
tures logz(FC) <—1 and >1, respectively, were detected. Metabolic
network analysis was employed for a functional interpretation of
the acquired metabolic profiles within relevant networks using the

host metabolism. This calculation is performed for all KEGG path-
ways with at least one metabolite predicted to be produced by the
input gene sets.

24.4. Statistical tests

Categorical variables were compared using Pearson's chi-
squared test (a = 5%). Kol Smirnov lysis was per-
formed to test the normal distribution of the data. Continuous
variables were expressed as mean + standard deviation or medians
with interquartile range (IQR) depending on underlying distribu-
tions and comparisons were carried out using the Student’s t-test
(a = 5%) for data following a normal distribution or alternatively
the Wilcoxon rank-sum test (a = 5%). values were false discovery
rate (FDR)-adjusted where indicated. Pearson correlation was used
to assess correlations between variables. Venny 2.1.0 was used for
generating the Venn diagram [50].
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hog algorithm [52]. Pathway analysis detected 13 pathways
with more than two significantly changing metabolites (see
Table 2). Significant differences between DHM and OMM groups
were found for galactose and starch and sucrose metabolism
(gamma p-value < 0.05).

3.3. Preterm gut-microbiota

Gut-microbiota profiles differed between DHM and OMM
groups as shown in Fig. 1. Significant differences in beta diversity
were detected (PCoA, PERMANOVA P-value = 0.04), although alpha
diversity mdexa were not different between groups. Significantly
higher ab of hylococcaceae (Staphylococcus genus)
and T llaceae bers (Wilcoxon rank test, p-value
<0.05) were observed in the DHM group, but differences did not
remain significant after FDR correction. Likewise, functional pre-
diction of KEGG pathways identified changes in ten metabolic
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Table 1
Ch ics of the study (infants).
Parameter OMM (n = 20) DHM (n = 20) pvalue
Gender, n (%)
Male 14 (70) 12 (60) 006
Female 6(30) 8 (40)
GA median (5-95% CT) 28 (27-29) 29 (28-30) 006
Antenatal steroids, n (%) 17 (85) 17 (85) 06
Birth weight (g), mean (SD) 1300 (300) 1400 (200) 0s
Preedampsia, n (%) 2(10) 5(25) 02
Chorioamnionitis, n (%) 5(25) 2(20) 02
Mode of birth, n (%)
Vaginal 9(45) 9(45) 06
C-section 11(55) 11(55)
Apgar 1 min, median (IQR) 8(5-9) 8(6-9) 05
Apgar 5 min, median (IQR) 10 (8-10) 9(8-10) 04
Umibilical artery blood gases, mean (SD) 72(03) 7.28 (007) 08
Days of oxygen supplementation, median (IQR) 0(13) 0(0) 02
Respiratory distress syndrome, n (%) 8 (40) 5(25) 013
Apneic syndrome, n (%) 17(85) 15(75) 02
Mechanical ventilation, n (%) 5(25) 4(20) 07
Non-invasive ventilation, n (%) 18 (90) 18 (90) 006
Postnatal steroids, n (%) 1(5) 0(0) na
Antibiotics therapy, n (%)
Pre/intra-partum 20 (100) 20 (100) 10
Post-partum 8 (40) 7(35) 06
Necrotizing enterocolitis, n (%) 0(0) 1(5) na
Bronchopulmonary dysplasia, n (%) 1(5) 1(5) 06
Persistent ductus arteriosus, n (¥) 9(45) 3(15) 010
Intra-periventricular hemorrhage >grade 2 (Papile's classification [51)), n (%) 6(30) 0(0) na

Note: Cl, mnﬁdﬂte inm'val: SD, uma i QR range; varhlies were compared using Pearson's chi-squared test (a = 0.05).
ly to test the 1 dis f the data. C as mean + standard deviation or medians with
on i is ions and comparisons were carried out using the Student’s t-test (« = 5%) for data following a normal distribution or

range
alternatively the Wilcoxon rank-sum test (a = 5%).

Table 2

Altered pathways in DHM vs. OMM.
Pathway name Hits (all) Hits (sig) p-value gamma p-value
Galactose metabolism 5 S 0.0004 0007
Starch and sucrose metabolism 4 4 0.002 003
Fructose and mannose metabolism 7 4 0.04 02
Tyrosine metabolism 4 3 003 02
Amino sugar and nudleotide sugar metabolism 5 3 007 03
Linoleic acid metabolism 6 3 012 04
Glycolysis/Gluconeogenesis 2 2 0.05 04
Ascorbate and aldarate metahohsm 2 2 005 04

and 2 2 005 04

Inositol phosphate metabolism 2 2 0.05 04
Phosphatidylinositol signaling system 2 2 005 04
Lysine degradation 3 2 oz 05
Biosynthesis of unsaturated fatty acids 14 El 04 06

Note: P-values from Fisher's exact t-test (p-value) and adjusted for permutations (gamma p-value); all detected pathways with at least 2 significantly altered features are

reported.

pathways (p-values < 0.05) that were non-significant after FDR
correction.

3.4. Metabolomic analysis of urine samples

Urinary metabolic fingerprints of preterm infants exclusively
receiving DHM vs. OMM were recorded employing an LC-QTOFMS
platform. Initial pre-processing of data identified 10,450 metabolic
features after feature extraction and pre-processing. In this study,
849 features (8.1% of the total) showed significantly different mean
values between both groups (t-test, p-value <0.05) with 21 and 343
features showing loga(FC) of <-1 and >1, respectively, when
comparing DHM and OMM groups. A list of the detected metabolic
pathways with at least two significantly altered metabolic features is
shown in Table 3 me the 32 detected pahways. only lhe steroid

hormone t th pathway and py were

found to be significantly altered in urine samples from preterm in-
fants consuming DHM as compared to OMM (gamma p-value < 0.05).

Using the results of the mummichog algorithm, 331 features
were tentatively assigned to steroid hormones belonging to the
steroid hormone synthesis pathway (KEGG map00140). Between
group comparison of their intensities (i.e. OMM vs DHM) showed
that 19 features (see Supporting material Table 2) had significantly
different mean values (FDR-adjusted p-value <0.05) and |logx(FC)|
>1 (see Fig. 2, left). rkably, for all 19 higher in-
tensities were detected in the OMM group as compared to the DHM
group (see Fig. 2, right). This result confirms the alteration of the
steroid hormone synthesis pathway detected by pathway analysis
in newborns receiving DHM vs. OMM.

Likewise, 101 (1.0%) fe were 1} d as
metabolites included in the pyrimidine mmbohsm pathway.
However, none of these features showed significant differences in
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their mean intensities (FDR-, adjusted p-value <0.05) and |loga(FC)|
>1. This indicates that al of lism is less
evident than observed for the steroid hormone biosynthesis
pathway, which agrees with the gamma p-values reported in
Table 3 of 1.1E-08 vs. 0.04, respectively.

35. Integrative analysis of data from metabolomics and microbiota
profiling

Integrative analysis of omics data was performed to elucidate
the origin of observed pathy i in urine les. The
HM peak table was searched for bolites of the steroid h

right). OMM = light blue and DHM orange (For interpretation of the references to colour in this figure legend, the reader is referred

and Enterobacter) were consistently correlated with steroid hor-
mones in HM (R = 0.6, 0.6-0.6 5th-95th pen:cnule)

Figure 5 depicts the steroid h hy in
which the altered meuboht:s annotated in unne and HM were
highli for better vi ion. It can be d that me-
tabolites found in HM and in urine were at close pathway distances.
For example, pregnenolone was altered in HM samples, while
direct downstrea.m metabolites (i.e. Zl-hydrm(y-pregnenolone Ta-
hydroxy-p hy Y
were altered in urmc samples bctween DHM and OMM groups.

To explore wh the p. ion detected in urine

biosynthesis pathway using tentative mummichog annotations. 73
unique features were assigned and out of those, 10 features (see
Supporting material Table 3) showed significant differences in
mean values and |log(FC)| >1 (see Fig. 3, left). Again, consistently

les could be caused by the activity of the gut-microbiome, an
integrative approach (AMON) for the analysis of the gut-
microbiome and metabolome data via networks was employed.
This tool allows to gain insight on the metabolite origins, ie. to
determine the degree to which annotated compounds in the uri-

higher intensities were detected in the OMM group as compared to
the DHM group (see Fig. 3, right).

Figure 4 represents Pearson correlation coefficients (R) calcu-
lated between metabolic features annotated as steroid hormones in
HM and urine. In HM samples, steroid hormone levels typically
showed strong correlations with a median R = 09 (0.6-1.0
5th—95th percentile), whereas moderate mrmlat:on were found
within urine samples (R = 0.5, 0.2—-1.0 5th—95th percentile) as well
as between urine and HM steroid levels (R = 038, 0.06-0.6
5th—-95th percentile). Conversely, microbiota relative abund

nary bol of preterm infants may have been produced by
bacteria present in fecal samples, the host, either, or neither. From
80 OTUs detected in fecal samples, PICRUSt predicted 6909 unique
KOs. For representing the human gene content, the KEGG list of KOs
in the human (Homo sapiens) genome was used. Altogether, from
the 13,019 predicted KOs to be present in the gut microbiome and
the human host, and with the information available in KEGG, it was
predicted that these KOs produce 3746 compounds via 5463
reactions.

overall did show weak correlations among them
(R = —0.1, ~02-0.7 5th-95th percentile) as well as with HM and
urine steroid levels (R = 0.0, —0.3-0.6 5th-95th percentile and
R = 0.0, -0.3-04 5th-95th percentile, respectively). However,
some specific microbiota (i.e. Blautia, Unclassified Lachnospiraceae,

The loyed b assay detected 10,450 metabolic
features in urine samples from preterm infants. In total, 869 unique
metabolites could be annotated by using the mummichog algorithm
in the data set. Of these, 765 were predicted to be produced by
enzymes in either human only or human and stool bacterial ge-
nomes while none of the detected metabolites was exclusively
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Table 3
Altered pathways in urine samples from preterm infants consuming DHM vs. OMM.
Pathway name Hits (all) Hits (sig) p-value gamma p-value
Steroid hormone biosynthesis 9% 43 4E-09 11E08
Pyrimidine metabolism 24 10 0.013 004
Alanine, aspartate and glutamate metabolism 2 9 0.02 006
and di i 8 5 oo11 006
Nitrogen metabolism 7 4 0.04 02
i f i by P450 36 1 010 02
Linoleic acid metabolism 4 3 0.03 02
o-Glutamine and 10 4 013 03
Retinol metabolism 8 3 02 0s
Arginine biosynthesis 13 4 03 05
Arachidonic acid metabolism 13 4 03 [
Drug metabolism — other enzymes 9 3 03 06
Biosynthesis of unsaturated fatty acids 4 2 02 06
Cysteine and methionine metabolism 2 5 0s 07
Phenylalanine metabolism 34 7 06 07
AminoacylRNA biosynthesis 0 8 06 07
ine, tyrosine and 18 4 0s 07
Butanoate metabolism 6 2 04 07
Valine, leucine and isoleucine degradation 14 3 06 08
Drug metabolism — cytochrome P450 29 5 07 09
Ubiquinone and other terpenoid-quinone biosynthesis 10 2 06 0s
Tryptophan metabolism 66 1 08 09
Vitamin B6 metabolism n 2 o7 0s
Pantothenate and CoA biosynthesis 1 2 07 09
Glycine, serine and threonine metabolism 12 2 07 0s
Histidine metabolism 20 3 os 09
Purine metabolism 9 7 0s 10
Folate biosynthesis 15 2 08 10
Tyrosine metabolism 64 9 09 10
Porphyrin and chlorophyll metabolism 16 2 09 10
Lysine degradation 18 2 09 10
Arginine and proline metabolism 38 2 1.0 10

Note: P-values from Fisher's exact t-test (p-value) and adjusted for permutations (gumma p-value): all detected pathways with at least 2 significantly altered features are
reported.
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Fig 2. Steroid hormone signals with different relative signal intensities found in urine samples from preterm infants exclusively receiving OMM or DHM.
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Fig. 3. Steroid hormone signals with different relative signal intensities found in OMM and DHM samples consumed by preterm infants.

attributed to the gene products of intestinal microbiota (see Fig. 6a).
The remaining 104 metabolites were not predicted to be from the
human or the gut-microbiome either.

The enrichment of pathways that can be produced by each input
KO is tested relative to the full set of all compounds in that pathway
for the detected human and bacterial metabolites. In total, the
calculation was performed for 217 KEGG pathways that had at least
one metabolite predicted to be produced by the provided gene sets.
For 127 and 98 pathways, FDR adjusted p-values <0.05 and <0.01,
respectively, were found in human and/or microbial boli

and HMOs and glycosaminglycans, are not significantly reduced by
Holder pasteurization [54-56), a significant decrease of lactose
contents was reported under conditions of frozen storage of
pasteurized milk at —20 °C [54). Observed differences in carbohy-
drate metabolism might be espedially relevant, as it has been re-
ported that bioactive factors contained in HM, such as non-
digestible HMOs, could possibly dulate the of mi-
crobial communities in tl'e gut, selecting for beneﬁnal bacteria, and
are emerpng as early medi in the relati b the

of the gut-mic in early life and clinical out-

(Fig. 6b). Clearly, the impact on the steroid hormone biosynthesis
pathway can be ascnbcd to human metabolism rather than the
microbi with lues of 0.0005 and 1.0, respectively.
In case of wnmldme boli: djusted p-values of 0.0005 and
7 x 10°® were obtained for host and mmoblota. respectively.
Hence, bolites from the p; y are
influenced by both, host and mn:roblome although me |mpact was
much more pronounced in case of bacterial metabolism. The
metabolite origin within the pyrimidine metabolism pathway was
further visualized in Fig. 7.

4. Discussion

This study assesses the impact of the administration of DHM in
comparison to OMM on the microbiome profiles and metabolic
fingerprints of preterm infants during the NICU stay. The compar-
ison of the HM metabolome from DHM and OMM revealed differ-

comes [23]. When assessing the composition of the gut-
microbiome of preterm infants exclusively fed DHM in compari-
son to OMM (see Fig. 1), we observed subtle differences.

The impact of the ch milk ¢ and mic
on the preterm infant was measured through the study of the
urinary metabolome. Our results have unraveled the presence of
significant differences in the metabolome (see Table 3) that may
exert an influence upon specific aspects of preterm physiology of
yet unknown short-and-long-term consequences. Specifically, we
detected the alteration of the steroid hormone biosynthesis
pathway and the pyrimidine metabolism in preterm infants
exclusively receiving DHM in comparison to OMM.

Milk-borne hormones including glucocorticoids are postulated
to play a role in the proliferation and differentiation of the intestinal
epithelium and vertical transmission of glucocorticoids via HM has
been described [57). Hence, the possibility of attributing the
changes in the preterm infant's metabolism to differences in the

ences in two pathways related to carbohyd bolism (see
Table 2). The total carbohydrate concentration is higher in milk
from mothers of preterm infants in comparison to full-term milk
[53] and specifically lactose and human milk oligosaccharides
(HMOs) have been found at significantly higher concentrations in
preterm milk. In this study, DHM was mainly provided by mothers
of term infants and therefore the observed alterations of metabolic
pathways related to carbohyd are with results re-
ported in the literature [53]. Furthermore, although HM carbohy-
drate contents, including the most abundant carbohydrate lactose

c ition of DHM and OMM was explored. Metabolites of the
steroid hormone biosynthesis pathway were found to decrease in
infants consuming DHM (Fig. 2) and the same trend was observed
in DHM as compared to OMM (rlg, 3) while no differences in
antenatal or p | steroid admi were found b

infants recelvmg DHM or OMM. Of note, changes in the hormonal
environment in the mother giving birth preterm or term could
explain the differences found [57,58]. However, further studies
addressing this specific issue are needed. Interestingly, in our study,
some of the metabolites that showed significantly different
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wrviezeve wi [

concentrations between DHM and OMM were direct precursors of
metabolites altered in urine samples (see Fig. 5). It has been
observed that HM glucocorticoid hormone levels follow the diurnal
rhythm of maternal hypothalamus-pituitary-adrenal axis activity
reflected in diurnal changes [58]. DHM is processed in batches as a
pool from HM aliquots collected on different days and the collec-
tion time may vary between HM aliquots. Furthermore, adminis-
tered DHM was subjected to Holder pasteurization. There is

|| HM 245.2266.5.08 o8
wasr27mses Mo
04

02

02

04

b showed d

but ¢ cor
(R = 0.6) across altered HM steroids between DHM and OMM

groups (Fig. 4). Yet, relative abund of these microbiota did not
correlate with urine steroids.
The urinary bol gives a hot of the boli

state of the preterm infant at one month of age. In addition,
through the detection of bacterial (co-)metabolites it might
mirror the activity of the gut-microbiota. To dedpher the origin

controversy about the stability of hormones during heat
[58-61]and ¢ ive studies covering
steroid hormone biosynthesis pathway are lacking.
‘We also explored the possibility of gut-mncrobsota o conmhum
to the observed changes in steroid h
in preterm infants fed with DHM vs. OMM. HM glucocorticoids
might modify the i inal microbi and i inal bacteria can
bolize steroid h and are possibly involved in metab-
olizing endogenous glucocorticoids [57,62]. In this study overall,
weak correlations were observed within microbiota as well as be-
tween microbiota and HM and urine steroids. However, some
specific microbiota, i.e. Blautia, Unclassified Lachnospiraceae, and

from the

of ites, we applied a network-based approach.
In our study, the majority of detected metabolites could be
produced by both, host and gut-microbiota and none of the
detected metabolites was exclusively assigned to bacteria.
Pathway enrichment analysis of KEGG pathways in detected
compounds indicates that alterations in the steroid hormone
biosynthesis pathway are not related to bacterial metabolism
(adjusted p-value = 1), but significantly affected by human
metabolism (adjusted p—value = 5 x 107%). This supports the
hypothesis that ch steroid levels in DHM and
OMM might cause these changes observed in preterm infants.
However, pyrimidi bolism, the second altered in
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Fig. 5. Altered metabolites of the steroid hormone biosynthesis pathway detected in HM (blue), urine (yellow), or both (green) (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article).

the urinary metabolome of preterm mfants. is mgmﬁcantjy
affected by both, bactenal and host b ¢ d p-

here was to test the feasibility of the study design and to provide a
ledge base for future studies. DHM samples were different

values of 7 x 107® and 5 x 1074 respectively) and hence, the
metabolites of this pathway seem to be strongly influenced by
the activity of the gut-microbi Pyrimidi bolism could
be the link between ingestion of OMM and improved neuro-
developmental outcome at later stages, as it is tightly related to
brain growth and metabolism. Cytidine and uridine act as pre-
cursors of the cytidine triphosphate used in the biosynthetic
pathway of phosphatidylcholine and phosphatidylethanolamine
via the Kennedy cycle [63]. Brain growth and exponential
establishment of synaptic connections are essential in the
neonatal period.

The study has some limitations. This is a pilot study and hence,
the number of subjects included is limited requiring the validation
of the reported findings in follow-up studies. However, the aim

from OMM in terms of GA as well as collection time. However, this
resembles the characteristics of HM provided by HM banks.
Furthermore, the metabolism of HM-specific compounds is not
well-covered in KEGG pathways. Finally, AMON does not account
for co-metabolism between the host and microbes which might be
a limitation when ¢ d with bol data from urine

ples, as many need to be transformed by human
metabolism prior to their excretion.

In summary, this is, to the best of our knowledge, the first
time that the interplay between DHM, preterm infant and the
gut-microbiome has been comprehensively assessed. The results
obtained indicated differences between DHM from a HM bank
and OMM samples from mothers of preterm infants related to
carbohydrate metabolism. Preterm infants exclusively receiving
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either DHM or OMM showed a clear alteration in urinary steroid
hormone levels and the alteration of the pyrimidine metabolism
between groups was detected. Our data help to understand the
origin of the observed changes generating new hypothesis: i)
steroid hormones present in HM have a significant influence in
the activity of the steroid hormone biosynthesis pathway in

preterm infants, either dlrecdy or thrvugh the modlﬁmnon of
gut-microbiota; ii) the pyri lism is mod d in
preterm infants by the activity of gut-microbiota. Future studies
makmg use ol‘ targeted approaches for the validation of the

by path analysis are cif-
ically focusing on the quanuﬁcanon of metabolites from the
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steroid hormone bnosymhesls pathway in urine and HM and

of ¢ 1y i in HM. In addition,
short- and long-term consequences of the observed changes in
the neonatal period need to be evall d. Finally, the findings of
this study are of pracucal n:lcvance as they might trigger alter-
native for | nutrition based on
modifying the properues of DHM through the changes of
guideline for DHM collection, targeted fortification and HM

processing and storage.

Funding sources

This work was supported by the Instituto de Salud Carlos III,
Ministry of Economy and Ci iti Spain [grant

(circles), and pi Note: yellow indicates human

colour in this figure legend,

f the reaction
fonof the

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Acknowledgements

The authors are grateful to parents and their infants, as well as
milk donors who agreed to participate in this study. The authors
would like to thank K. Thurimella, M. Shaffer, and C. Lozupone for
technical assistance with AMON,

pail
(D19/00176, CM18/00165, and CP16/00034]; and the European
Union’s Hori 2020 R ch and

through the Nutrishield project (https://nutrishield- projecl eu/)
[Grant Agreement No 818110). MCC would like to acknowledge the
support from the European Research Council (ERC) Starting Grant
[Grant Agreement No. 639226].

This paper reflects only the authors views; the funding sour-
ces are not liable for any use that may be made of the informa-
tion contained therein and were not involved in the study
design; the collection, analysis and interpretation of data; in the
writing of the report; and in the decision to submit the article for
publication.

Author contribution

MV, MG, MCC, and JK participated in Conceptualization and
Funding acquisition; all authors participated in the Investigation
and Methodology; JK, GQ, JDPR, and ITD were in charge of Visual-
ization and Writing of the original draft; all authors participated in
the reviewing and editing of the draft and approved the final
version of the manuscript.

Appendix A. y data

Supplementary data to this article can be found online at
https://doi.org/10.1016/.cnu.2020.08.013.

References

[ Vima CG, Bahl R, Barros AJD, Franca GVA, Horton S, Krasevec J, et al.
Breastfeeding in the 21st century: epidemiology, mechanisms, and life
effect. Lancet lond Engl 2016;387:475-90. hrips://doi.org/10.1016/S0140-
6736(15)01024-7,

[2] World Health Organization. Guideline: protecting, promoting and supporting
breastfeeding in facilities providing matemity and newborn services, 2017,

(3] Boguien C-Y. Human milk: an ideal food for nutrition of preterm newborn.
Front Pediatr 2018;6. https://doi.org/10.3389/fped.2018.00295,

[4] Schanler R), Shulman R}, Lau C. Feeding <rategies for premature infants:
beneficial outcomes of feeding fortified human milk versus preterm formula.
Pediatrics 1999;103:1150-7,

(5] Sisk PM, Lovelady CA, Dillard RG, Gruber K], O'Shea TM. Early human milk
feeding is associated with a lower risk of necrotizing enterocolitis in very low
birth weight infants. J Perinatol Off ] Calif Perinat Assoc 2007:27:428-33.
https://dotorg/10.1038/5j,jp.7211758,

5} Mﬂmen-Derrj Poindexter B, Wrage L, Morrow AL, Stoll B, Donovan EF. Role

of human milk in extremely low birth weight infants' risk of necrotizing
enterocolitis or death. ] Perinatol Off ] Galif Perinat Assoc 2009;29:57—62.
https://doi.org/10.1038 /jp2008.117,

233



Appendices

1308 JD. Pineiro-Ramos et al. / Clinical Nutrition 40 (2021) 1296-1309

7] Maayan-Metzger A, Avivi S, Schushan-Eisen 1, Kuint . Human milk versus
formula feeding among preterm infants: short-term outcomes. Am ] Perinatol
2012;29:121-6. https://doi.org/10.1055s-0031-1295652.

[8] Vohr BR, Poindexter BB, Dusick AM, McKinley LT, Wright LL, Langer JC, et al.
Beneficial effects of breast milk in the neonatal intensive care unit on the

outcome of low birth weight infants at 18 months
of age. Pediatrics 2006;118:e115-23, htps://doi.org/10.1542 /peds2005-
2382,

[9] Isaacs EB, Fischl BR, Quinn BT, Chong WK, Gadian DG, Lucas A. Impact of breast
milk on intelligence quotient, brain size, and white matter development.
Pediatr Res 2010:67:357-62. https://doiorg/10,1203/
PDR.0b013e3181d026da,

[10] Vohr BR, Poindexter BB, Dusick AM, McKinley LT, Higgins RD, Langer JC,
et al. Persistent beneficial effects of breast milk ingested in the neonatal
intensive care unit on outcomes of extremely low birth weight infants at 30
months of age. i 2007;120:€953-9. 3 org/10.1542/
peds 2006-3227.

[11] Okamoto T, Shirai M, Kokubo M, Takahashi S, Kajino M, Takase M, et al. Hu-
man milk reduces the risk of retinal detachment in extremely low-
birthweight infants. Pediatr Int 2007;49:894-7. https://dolorg/10.1111/
}1442-200X 2007.02483 x.

[12] American Academy of Pediatrics. B and the use of human milk.
Pediatrics 2012;129:e827—41. https://doi.org/10.1542/peds2011-3552,

[13] Underwood MA. Human milk for the premature infant. Pediatr Qin North Am
2013;60:189-207. https://doi.org/10.1016/4,pcl. 2012.09.008,

[14] Picaud J-C, Buffin R. Human milk-treatment and quality of banked human
milk. Qin  Perinatol  2017;44:95-119. https://doiorg/10.1016/
j.clp.2016.11.003.

[15] Peila C, Moro GE, Bertino E, Cavallarin L, Giribaldi M, Giuliani F, etal The effect
of Holder pasteurization on nutrients and biologically-active components in
donor human milk: a review. Nutrients 2016:8. https://doiorg/10,3390/
nu8080477.

[30] Ten-Doménech I, Martinez-Sena T, Moreno-Torres M, Sanjuan-Herraez JD,

Cas!zll JLA Parra-ua:a A. et al. Comparing targeted vs. untargeted m
for peak ion in LC-MS
Mmbdnes 2020;10:126. https: //doi.org/10.3390/metabo10040126.

[31] Villasehor A, Garcia-Perez I, Garca A, Posma JM, Femindez-Lopez M,
Nicholas A, et al. Breast milk metabolome characterization in a single-phase
extraction, multiplatform analytical approach. Anal Chem 2014:86:8245-52.
https://doi.org/10.1021/ac501853d,

132] Mmez Sema T, Lmn@('\ Sauuan-}ktmzb Castsljv Vento M, Quintas G,

aL after blank

of system in
U‘PIE-MS metabolomic analysis. Sci Rep 2019;9:1-9, https://dot.org/10.1038/
541598-019-46371-w.

133) D, R, Reinke SN, J, Wilson ID, Lewis MR, et al.
Guidelines and considerations for the use of system suitability and quality
control suplgs in mass spectrometry assz;s applnd in untargeted dlinical

studies. .org/10.1007/
511306-018-1367-3.

[34] Kessner D, Chambers M, Burke R, A¢us D, Mallick P. ProteoWizard: open
source software for rapid OxfEngl
2008:24:2534~6. https://doi.org/10. lOB]Iblmnromuucs/b(n]l]

[35] Smith CA, Want E), OMaille G, Abagyan R, Siuzdak G. XCMS: processing mass

spectrometry data for metabolite profiling using nonlinear peak alignment,
matching, and identification. Anal Chem 2006;78:779-87. https://doiorg/
10.1021/ac051437y.

[36] Benton HP, Want E), Ebbels TMD. Correction nlmssdulﬂi:ﬁon ppsgﬂﬁwld

2010;26:2488-9. https: umumg/lo 1093/bioinformatics/bg441,

[37] Tautenhahn R, Bottcher C, Neumann S. Highly sensitive feature detection for
high resolution LC/MS. BMC Bioinf 2008:9:504. https://doiorg/10.1186/1471-
2105-9-504.

[38] Kuhl (.Taulenhahn R, Battcher C, Larson TR, Neumann S. CAMERA: an inte-
grated strategy fo spectra and of liquid

[16] Weaver G, Bertino E, Gebauer C, lien A, R,

S,etal. ions for the i of

human milk banks in Europe: a consensus statement from the European Milk

Bank Assodation (EMBA). Front Pediatr 2019;7:53. https://doiorg/10.3389/
fped.2019.00053.

n7 A Darol E, o,
zewska-Komacka MK, van JB.
human milk to preserve key components, Nutrients 2019;11, https://doi.org/
10.3390/nul 1051169,

[18] Gao C, Miller J, Middleton PF, Huang Y-C, McPhee AJ, Gibson RA. Changes to
breast milk fatty acid composition during storage, handling and processing: a
systematic review. Prostaglandins Leukot Essent Fatty Acids 2019;146:1-10.
https://doi.org/10.1016/j plefa2019.04.008,

[19] OConnor DL, Gibbins S, Kiss A, Bando N, Brennan-Donnan J, Ng E, et al, Effect
of supplemental donor human milk ci with preterm formula on
neurodevelopment of very low-birth-weight infants at 18 Months: a ran-
domized clinical trial. JAMA 2016;316:1897-905. https://doiorg/10.1001/
AMa2016.16144,

[20] Quigley M, Embleton ND, McGuire W, Formula versus donor breast milk for
feeding preterm or low birth weight infants. Cochrane Database Syst Rev
2019;7:CD002971, hittps:, )/dm.org/lu 1002/14651858.CD002971 pubs.

[21] Pamra-Llorca A, Gormaz inchez-lllana A, Pifieiro-Ramos JD, Collado MC,
SernaE, etal. Dospastmmuidmmhmnmmﬂkeﬁaenﬂypm reterm
infants against oxidative stress? Antioxid Redox Signal 2019. hrtps://doiorg/
10.1089/ars.2019.7821.

[22] Pamra-Llorca A, Gormaz M, Alcintara C, Cemada M, Nuhez-Ramiro A, Vento M,
et al. Preterm gut microbiome depending on feeding type: significance of
donor human milk. Front Microbiol 20189. https://doiorg/10.3389/
fmicb 2018.01376.

[23] Beghetti 1, Biagi E, Martini S, Brigidi P, Corvaglia L, Aceti A Human milk's
hidden gift: implications of the milk microbiome for preterm infants’ health.
Nutrients 2019:11:2944, https://doi.org/103390/nul 1122944,

|24] Milani C, Duranti S, Bottacini F, Casey E, Turroni F, Mahony J, et al. The first
microbial colonizers of the human gut: composition, activities, and health
implications of the infant gut microbiota. Microbiol Mol Biol Rev MMBR
2017;81. hitps://doiorg/10.1128/MMBRO0036-17.

[25] Kurath-Koller S, Moissl-Eichinger C. Gorkiewicz G, Kraschl R, Kanduth C,
Hopfer B, et al. Changes of intestinal microbiota composition and diversity in
very low birth weight infants related to strategies of NEC prophylaxis: pro-
tocol for an observational multicentre pilot study. Pilot Feasibility Smd
2017;3. https://doi.org/10.1186/s40814-017-0195-y,

[26] Ulaszewska MM, Weinert CH, Trimigno A. Portmann R, Andres Lacueva C,

R etal action for metab.
olomic analyses in human nutritional studles. Mol Nutr Food Res 2019
©1800384. https://doi.org/10.1002/mnfr 201800384,

[27) Chen MX, Wang S-Y, Kuo C-H, Tsai I-L. analysis for i
host-gut microbiota interactions. ] Formos Med Assoc 2018. hetps://doiorg/
10.1016/}.ffma2018,09.007.

(28] Goodacre R. Metabolomics of a superorganism. ] Nutr 2007;137:2595-66S.
https://doi.org/10.1093 jn/137.1259S.

[29] Daliri EB-M, Wei S, Oh DH, Lee BH. The human microbiome and metab-

olomics: current concepts and applications. Crit Rev Food Sd Nutr 2017;57:
3565-76. https://doi.org/10.1080/10408398.2016.1220913,

Lojko U, Bors-

data sets, Anal Chem 2012;84:283-9.
https://doi.org/10.1021/ac202450g.

39] Kuhgwwshj Sinchez-llm&san]ub -Herrdez D, Vento M, Quintds G. Intra-

effect correction in liquid dranmp:phy—mass spectrometry using
qudly control samples and support vector regression (QC-SVRC). Analyst
2015;140:7810-7, https: /fdomrg/m 1039/c5an01638.

[40] Sinchez-lllana A, Pérez-Guaita D, Cuesta-Garcia D, Sanjuan-Herrdez JD,
Vento M, Ruiz-Cerda JL, et al Mndel selection for within-batch effect

ion in UPLC-MS using quality control — support
vector regression. Anal Chim Acta 2018. htips://doiorg/10.1016/
j.aca2018.04.055.

[41) Sinchez-lllana A, Pifieiro-Ramos JD, Sanjuan-Herrdez JD, Vento M, Quintis G,
Kuligowski J. Evaluation of batch effect elimination using quality control
replicates in LC-MS metabolite profiling. Anal Chim Acta 2018:1019:38-48.
https://doi org/10.1016/Laca2018.02.053.

[42] Chang C-C, Lin C-J. UBSVM: a library for support vector machines. ACM Trans
Intell Syst Techmol 2011:2:27:1-27:27.  htpsy//doiorg/10.1145/
1961189.1961199.

[43] Caporaso JG, Kuczynski J. Stombaugh J, Bittinger K, Bushman FD, Costello EIL
et al. QUIME allows analysis of high.

Nat Methods 2010;7:335-6. hnps //doiorg/10.1038 /nmeth f303.

[44] Langille MG, Zaneveld J. ('q)onsojc McDonald D, Knights D, Reyes JA, etal.
Predictive functional profiling of microbial communities using 165 RNA
marker gene sequences. Nat Biotechnol 2013;31:814-21. hrps://doiorg/
10.1038/nbt 2676.

[45] Chong J, Soufan O, Li C, Caraus |, Li S, Bourque G, et al. MetaboAnalyst 4.0:
towards more and analysis. Nudeic
Acids Res 2018;46:W486-94. https://doLorg/10.1093 nar/gky310,

[46] Qspl!nlngtonl.r«mLFoermrllmlcherCAKcsemM et al The

danhasg of metabolic pathways and enzymes and the BioCyc
i Nucleic Adds Res 2016:44:
D471-80. rmps [/doi.org/10.1093 [nar/gkv1164,

[47] Kanehisa M. Toward understanding the origin and evolution of cellular
organisms, Protein S 2019:28:1947-51,  https://doi.org/10.1002/
pro.3715.

[48] Sumner LW, Amberg A, Bamrett D, Beale MH, Beger R, Daykin CA, et al Pro-
posed minimum reporting standards for chemical analysis Chemical Analysis
Working Group (CAWG) Metabolomics Standards Initiative (MSI). Metab-
olomics Off ] Metabolomic Soc 2007:3:211-21. https://doi.org/10.1007/
511306-007-0082-2,

[49] Shaffer M, Thurimella K, Quinn K, Doenges K, Zhang X, Bokatzian S, et al

AMON: annotation of metabolite origins via networks to integrate micro-
biome and metabolome data. BMC Bioinf 2019;20:614. hrttps://doiorg/
10.1186/512859-019-3176-8.

[50] Oliveros JC. Venny. An interactive tool for comparing lists with Venn's dia-

grams. 2007,
[51] Papile LA, Burstein ), Burstein R, Koffler H. Incidence and evolution of sub-
and a study of infants with birth

weights less than 1,500 gm. ] Pediatr 1978;92:529-34. https://doLorg/
10.1016/s0022-3476(78)80282-0.

[52] LiS, Park Y, Duraisingham S, Strobel FH, Khan N, Soltow QA, et al. Predicting
network activity from high throughput metabolomics. PLoS Comput Biol
2013;9, hetps://doiorg/10.1371/joumalpcbi. 1003123,

234



Appendices

.. Pineiro-Ramos et al. / Clinical Nutrition 40 (2021) 12961309 1309

(53] Bauer ), Gerss J. analysis of and minerals in hu-
man milk produced by mothers of preterm infants Qin Nutr Edinb Scotl
2011;30:215-20. https: /doi.org/10,101 6/j.clnu, 2010.08 003,

[54] Garcia-Lara NR, Vieco DE, De la Cruz-Bértolo J, Lora-Pablos D, Velasco NU,
Pallis-Alonso CR. Effect of Holder pasteurization and frozen storage on
macronutrients and energy content of breast milk, ] Pediatr Gastroenterol
Nutr 2013;57:377—-82. https://doiorg/10.1097/MPG.0b0 1323 1829d4fB2.

[55] Bertino E. Coppa GV, Giuliani F, Coscia A, Gabrielli O, Sabatino G, et al. Effects
of Holder pasteurization on human milk ol ‘harides. Int ] Immunopathol
Pharmacol 2008:21:381-5. https://doiorg/10.1177/039463200802100216.

[56] Coscia A, Peila C, Bertino E, Coppa GV, Moro GE, Gabrielli O, eul Effect of

Holder on human milk
2015:60:127-30.

] Pedial
enlzml Nutr hrrps; //duwr,/lo 1097/
MPG.0000000000000570.
[57] Hollanders JJ. Heijboer AC, van der Voorn B, Rotteveel J, Finken M]J. Nutri-
tional programming by glucocorticoids in breast milk: targets,

diurnal rhythm of maternal hypothalamus-pituitary-adrenal axis activity.
J Nutr 2016:146:2174-9. https://doiorg/10.3945/jn.116.236349.
[59] Ley SH, Hanley A}, Stone D, O'Connor DL. Effects of pasteurization on adipo-
nectin and insulin concentrations in donor human milk. Pediatr Res 2011;70:
278-81. hrtps://doiorg/10.1203/PDR 0bO1 3e318224287a.

[60] Untalan PB, Keeney SE, Palkowetz KH, Rivera A, Goldman AS. Heat suscepti-
bility of interleukin-10 and other cytokines in donor human milk. Breastfeed
Med Off | Acad Med 2009:4:137-44, hitps://dolorg/10.1089/
bfm.2008,0145.

[61] Vass RA, Bell EF, Colaizy TT, Schmelzel ML Johnson K], Walker JR. et al. Hormone
levels in preterm and donor human milk before and after Holder pasteurization,
Pediatr Res 2020:1—6. https://doi.org/10.1038/541390-020-0789-6.

[62] Morris DJ, Brem AS. Role of gut metabolism of adrenal corticostercids and

ues gut-cle. g give us. Physiol Genomics
9, //doi.org/10.1152/ 001152018,
163] = V, Micozzi D, Puc:h:elll S Enzymology of pyrimidine

get:
and possible implications. Best Pract Res Clin Endocrinol Metab 2017;31:
397-408. https://doiorg/10.1016/j beem.2017.10.001.
(58] van der Voorn B, de Waard M, van Goudoever JB, Rotteveel ). Heijboer AC,
Finken M]. Breast-milk cortisol and cortisone concentrations follow the

metabolism and neurodegeneration. Curr Med Chem 2016:23:1408-31.
https://doi.org/10.2174 /0929867323666 160411125803,

235



Appendices

antioxidants

Article

A Reductive Metabolic Switch Protects Infants with
Transposition of Great Arteries Undergoing Atrial Septostomy
against Oxidative Stress

José David Piieiro-Ramos ', Otto Rahkonen 2, Virpi Korpioja 3, Guillermo Quintas *5, Jaana Pihkala 2,
Olli Pitkinen-Argillander 2, Paula Rautiainen °, Sture Andersson 7, Julia Kuligowski *

and Maximo Vento -8+

check for

updates
Citation: Pifieiro-Ramos, ].D;
Rahkonen, O.; Korpioja, V.;
Quintas, G.; Pihkala, |.;
Pitkinen-Argillander, O.;

1 Neonatal Research Unit, Health Research Institute Hospital La Fe, Avenida Fernando Abril Martorell 106,
46026 Valencia, Spain; josedavidpineiro@gmail.com

2 Department of Paediatric Cardiology, New Children’s Hospital, University of Helsinki and Helsinki
University Hospital, Box 347, Stenbiackinkatu 9, 00029 Helsinki, HUS, Finland; Otto.Rahkonen@hus.fi (O.R.);
jaana.pihkala@hus.fi (J.F.); Olli.Pitk hus.fi (O.P-A.)

3 Department of Children and Adolescents, Oulu University Hospital, PO. Box 23, FIN-90029 OYS,
90570 Ouly, Finland; korpiojavirpi@gmail.com

4 Health & Bi dicine Unit, Leitat i
gquintas@leitat.org

5 Analytical Unit, Health Research Institute La Fe, Avenida, Fernando Abril Martorell 106,
46026 Valencia, Spain

6 Department of Anaesthesia and Intensive Care, New Children’s Hospital, Helsinki University Hospital and
University of Helsinki, Stenbackinkatu 9, 00029 Helsinki, Finland; Paula.Rautiainen@hus. fi

7 Pediatric Research Center, New Children’s Hospital, Helsinki Uni ity Hospital and Uni

Stenbackinkatu 9, 00029 Helsinki, Finland; sture.andersson@hus.fi

Center, Par Cientific Barcelona, 08028 Barcelona, Spain;

ity of Helsinki,

8 Division of Ne ! 18] & Polytechnic Hospital La Fe, Avenida Fernando Abril Martorell 106,
Rautiainen, P; Andersson, S.; 46026 Valencia, Spain
Kulig i Vento, M. A *  Correspond julia.k ki (J.K.); maximo. (M.V); Tel.: +34-96-1246661 (J.K.);
Metabolic Switch Protects Infants +34-96-1246603 (M.V.)

with Transposition of Great Arteries
Undergoing Atrial Septostomy
against Oxidative Stress. Antioxidants
2021, 10, 1502. https://doiorg/
10.3390/antiox10101502

Academic Editor: Jacob V. Aranda

Received: 22 July 2021
Accepted: 16 September 2021
Published: 22 September 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-
iations.

SO

[

Copyright © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/ licenses /by /
4.0/).

Abstract: Transposition of the great arteries (TGA) is one of the most common cyanotic congenital
heart diseases requiring neonatal surgical intervention. Parallel circulations that result in impaired
cerebral oxygen delivery already in utero may lead to brain damage and long-term neurodevelopmen-
tal delay. Balloon atrial septostomy (BAS) is often employed to mix deoxygenated and oxygenated
blood at the atrial level. However, BAS causes a sudden increase in arterial blood oxygenation and
oxidative stress. We studied changes in oxygen saturation as well as metabolic profiles of plasma
samples from nine newborn infants suffering from TGA before and until 48 h after undergoing
BAS. The plasma metabolome clearly changed over time and alterations of four metabolic pathways,
including the pentose phosphate pathway, were linked to changes in the cerebral tissue oxygen
extraction. In contrast, no changes in levels of lipid peroxidation biomarkers over time were ob-
served. These observations suggest that metabolic adaptations buffer the free radical burst triggered
by re-oxygenation, thereby avoiding structural damage at the macromolecular level. This study
enhances our understanding of the complex response of infants with TGA to changes in oxygenation
induced by BAS.

Keywords: transposition of the great arteries; balloon atrial sep y; hyp Hmics;

oxidative stress; newborn; liquid chromatography-mass spectrometry (LC-MS)

1. Introduction

Transposition of the great arteries (TGA) is one of the most common cyanotic con-
genital heart diseases with an incidence of 0.3 per 1000 live births that requires surgical

Antioxidants 2021, 10, 1502. https:/ /doi.org/10.3390/antiox 10101502
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intervention in the neonatal period [1]. In hearts with TGA, systemic and pulmonary circu-
lations run in parallel rather than in serial. This results in significant hypoxemia clinically
reflected as central cyanosis. Survival after birth is only possible if there is an adequate
blood mixing between the two circulations. Most hypoxemic neonates with TGA benefit
from early institution of prostaglandin E1 (PGE) for ductal patency. If hypoxemia persists
despite prostaglandin E1 (PGE1) infusion, balloon atrial septostomy (BAS) is needed to
increase systemic oxygenation by improving the mixing of deoxygenated and oxygenated
blood at the atrial level. After stabilization, arterial switch operation (ASO) is performed
in the neonatal period. Mortality of ASO is low in the current era, however, morbidity is
high and neonates with TGA are at risk of impaired neurodevelopmental outcome. Thus,
long-term follow-up demonstrates that 30-50% of school-aged children with TGA show
some form of developmental delay [2].

The underlying mechanism of developmental delay is thought to be multifactorial
and include prenatal and postnatal factors. Hence, fetal hypoxia due to decreased oxygen
delivery has been implicated in the abnormal brain development seen in newborns with
TGA [3]. Moreover, reduced fetal cerebral oxygen consumption in TGA neonates has
been associated with ller head circumf e and brain volume than those of normal
neonates [4]. In addition, postnatal factors such as postnatal chronic hypoxemia, open-
heart surgery with deep hypothermic circulatory arrest, and balloon atrial septostomy
(BAS) have also been considered responsible for brain injury [5]. BAS improves mixing of
systemic and pulmonary circulation and leads to an immediate increase in arterial oxygen
content. However, BAS does not allow for full normalization of systemic oxygenation
preoperatively. Very little is known about the direct effect of BAS on the neonatal brain,
on cerebral oxygenation and oxygen metabolism [6], and whether the rapid increase of
oxygen delivery results in brain reperfusion injury in neonates with TGA [7,8].

In mammals, aerobic metabolism with the concourse of oxygen is the most efficient
biological means to supply energy required to sustain life. Under anaerobic conditions,
pyruvate is converted into L-lactate. Anaerobic metabolism is by far less energy efficient
than aerobic metabolism. Hence, in the absence of oxygen, the energy consumed by neurons
rapidly leads to an exhaustion of the ATP reserves [9]. Due to the high metabolic rate of
the brain, survival is almost exclusively dependent on the energy generated by aerobic
glycolysis. The lack of oxygen stores and the reduced glycolytic capacity compel brain
tissue to rely entirely on a continuous supply of oxygen and glucose provided by cerebral
perfusion. Under these circumstances, acutely or chronically reduced oxygen availability
due to environmental or pathophysiological causes inevitably leads to alterations of the
brain structure and function [10].

Incomplete reduction of oxygen leads to the formation of reactive oxygen species
(ROS), some of which are free radicals (e.g., anion superoxide and hydroxyl radicals). These
extremely short half-life metabolites are capable of damaging nearby cellular components
such as proteins, lipids, carbohydrates or DNA [11]. Both, acute and chronic hypoxia,
enhance the formation of ROS through mitochondrial uncoupling provoking oxidative
stress (OS) [12]. In addition, during reoxygenation, the increased availability of oxygen
causes the activation of oxidases such as nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase or xanthine oxidase, further increasing the formation of anion superoxide
and nitric oxide [11]. Neurons are highly vulnerable to the deleterious effects of ROS
generated during acute hypoxia and/or hyperoxia. ROS trigger specific pathways that
lead to apoptosis, necrosis, and inflammation of vulnerable areas of the brain causing long
term neurodevelopmental, motor, and cognitive impairment [10].

Blood lactate has been largely employed as a surrogate for tissue hypoxia and/or
ischemia. However, exclusive monitoring of serum lactate has neither provided sufficient
insight into the magnitude of brain hypoxia nor conferred reliable prognostic information
regarding long-term neurodevelopmental impairment [13,14]. More recently, comprehen-
sive metabolic fingerprinting characterized by the simultaneous measurement of hundreds
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of metabolites from biological matrices has been increasingly employed for identifying
predictive biomarkers or patient stratification [15].

In the present study we focused on the metabolic switch in infants with TGA after
BAS. We performed serial analysis of lipid peroxidation by products as well as the plasma
metabolome before and after BAS. This allowed us to study the impact of the rapid change
in arterial blood oxygen content switching from a chronic hypoxic environment to an
almost normoxic one, thus giving an insight into the dynamic hypoxia-related changes on
the phenotypic level.

2. Materials and Methods
2.1. Study Population

We performed a prospective single center study to eval changes in cerebral oxy-
genation and metabolism before and for a period of 96 h following BAS in neonates with
TGA. All patients with TGA admitted to Children’s Hospital, Helsinki University Hospital,

between 1 January 2015, and 1 June 2017, were considered for inclusion in the present
study. Inclusion criteria included term gestational age and simple TGA without any signifi-
cant associated heart defects (i.e., patients with ventricular septal defect were excluded).
Reasons for failure to enroll included unavailability of parents for the consent process or
parental refusal.

The study protocol was approved by the Ethics Committee of Helsinki University
Hospital. All procedures were performed in accordance with relevant guidelines and regu-
lations and written permission by signing an informed consent form or phone permission
in urgent cases was obtained from legal representatives.

Data collected included peripheral oxygen saturation (Sp0,), mixed venous saturation,
regional cerebral tissue oxygen ion (rcSO,) d by near infrared spectroscopy
(NIRS), heart rate, blood pressure, blood lactate levels, pH, base excess, and hemoglobin
prior to and following BAS. Blood samples for metabolic analysis were collected from
arterial cannula 5 min prior to and 5 min, 6 h, 24 h, 48 h, 72 h, and 96 h following BAS.
At each timepoint, 1 mL of blood was collected into lithium heparin tubes, centrifuged,
aliquoted, and stored at —70 °C. Differences during rcSO,, preductal peripheral oxygen sat-
uration, fractional tissue oxygen extraction (FTOE), and cerebral oxygen extraction (CEO,)
were analyzed prior to and following BAS. Cerebral oxygen extraction was estimated from
the difference of Sa0; and ScO; as ScO;, is close to venous SO,. FTOE was calculated as
CEO;/Sa0;. Information regarding medications used prior to and following BAS was
collected from electronic patient records.

2.2. Analytical Procedures
2.2.1. Lipid Peroxidation Biomarkers

Biomarkers of lipid peroxidation were analyzed in 63 plasma samples following
previously published procedures [16,17]. Deuterated internal standards (IS) (PGF, «-d4
and 15-F;-Isoprostane-d4) were purchased from Cayman Chemical Company (Ann Arbor,
MI, USA). For sample p ing, 100 L of pl were thawed on ice and 100 pL of KOH
solution at 15% (w/v) were added. The mixture was incubated at 40 °C for 30 min. A volume
of 3 uL of aqueous IS solution (20 uM) was added to hydrolyzed samples and diluted to
900 uL. with H,O:MeOH (85:15, 2.8% v/o HCOOH) solution. Then, the samples were mixed
for 30 s at maximum speed and centrifuged at 16,000 g and 4 °C for 10 min. For clean-up
and pre-concentration of the samples, an SPE procedure employing Discovery® DSC-18
SPE 96-well plates from Sigma Aldrich Quimica S.A (Madrid, Spain) was carried out. First,
the stationary phase was equilibrated with 1 mL of MeOH and 1 mL of water. Then, the
supernatant of the centrifuged and diluted sample was loaded followed by washing with
1 mL of H,O (0.1% v/o HCOOH, pH 3) and 500 mL heptane. Finally, cartridges were dried
with room air and the compounds of interest were eluted with 4 x 100 uL ethyl acetate.
The eluate was evaporated using a miVac centrifugal vacuum concentrator (Genevac LTD,
Ipswich, UK) and dissolved in 60 uL. H,O (0.1% v/o HCOOH, pH 3):CH;O0H (85:15 v/v).
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An Acquity-Xevo TQS system from Waters (Milford, MA, USA) operating in negative
electrospray ionization (ESI~) mode was employed for UPLC-MS/MS analysis. A Waters
BEH Cyg column (2.1 mm x 100 mm, 1.7 um, Waters, Wexford, Ireland) was used. Flow
rate, column temperature, and injection volume were set at 450 pL. min~?1,45°C, and 9 uL,
respectively. A binary mobile phase H>O (0.1% v/ HCOOH):CH3CN (0.1% v/v HCOOH)
gradient with a total runtime of 7.0 min was run as follows: from 0.0 to 0.1 min 15% v/o
CH3CN (0.1% v/o HCOOH) (mobile phase channel B); from 0.1 to 5.0 min % B increased up
to 40%; from 5.0 to 6.0 min % B increased up to 75%; between 6.0 and 6.15 conditions were
held constant at 75% B followed by the return to initial conditions (i.e., 15% B) between
6.15 and 6.25 min; conditions were maintained for 0.75 min for system re-equilibration. ESI
interface conditions were selected as follows: capillary voltage was set to 2.9 kW; source
and desolvation temperatures were 150 °C and 395 °C, respectively; and nitrogen cone
and desolvation gas flows were 150 and 800 L h -1 respectively. Parameters selected for
determination of lipid peroxidation biomarkers are shown in Table 1.

Table 1. Mass spectrometric parameters and chromatographic windows employed for the lipid peroxidation biomarkers.

Analyte [p.d.u.] RT [min] Parent Ion (m/z) Dau(g"l:;:)r fon CE (eV) Cone Voltage (V)
IsoPs 43-6.6 353.20 115.00 30 35
Di-homo-IsoPs 5.0-6.8 381.00 143.00 20 20
Di-homo-IsoFs 3.5-6.5 397.00 155.00 24 35
NeuroFs 2.70-6.50 393.00 193.00 20 35
IsoFs 2.1-6.60 369.20 115.00 20 45
NeuroPs 2.30-6.50 377.00 101.00 20 35

Note: IsoPs = i IsoFs =i N = NeuroPs = RT stands of R ion times. CE stands

of collision energy.

2.2.2. Untargeted Ultra-Performance Liquid ChmmatgFraphy Coupled to Time-of-Flight
Mass Spectrometry (UPLC-TOFMS) Metabolomic Analysis

Plasma samples were thawed on ice and homogenized on a Vortex mixer. 75 uL. of
cold acetonitrile were added to 25 uL of plasma, homogenized and kept on ice during
15 min followed by centrifugation at 16,000x g during 15 min at 4 °C. 80 uL of super-
natant were collected and transferred to a 96 well plate, evaporated to dryness on a
miVac centrifugal vacuum concentrator (Genevac LTD, Ipswich, UK) at room tempera-
ture and dissolved in 60 uL of an internal standard (IS) solution containing betaine-D11,
methionine-D3, hypoxanthine-Ds, cystine-Dj, tyrosine-Da, prostaglandinFa-Ds, uridine-
C13N'5, reserpine, phenylalanine-Ds, leucine enkephalin, caffeine-Dg, and tryptophane-Ds
with purities > 99% at a concentration of 1.5 uM in H,O:CH;CN (0.1% HCOOH) (95:5 v/v).

A QC sample was prepared by mixing 5 uL. of each plasma sample and a total of three
aliquots were processed alongside with the plasma samples applying the same procedures.
A blank extract was prepared by using a heparinized syringe and 0.5 mL of ultrapure H,O
and processed as described for plasma samples.

For chromatographic separations, an Agilent Technologies (Santa Clara, CA, USA)
1290 Infinity UPLC chromatograph equipped with a UPLC ACQUITY BEH C18 column
(21 mm x 100 mm, 1.7 um, Waters, Wexford, Ireland) was employed. Autosampler and
column temperatures were set to 4 and 40 °C, respectively. A flow rate of 400 uL min~!
and an injection volume of 4 uL. were used. Separations were carried out keeping 98% of
mobile phase A (H>0, 0.1% v/v HCOOH) for 0.5 min, followed by a linear gradient from 2
to 20% of mobile phase B (CH3CN, 0.1% /o HCOOH) in 3.5 min and from 20 to 95% B in
4 min. Conditions of 95% B were maintained for 1 min and a 0.25 min gradient was used to
return to the initial conditions, which were held until reaching 8.5 min.

Full-scan MS data were acquired between 100 and 1700 m/z with a scan frequency of
6 Hz (1274 transients/ spectrum) on an iFunnel quadrupole time-of-flight (QTOF) Agilent
6550 spectrometer operating in the TOF MS mode. The following electrospray ionization
settings were used: gas T, 200 °C; drying gas, 14 L min~1; nebulizer, 37 psig; sheath gas
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T, 350 °C; sheath gas flow, 11 L min~1. A mass reference standard used for automatic
MS spectra re-calibration during analysis was introduced into the source via a reference
sprayer valve using the 149.02332 (background contaminant), 121.050873 (purine), and
922.009798 (HP-0921) m/z. MassHunter workstation from Agilent was employed for data
acquisition and manual integration of ISs.

Before launching the analytical sequence, system suitability was checked employing a
standard mixture containing ISs. The analytical system was conditioned by eight repeated
injections of the QC at the beginning of the batch. Data acquired during system conditioning
were discarded from data analysis. A total of 63 plasma sample extracts were analyzed in
randomized order in a single analytical batch using the positive electrospray (ESI*) mode.
QC samples were analyzed every 6th sample and at the beginning and end of the batch for
assessment and correction of instrumental performance [18]. The blank extract was injected
a total of two times (once during system conditioning and once at the end of the batch) and
used for data clean-up with the aim of identifying signals from other than biological origin.
Subsequently, sample analysis was carried out in ESI” mode repeating the same protocol
described for the ESI* mode.

2.2.3. Data Processing and Statistical Analysis

ProteoWizard [19] (http:/ /proteowizard.sourceforge.net (accessed on 20 September
2021)) software was used for conversion of raw UPLC-TOFMS data into centroid mzXML
format. A peak table was extracted using XCMS (version 3.4.2) [20-22] (https:/ /bioconductor.
org/packages/release /bioc/html/xcms.html (accessed on 20 September 2021)) running in
R (version 3.5). For peak detection, the centWave method was used as follows: ppm = 20,
peakwidth = (4 and 25), snthresh = 10. For the resolution of overlapping peaks, a minimum
mjz difference of 7.5 mDa was selected. For each extracted feature, the ‘wWMean’ function was
used for calculating intensity-weighted m/z values and peak limits used for integration were
found through descent on the Mexican hat filtered data. For peak grouping the “nearest”
method with mzVsRT = 1 and retention time (RT) and m/z tolerances of 6 s and 10 mDa,
respectively, was used. Missing peak data was filled applying the fillPeaks method with
the default parameters. A total of 18,582 and 13,479 features were initially detected after
peak detection, integration, chromatographic deconvolution, and alignment in ESI* and ESI™
modes, respectively. The CAMERA [23] package was used for identifying peak groups and
annotation of isotopes and adducts using the following settings: sigma = 6, perffwhm = 0.5,
ppm = 20.

Peak integration accuracy was checked by comparing the generated peak table with
areas obtained from manual integration of ISs. Peak intensities of ISs and QC samples were
used for assessing the instrumental response during data acquisition throughout the batch
as described elsewhere [24,25]. The Quality Control-Support Vector Regression (QC-SVR)
algorithm [26] and the LIBSVM library [27] were used for correcting intra-batch variation
using an e-range of 2.5 to 7.5 and a y-range of 1 to 10°. C was defined for each feature as
the median value in QCs. Then, features detected in blanks (<5x signal of the blank) and
those with an RSD% in QC samples >20% were excluded. The final peak tables contained
3886 and 5600 features for ESI* and ESI~, respectively, and were searched for molecular
ion peaks of drugs and known drug metabolites that have been administered to infants,
their isotope as well as Na and K adducts (m/z tolerance: 10 mDa). Metabolic features that
were identified as drugs or their metabolites, isotopes and adducts were excluded from
further data analysis.

MATLAB 2019b inbuilt functions as well as in-house written scripts (available from
the authors upon reasonable request) and the PLS Toolbox 8.0 from Eigenvector Research
Inc. (Wenatchee, WA, USA) were used for Principal Component Analysis (PCA) and the
computation of Pearson correlations. For PCA, data sets generated in ESI* and ESI™ were
concatenated. MetaboAnalyst (version 4.0) [28] was used for hierarchical clustering and
the generation of heatmaps employing Euclidean distance and Ward’s method (statistical
analysis tool). Pathway analysis was carried out using MetaboAnalyst with the MS peaks
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to pathways tool (mass accuracy = 10 ppm, mummichog algorithm with top 10% peaks
p-value cut-off) in the 4-column format (m/z, RT, ionization mode, p-value of Pearson
correlation between metabolic features and FTOE) and the Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway library (Homo sapiens). Metabolomics data are available on
Zenodo (https:/ /zenodo.org/record /4495124#.YBpwoC1DkWp (2 February 2021)).

The non-parametric Wilcoxon rank-sum test was used for assessing changes in levels
of biomarkers of lipid peroxidation over time. p-values from Spearman correlations were
used for clinical data, where appropriate.

3. Results
3.1. Clinical Results

A total of 12 newborn infants fulfilled the study requirements. Out of these, one patient
died, and two patients did not require BAS. The remaining 9 patients who underwent
BAS, completed all analysis. Demographics and perinatal characteristics are detailed in
Table 2. Six patients (50%) had prenatal diagnosis and nine patients (75%) underwent BAS
due to low preductal saturation at the age 4.6 (+ 2.7) hours. There was one early death
prior to BAS. The patient was transferred from another central hospital with prostaglandin
infusion but had extremely low preductal saturations (<30%), severe lactate acidosis,
and was in pulseless electrical activity at the time of admission and care was withdrawn.
Figure 1 describes evolving SpO,, rcSO,, FTOE, and CEO, before and after BAS. In the nine
patients included in the study, the lowest preductal peripheral oxygen saturation (SpO,)
at admission had a median of 64.5% (range 39.0-92.0). Preductal SpO, increased from a
median of 85.6% (range 62.0-90.6) before BAS to 89.1% (range 81.8-93.5) 6 h following
BAS and 90.0% (range 85.2-93.6) 24 h following BAS. rcSO, at the same time points were
50.0% (range 35.0-70.0), 52.8% (range 36.4-72.5), 63.0% (range 48.2-74.1), and 69.2 (range
58.8-80.8), respectively. rcSO, correlated strongly with simultaneously measured SpO,
(Spearman’s r = 0.89, p-value < 0.001). CEO; increased after BAS (27.2-28.1) but both, CEO,
and FTOE, decreased 24 h following BAS (see Figure 1). Complete recovery of cerebral
oxygen saturation did not occur until 24 h after BAS.

Table 2. Patients’ demographics and timing of postnatal clinical and analytical interventions.

Patients” Demographics All Patients BAS Patients
Patients recruited, N (%) 12 (100) 9 (100)
Gender, N (%)

- Male 10 (83) 8 (89)

- Female 2(17) 1(11)
Balloon atrial septostomy, N (%) 9 (75) 9 (100)
Expired, N (%) 1(8.3) 0(0)
Prenatal diagnosis, N (%) 6 (50) 4(44)
Gestational age, weeks (median, range) 39.5 (37.0-41.3) 39.9 (38.4-41.3)
Birth weight, kg (median, range) 3.4 (2.0-4.0) 3.5(3.14.0)
Postnatal age, hours (median, range)

- At t}'\e time of the first measured peripheral 17 (05-13.2) 23(05-67)
saturation

- Attime of BAS 3.2(2.0-9.1)
Saturation, % (median, range)

- First peripheral saturation (SpO,) 79 (51-91) 77 (56-88)
- Lowest peripheral saturation (SpO;) 65 (39-86) 65 (39-86)
- First regional cerebral oxygen saturation

(rc50y) 58 (37-79) 53 (37-79)
ES P;zn)un post septostomy peripheral saturation 86 (62-91) 86 (62-91)
Blood lactate, mmol/L (median, range)

- Before BAS 3.2(1.3-49) 3.6 (1.3-4.9)
- 5-min after BAS 27 (1.4-5.0) 3.3(1.4-5.0)
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Figure 1. Evolution of SpO2, reSO2 (left), FTOE, and CEO2 levels (right) before and after BAS. Black and blue lines and
error bars are median and 25th and 75th percentile, respectively.

3.2. Lipid Peroxidation Biomarkers

Total di-homo-isoprostanes, di-homo-isofurans, and isoprostanes were excluded as
these parameters were found <LOQ in all study samples. Figure 2 depicts relative responses
of total neurofurans, isofurans, and neuroprostanes obtained over time. No significative
changes over time were detectable (Wilcoxon rank sum test, p-values > 0.05). Furthermore,
no strong (Pearson correlation coefficients > 10.51) and significant correlations were found
between isoprostanoid levels and FTOE.
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Figure 2. Isoprostanoid levels over time. Note: Bold blue lines correspond to median values, blue areas correspond to the
interquartile range (1st and 3rd quartile), thin blue lines correspond to minimum and maximum values, and + correspond
to outliers. Note: NeuroFs = neurofurans; IsoFs = isofurans; NeuroPs = neuroprostanes.

3.3. Effect of Time on the Plasma Metabolome

Figure 3 shows a PCA scores plot of the plasma metabolic fingerprint of infants before
BAS and at different time points after BAS. The scores plot from PC1 vs. PC2 illustrates
the impact of the sampling time point on the plasma metabolome. For most patients, a
time-dependent shift towards lower scores on PC1 with increasing time after septostomy
was observed. Even though the applied data analysis workflow included the removal of
drug metabolites, this effect might, at least partially, be related to the employed medication
and the procedure itself. Also, a high inter-individual variation can be noted.
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Figure 3. PCA results of samples collected before and at different time points after BAS. Note: Sep stands for septostomy.

3.4. Correlation of Metabolic Features with FTOE

FTOE reflects the balance between oxygen supply and consumption in tissue and
can, therefore, be used as an indicator of inadequate tissue perfusion and oxygenation.
We specifically focused on modelling the effects of metabolic changes in the plasma
metabolome associated with FTOE. Pearson correlations for each metabolic feature with
FTOE before and at different time points post-septostomy were calculated as shown in
Figure 4. A panel of features with a significant association with FTOE (i.e., p-values from
Pearson correlation < 0.05) was identified including both, positively (red dots, correla-
tion coefficient > 0.5) and negatively (blue dots, correlation coefficient < —0.5) correlated
features. Figure 5 shows a heatmap of the relative intensities of significantly correlated
features. Two distinct clusters can be observed, with plasma fingerprints from samples
collected before and 5 min as well as 6 h after BAS belonging to one cluster, and samples
collected 24-96 h after BAS belonging to a second cluster. Most metabolic features in
Figure 5 showed a decreasing trend in relative intensities when comparing cluster one to
cluster two. Pathway analysis detected four significantly altered pathways associated with
changing FTOE in infants with TGA undergoing BAS (see Table 3).

Table 3. Pathway alterations associated with changing FTOE in infants with TGA undergoing atrial septostomy.

Pathway Name Compound Code (KEGG) Pathway ID # Hits # Sig Hits p-Value
Pentose phosphate  C01801; C00672; C00121; C00121; C00257;
pathway C00257; C00258 map00030 7 7 0.00002
Pentose and C01068; C00181; C00259; C00310; C00312;
C00379; C00532; C00379; C00532; C00379;
) S“C“’m‘“,’e C00379; C00532; C00257; C00257; C00029; map00040 1 7 0.003
interconversions C00052; C00191; CO0618; C02266
Ascorbate and
aldarate C00137; C00029; C02670; C00191; C00800 map00053 8 5 0.013
metabolism
Inositol phosphate . .
metabolism C00137; C00222; C00191 map00562 4 3 0.03

Note: Mummichog input: 10 ppm; p-value cut-off: 10%; KEGG database. #: stands for number (Number of hits, number of significant hits).
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Figure 4. Pearson correlation coefficients between metabolic features and FTOE. Blue: features with p-values < 0.05 and
correlation coefficients < —0.5; red: features with p-values < 0.05 and correlation coefficients > 0.5; black: all remaining
features.
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Figure 5. Relative intensities of metabolic features that correlate (i.e., p-value < 0.05 and | correlation coefficients | > 0.5)
with FTOE. Note: color rep led relative i ities; bl bolite levels lower than average, and red—

metabolite levels higher than average. p-values from Pearson correlation were computed and significantly correlating
bolites are sh ; h p calculated using Euclidean distance and Ward algorithm.

4. Discussion

TGA is a severe congenital cardiac malformation that causes hypoxemia during fetal
life and in the newborn period [1]. TGA has deleterious consequences on growth and
development due to a deficient tissue oxygenation that especially affects the Central
Nervous System [2,4]. We report the first metabolomic study involving neonates with TGA
who underwent BAS. We performed a study on oxidative stress biomarkers as well as a
comprehensive qualitative characterization of plasma metabolites before and after BAS.
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BAS in TGA patients caused a rapid switch from hypoxia to normoxia. Preductal
peripheral pulse oximetry saturation and rcSCO, increased rapidly after BAS while simul-
taneously FTOE decreased. As a result, brain oxygenation substantially improved (See
Figure 1). Thereafter, changes in oxygenation plateaued. Complete recovery of cerebral
oxygen saturation occurred only 24 h after BAS. A gradual change was observed in the
metabolome, accordingly (See Figure 3). The provision of energy to satisfy metabolic
demands of the brain is exclusively dependent on aerobic metabolism and oxygen depri-
vation caused by hypoxia and /or ischemia for just a few minutes may cause severe brain
damage. Mitochondrial ROS production is regulated through tissue succinate levels and
the activity of oxidases (NADPH oxidase, xanthine oxidase) [29]. During hypoxia and
ulterior reoxygenation both, succinate levels and oxidase activation, generate a burst of
ROS that directly damage tissue structure and function [29]. Moreover, the pro-oxidant
imbalance provokes the activation of the caspase pathway and of transcription factor NFkB.
Subsequently, programmed cell death and inflammation are triggered for hours, days, or
even weeks. Consequently, there is an amplification of the initial area of brain injury that
contributes to aggravate long-term neurological prognosis [30-32].

Isoprostanes and isofurans, but especially neuroprostanes and neurofurans are highly
sensitive to oxidative stress related brain damage [33]. However, we did not observe
changes in those compounds after BAS (See Figure 2). The attenuation of the expected pro-
oxidant status after BAS suggests a pattern of metabolomic changes with a reducing profile.
In this regard, post-BAS untargeted metabolomics evidenced a significant enhancement
in the activity of the pentose phosphate pathway (PPP). The central role of the PPP has
attracted more attention in recent years. Emerging evidence suggests that the PPP is
tightly and meticulously controlled in cells and that its abnormal regulation leads to
uncontrolled redox homeostasis [34]. The PPP has shown great versatility for de novo
nucleotide biosynthesis via ribose-5-phosphate and adopts a simultaneous organization
with glycolysis to produce NADPH. Nucleotide biosynthesis possibly participates in DNA
damage repair. Our pathway analysis data revealed changes in the relative concentrations
of 2-deoxy-D-ribose 1-phosphate (C00672), a precursor of ribose-5-phospate, and substrate
of phosphoribosyl pyrophosphate (PRPP). This substrate is an essential compound of
purine, pyridine, and histidine synthesis. NAPDH is a cofactor of glutathione reductase, an
essential enzyme in the glutathione redox cycle that contributes to the reconversion of GSSG
into GSH thus contributing to the normalization of the GSH/GSSG pair and the removal
of ROS [35,36]. In this context, the pathway analysis data suggest an alteration of gluconic
acid (C00257). The phosphorylation of this compound generates 6-phosphogluconate, an
essential substrate in the oxidative branch of the PPP. Furthermore, alterations of other
compounds such as ribitol-5-phosphate (C01068) and 2-deoxy-D-ribose (C00672) contribute
as substrates for key PPP compounds. Indeed, the activity of the PPP is rapidly re-routed
when cells are exposed to an oxidative burst. This response is exquisitely adjusted by
cooperating of metabolic and gene regulatory mechanisms. Metabolic changes imply the
inactivation of glycolytic enzymes which occurs immediately after the oxidant aggression
thus blocking glycolysis [37]. Thereafter, the transcriptional response takes over and
maintains higher PPP activity through up-regulation of enzymes and post-translational
modifications including those which increase the activity of GGPDH [38]. Furthermore, to
counteract mitochondrial ROS production under normal metabolic circumstances, but also
during hypoxia or hypoxia-reoxygenation, steady NADPH production becomes essential as
it represents the main electron donor for the generation of GSH that will provide electrons
for the reduction of detrimental peroxides by glutathione peroxidase [34].

In addition, our results reveal the alteration of the pentose and glucuronate intercon-
version pathway, another key pathway in the homeostasis of metabolic pathways. The
glucuronate pathway is an alternative pathway for the oxidative degradation of glucose
without the production of ATP. Substrate compounds such as xylose (C00181), arabinose
(C00259), arabitol (C00532), xylulose (C00312), UDP-glucose (C00029), glucuronic acid
(C00191), dehydrogulonate (C00618), xylonolactone (C02266), and ribitol-5-phosphate
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(C01068) were altered according to the reported pathway analysis data. Interestingly, in hu-
mans the synthesis of ascorbic acid is not feasible, therefore a substantial proportion of uri-
dine diphosphate glucoronate (UDP-glucoronate) is converted into xylulose-5-phosphate
which is further metabolized through the PPP to fuel NADPH production and promote the
preservation of a reduced environment [39].

Finally, pathway analysis also showed an alteration of ascorbate and aldarate and
inositol phosphate metabolism. The ability of ascorbate to donate electrons enables it
to act as a free radical scavenger and to reduce higher oxidation states of iron to Fe?*.
Ascorbic acid is an important antioxidant in plasma, where it consumes oxygen free
radicals. Erythrocytes have a high capacity to regenerate ascorbate from its two electron-
oxidized form, dehydroascorbic acid. Intracellular dehydroascorbic acid is rapidly reduced
to ascorbate by GSH in a direct chemical reaction, or indirectly with the concurrent action
of glutaredoxin and thioredoxin reductases. Intracellular ascorbate can spare, and possibly
recycle, alpha distocopherol in the erythrocyte membrane. In turn, alpha tocopherol
protects the cell membrane from lipid peroxidation. The ability of erythrocytes to recycle
ascorbate, coupled with the ability of ascorbate to protect alpha tocopherol in the cell
membrane and in lipoproteins, provides a potentially important mechanism for preventing
lipid peroxidative damage secondary to hypoxia or hypoxia-reoxygenation events [40].

We acknowledge limitations of our study. First, the number of subjects included is
limited and some of the blood samples during BAS were not collected. We would like
to stress the stringent inclusion criteria applied during patient recruitment and the low
incidence of the condition. The present data provides evidence to justify large multi-center
efforts for validating the current findings. Finally, we lack a control group of healthy infants
for obvious ethical reasons.

5. Conclusions

In summary, this is a comprehensive metabolomic assessment of neonates with TGA.
The results obtained suggest differences in oxygen supply and consumption in cerebral
tissue during hypoxia and near-normoxia. The number of patients is limited, but the com-
bined assessment of lipid peroxidation biomarkers and untargeted metabolomic screening
of a cohort of infants with TGA undergoing BAS provides insightful information to un-
derstand the physiopathology of this complex disease. The metabolic switch after BAS
causes oxidative stress. However, oxidative stress may at least be partially neutralized by
the induction of different metabolic pathways but especially the PPP that supplies with
reductive electrons. From a clinical point of view, although supplemental arterial oxygena-
tion has limited effects on oxygenation in parallel circulation, our results suggest potential
benefits of avoiding hyperoxia in patients undergoing BAS to prevent from attenuating the
antioxidant effect inherent to the metabolic switch after septostomy.
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